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Healthy Building: An energy efficient air conditioned office with good 
indoor air quality. 

Synopsis 

The NORWEB Headquarters in Manchester, UK, is an air conditioned energy efficient 
office building of unusual design, completed in 1988. It has three stories with 
overhanging canopies providing solar shading and 21 % solar control glazing. The open 
plan interior is ventilated by a displacement system with three twist outlets in the floor to 
each desk position. 

A detailed questionnaire survey showed this to be one of the 'healthiest' buildings tested 
so far, with a very low 'building sickness symptom score'. 

Air temperature, humidity, air speed, fresh air, noise, dust and lighting were monitored 
and found to lie within accepted guidelines. Fine dust levels were lower than outside. 

Energy costs monitored over three years proved to be low for a building of this type. 

The achievement of good indoor air quality combined with energy efficiency is 
attributed to good passive design features, the displacement ventilation system, a limited 
smoking policy and active participation of the end user at all stages of the design, 
construction and management of the building. 

1 Introduction 

1.1 Building design 

The NORWEB Headquarters in Manchester is a purpose built office building which was 
completed in 1988. The 
plan, Figure 1, comprises 
a central core with two 
wings per floor which are 
mainly open plan. The 
three floors progressively 
decrease in area providing 
balconies and walkways 
which give solar shading, 
access for maintenance 
and a striking external 
appearance. 

Figure 1 Nonveb HQ floor plan. 



The design brief was for an all electric building which would provide the best possible 
working conditions combined with operational flexibility, ease of maintenance and 
energy efficiency. The plan had to accommodate present and future information 
technology requirements 

The original brief also included an instruction to include energy conservation features 
which had a payback period of three years or less. 

1.2 Passive design features 

The main structure is of reinforced 
concrete providing a long thermal time 
constant. 21% of the wall area is 
glazed with solar control double glazing 
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window area provides a useful degree camss - 

of contact with the outside without 
causing problems for the heating and 
ventilating system. Solar shading is 
provided by overhanging canopies to all 
floors, while balconies provide access "'"'" 

for maintenance, as shown in Figure 2. 

Figure2 Overhanging canopies and balconies. 

1.3 Thermal Performance 

Walls, floor and roof are insulated to U-values of 0.48, 0.12, and 0.28 Wlm2 K 
respectively. The design day (-4 C) heat loss is 443 kW equivalent to 45.5 Wattslsquare 
metre of floor area. 

The number of occupants is 540, equivalent to a thermal contribution of about 65 kW. 
The net usable space allocation overall is about 9.75 square metres per person and in the 
open plan areas the space per person, is about 6.5 square metres. 

2. Heating and ventilating system 

2.1 Air conditioning 

The open plan areas are provided with air at a fixed flow rate. Nominally 25% of this 
is fresh outside air, the rest being recycled. The total air flow rate is nominally 8 air 
changeslhour. Tracer decay tests showed that the actual fresh air ventilation rate in the 
open plan areas was 1 air change1 how. This is equivalent to 10- 14 litrelsecond per 



person, which is generous compared to the CIBSE and ASHRAE guidelines of 8-10 
litreslsecond per person. 

Exhaust air passes through heat recovery coils with heat pumps transferring heat to the 
low pressure hot water system as preheat for the building hot water services. The 
chillers for the air conditioning plant reject heat which cannot be used for heating other 
parts of the building to an open cooling tower on the roof. To reduce running costs, the 
chilled water temperature is controlled between 10 and 20°c depending on the 
cooling load requirements. 

2.2 Heating 

The heating system consists of two water to water heat pumps each electrically loaded 
at 135 kW, incorporating double bundle condensers. Heat is extracted from the cooling 
coils within each extract plant in sequence. 

Heat to the main heater batteries and volume control box reheat coils is supplied in 
sequence from the heating condenser and hot water storage vessels with a total stored 
volume of 35000 litres at a temperature of 135 C. The two megatherm boilers, each 
rated at 234 kW, are supplied with night electricity using the cheapest 14 half hour 
periods between 2200 and 0630 daily. 

2.3 Air distribution 

The air is supplied via an under floor plenum to 
'twist' outlet grilles Figure 3, nominally three per 
desk which provide a rapidly decaying spiral of air 
at low speed . The air speed in the vicinity of the 
grilles has dropped to the low ambient level of 0.1 
m/s within a radius of 0.25m and a height of 0.6m. 
Air return is through the light fittings. 

Figure 3 Twist outlet. 

The underfloor plenum also acts as an easily accessible services distribution duct; the 
floor is in easily removable sections 600~600rnm. This also makes it easy to reposition 
the twist outlets when desks have been moved. 

With cool air being supplied at low speed at floor level, and ceiling extract, the system 
acts in a displacement ventilation mode. 

2.4 Control system 

Each open plan office area is controlled in 2 central zones (east and west) plus a 
perimeter, and control is by two averaging thermostats operating the individual heater or 
cooler batteries. Overall control is through a computer energy management system 
which monitors and controls all the main plant, flow and return temperatures. The plant 



is switched off, to minimise energy usage, when: 

(a) the building is unoccupied, 
or (b) when predetermined conditions are reached. 

The preheathuilding response time is automatically adjusted by optimisers in the energy 
management system. The longest pre-heat period occurred in the worst of the four 
winters, on a Monday morning after being switched off all weekend, when the system 
switched on at 0100 for an 0800 occupancy. 

3 Lighting 

3.1 Design 

In general, the lighting installation in the offices was designed to use fluorescent 
luminaires of the air handling type incorporating high frequency low-loss electronic 
ballast equipment, and low brightness diffusers complying with TM6, the CIBSE 
Lighting Guide for Visual Display Units (now LG3). 

The design encompassed the three main human working requirements of comfort, 
satisfaction and performance. The office complex supports a diverse operation including 
all aspects of office work such as readinglwriting reports, drawing office, transferring 
information from documents at computer terminals, full time word processing at VDU 
screens, desk top publishing, electricity utilisation/environmental design work and 
planning the electricity supply network. 

Task lighting is supplied where needed. 

3.2 Operation 

The lighting load is 136 kW, i.e 14 Wattslsquare metre, with 7 kW of emergency 
lighting. Control is by localised manual switching and also by the computer energy 
management system. 

The illumination levels in the office areas are between 500 and 600 lux at desk level 
with a mean of 525 lux and a standard deviation of 100 lux. Subjectively, a 
questionnaire survey showed that over 90% of all the office staff were satisfied with 
their lighting scheme. 

4 Water beating 

Hot water to the kitchen and toilets is heated electrically by day and night (cheap rate) 
immersion heaters, after the cold water feed has been pre-heated by a loop off the low 
pressure hot water heat recovery coils. 



5 Environmental assessment 

5.1 Subjective survey 

A self completion questionnaire survey of the occupants was carried out in two open 
plan wings of the building . The questionnaire was one developed for studies in offices 
by Building Use Studies Ltd, who also carried out the survey for EA Technology. The 
questions covered type of work, smoking habits, VDU usage, environmental comfort, 
and the various symptoms which have come to be associated with sick building 
syndrome. 166 questionnaires were distributed and 147 returned. 

Respondents were presented with a list of eight symptoms associated with Sick Building 
Syndrome; the most common symptom experienced was lethargy, followed in turn by 
headache, stuffy nose, dry throat, dry eyes, itching eyes, flu-like symptoms and runny 
nose. A symptom was counted if experienced on more than two occasions in the past 
year and improved on leaving the building. The 'building sickness score' is the average 
number of symptoms per person, i.e. the lower the score the 'healthier' the building. A 
survey [l] of over 4000 workers in 47 buildings carried out on 1985186 found building 
sickness scores between 1.25 and 5.25 depending mainly on the type of building; mean 
values were as follows: 

2.18 in mechanically ventilated buildings 
2.49 in naturally ventilated buildings 
3.41 in centrally air conditioned 
3.81 in those with local air conditioning. 

The building sickness score for this building was 1.68 making it the best air conditioned 
building found by ourselves so far. 38% of the sample reported no symptoms at all; in 
common with other buildings those who did suffer did so frequently, on most days 

The most common response on environmental comfort factors (i.e. thermal comfort, 
ventilation, noise and lighting) was the neutral point of a seven point scale, except for 
noise. Most people found the conditions satisfactory: 

1 2 3  4 5 6 7  
% satisfsactory neutral unsatisfactory 

thermal comfort 56 3 1 13 
ventilation 49 3 1 20 
noise level 40 24 3 6 
lighting 53 3 1 16 
Satisfaction with the noise level was lower than for other comfort factors and, in reply to 
a supplementary question, 56% of respondents judged the noise level to be loud and 
intrusive. 

Two thirds of the sample were to some degree dissatisfied with the privacy at their 
desks, most people felt that they had little or no control over their environmental 
conditions and found their job fairly stressful. These factors did not relate to number of 
symptoms reported. 



The number of symptoms was significantly related to dissatisfaction with environmental 
comfort factors. Women clerical workers experienced more symptoms than other 
categories of workers. 

The sample consisted of mainly professional males (47%) and clerical females(25%) 
with 59% of them under 40 years old. Only 13% were current smokers, compared with 
22% in the Office Environment Survey. The office has a no-smoking policy at desks so 
that there is virtually no passive smoking in the building. Most people use a VDU 
regularly, but usually less than 3 hours per day. 

5.2 Physical survey 

A measurement survey of environmental factors was carried out at the same time as the 
subjective survey. 

Air temperature was found to be very uniform in space and time. During a week in 
September, when the outside temperature was 12 C, the temperature at sitting head 
height (1.2m) was 239.5  C falling to 22 C over the weekend and rising to 24 C on 
some afternoons. Ankle temperatures were generally 0.5 C cooler; ceiling temperatures 
up to 1 C warmer. Relative humidity was 50+5%. 

Air speeds were generally about 0. l d s ,  and always less than 0.2ds. 

At the occupancy found during the survey (carried out on a normal working day in 
september), the fresh air rate as measured by tracer decay was of the order 14 Vs per 
person. This generous fresh air rate was reflected in the relatively low carbon dioxide 
concentration, which showed a peak of 560 ppm mid-morning and mid-afternoon. 

The equivalent continuous sound level Leq was nearly 60 dBA which would generally 
be considered too noisy for sedentary workers. The CIBSE Guide [2] recommends 
NR45 (eqivalent to about 5 1 dBA) for a landscaped office. 

The indoor dust level in the particle size range 0.25 to 8 microns was less than outside, 
particularly in the range 1 to 2 microns where the ratio of indoor to outdoor dust was 
1:20. However the dust level for particles larger than 8 microns was greater than 
outside. 

5.3 Microbiological survey 

Samples of water were taken from the mains tap in the kitchen, cold water storage tanks, 
humidifiers, calorifiers, cooling tower distribution troughs. All systems were free of 
legionellae. All water systems were found to be in excellent condition and very clean, 
although the bacteria counts in the calorifiers and cooling towers were higher than 
elsewhere. 

Air sampling inside the building showed a yeast and mould count lower than outside. 



6 Energy analysis 

The building is all-electric with a sub-station on site serving two 800kVA transformers. 
The high voltage input is metered, with low voltage submetering on each transformer, 
chiller and megatherm boiler, and also the plant room, sports/social club and kitchen. 
Lighting and general power are deduced as the difference between total and submetered 
loads. 

The monthly energy consumption has been monitored over the three years since the 
building was commissioned. The sports and social club is in a separate building and the 
kitchen is excluded as not being part of the office for the purpose of this paper. 

To allow for different month lengths, and variations in date of meter readings, the 
monthly kwh figures have been converted into daily mean power data in watts/m2. by 
dividing by (number of days x 24 x floor area). Figure 4 shows the itemised figures 
together with the appropriate monthly degree day data to base 15.5 C for Manchester. 

- megatherm boilers -- chillers - plant - general including lights _, total - degree days (base 15.5 C) 
Area9738sqm 
mean power = monthly kWh/(days x 24 x floor area) 

Figure 4 Monthly mean power data 

The corresponding annual (1 st April to 3 1 st March) energy consumptions in k W m 2  
are: 

For comparison with other offices, allowance must be made for the length of the 
working day. Since moving into this new building, owing to changes brought about by 

Year 

1989190 

199019 1 

1991192 

boilers 

17.1 

16.3 

14.2 

chillers 

15.7 

18.3 

17.7 

plant 

69.7 

71.4 

71.1 

general 
and 

lighting 

86.9 

100.6 

109.3 

total 
energy 

189.4 

206.6 

212.3 

corrected 
total 

energy 

172 

188 

193 



privatisation of the Electricity Supply Industry in the UK, staff office hours have been 
longer than normal office houri and the building has been in use for 12 to 14 hours per 
day (for 5 days pr week) rather than the usual commercial working day of 10 hours. A 
factor of 1.1 has been applied to the energy figures to allow for this. The degree days 
for the three yearly periods are 2089,2044 and 2045 respectively. 

Figures collected by the UK Energy Efficiency Office [3] show that energy 
consumption in offices varies from 100 to 1000 kwh per year per square metre of 
treated floor area. A typical prestige 'good practice' air conditioned office runs at about 
400 kWh/m2. The figures for the Norweb office are seen to be about half this value. 

7 Indoor air quality and energy efficiency 

By all the normal measures of indoor air quality, and by subjective assessment the 
environment inside this air conditioned building , the conditions are very acceptable. 
The general impression of a comfortable pleasant office is reflected in the low incidence 
of 'building sickness' symptoms. If there were any complaints it was that it was 
sometimes slightly too warm, dry rather than humid and perhaps somewhat noisy. 
However the majority were comfortable. The no-smoking policy assists in achieving 
good indoor air quality. 

Energy efficiency has been achieved by attention to detail at all stages of the design 
construction and operation. The occupiers were intimately involved throughout. 
Passive design features are mainly modest glazing and solar shading. Aesthetically the 
building is interesting both inside and out. Design decisions which contribute to the 
success are the underfloor plenum and associated displacement ventilation system; this 
provides efficient ventilation and a services duct which is easily accessible. The 
building and its systems are well managed by staff who understand them. 

8 Conclusions 

In a deep plan air conditioned office it is possible to achieve good indoor air quality and 
energy efficiency. Approriate design decisions for the building shell (glazing and 
shading) plus wise choice of heating and ventilating plant (displacement ventilation) 
combined with good management, and involvement of the end users at all stages of the 
project explain the success of this building. 
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Abstract 

The Nucleus Hospital programme has been progressed by the Department of Health for 

over a decade. The Maidstone District General Hospital was the first project which 

involved the construction of a complete hospital using the Nucleus design concept. Within 

a hospital, air movement patterns and air change rates are a prime concern in the case of 

Maidstone, the interest in these parameters was much greater in view of the fact that a 

natural ventilation strategy had been chosen for ward units. 

This paper describes a series of measurements made at Maidstone using the UMIST PCS 

multiple tracer gas system, and discusses the results obtained. 



Introduction 

The Department of Health has had a long standing interest in the Nucleus system of 

hospital design. Under this system, the main medical services are located within the core 

of the hospital, whilst ward units spread out from the central core; in effect, the Nucleus 

system is modular, with clear advantages in terms of simplicity of layout and ease of 

extension. The first prototype ward was constructed at Pinderfields Hospital, Wakefield, 

whilst the first stand alone hospital unit was built at Maidstone, Kent. 

It was intended that the fiesh air requirements of ward units be met by natural ventilation. 

Because of this, the Department of Health was keen to quantify the relative contributions 

of various air leakage paths to the total air leakage rate, and also to determine the nature 

and magnitude of air movement routes form ward units to adjacent cells within the 

building envelope. To this end, ?he Department of Building Engineering at UMIST was 

commissioned to undertake a series of fan pressurisation and multiple tracer gas tests 

within a ward unit at the Maidstone Hospital. 

Experimental details 

1) Test ward 

The ward unit tested is situated on the first floor of the hospital (Figure I), and lies on the 

east face of the building. It communicates with the adjacent corridor via double self- 

closing doors on the north side of the ward, whilst the adjacent ward on the south side is 

connected by means of double fire escape doors which are normally kept closed. The 

ward has a suspended T-frame ceiling with lightweight vein finished tiles spring-clipped 

into position. The roof void above the suspended ceiling is ventilated by means of a 

continuous ventilation opening at ridge height. 

As has been previously mentioned, ward units within the Maidstone Hospital were so 

designed as to be ventilated naturally. The test ward has three louvred windows within 

the east facing wall: in addition, three remotely controlled opening roof lights are 

available to provide high level ventilation. 



2) Tests performed 

The schedule of tests performed can be conveniently divided into five groups: 

Group 1: air leakage testing to determine the contributions of a range of fabric 

components to background air leakage. These tests were undertaken using 

standard fan pressurisation equipment; 

Group 2: tracer gas decay tests to determine air infiltration rates within the ward, and 

to demonstrate the effects of door opening, window opening, and the 

influence of air infiltration through the suspended ceiling; 

Group 3: tracer gas tests to determine the air flows from ward to ceiling void; 

Group 4: tracer gas tests to determine air movements between the ward and the 

adjacent corridor, and to demonstrate the effects of door and window 

opening; 

Group 5: tracer gas tests to determine air movements between the ward ceiling void 

and the ceiling void over the adjacent corridor, and to demonstrate the 

effect of opening the ward windows. 

All the tests in Groups 2 to 4 were performed using the parallel column system (PCS) 

tracer gas equipment developed at UMIST. This equipment is well documented in the 

literature (for example, reference 1) and will not be described here. 

Results and Discussion 

The results of the group 1 tests are summarised in Table 1. It should be noted that the 

upper limit of the range of applied pressure differentials used during the test programme 

was limited to approximately 30 Pascals, due to the suspended ceiling showing signs of 

buckling. Values of Q,, have been obtained by using the extrapolation procedure described 

by Kronvall (2). 

The results show that the ceiling construction provides 41% of the air leakage paths within 

the ward fabric. Crackage around doors provides 27% of the total, whilst the remaining 



31% can be attributed to the external fabric, gaps around windows, service duct and pipe 

entries, and light fittings in the ceiling. 

The results of the Group 2 tests are shown in Figure 2, plotted against mean wind velocity 

at roof height. (InternaVextemal pressure differences and temperature differences were 

also recorded during the study, but are not considered here). Unsealing the suspended 

ceiling increases the air change rate within the ward by approximately 50%; when the 

doors are unsealed, the ward air change rate increases on average by approximately 52%. 

The ~esults for the ceiling unsealed case correlated very closely with the air leakage tests 

in Group 1. This is not the case for the data generated with the ceiling and doors 

unsealed. It should be noted, however, that the mean wind speeds experienced during 

these latter tests were rather higher than for the former. Pressure data taken during these 

tests show a positive pressure difference of between 2 and 4 Pascals between the outside 

face of the building and the ward, and a negative pressure difference of between 0.05 and 

0.3 Pascals between the ceiling void and the ward. The existence of the positive pressure 

difference across the leeward face of the building probably owes its existence to a vortex 

in the courtyard adjacent to the ward. The negative pressure difference between ward 

ceiling void and ward is almost certainly caused by the continuous ridge ventilator. No 

low level openings are provided to encourage cross-flow ventilation. In the light of the 

recommendations given in reference 3, it is highly likely that the use of high level 

ventilation on its own is resulting in depressurisation of the ceiling void. 

The results of the Group 3 tests are shown in Figure 3. With the door and window shut 

a 35-45m3/hr air flow exists between ward to ward ceiling void; in other words, 

approximately 50% of the air leaving the ward does so through the suspended ceiling. 

When the doors and windows are opened, the proportion of air leaving the ward via the 

suspended ceiling drops to between 20% and 40%. 

Group 4 test results are presented in Figure 4. It is apparent that a two directional air flow 

exists between the ward and the adjacent corridor, and that the relative sizes of the two air 

flow components are dependent upon window and door openings. When the doors and 

windows are closed, the outflow from ward to corridor is between 64 and 80m3/hr, and the 



inflow from corridor to ward is between 14 and 36m3/hr. When the doors to the corridor 

and the ward windows are opened, the outflow increases to between 107 and 150m3/hr, 

whilst the inflow falls to between 6.5 and 10m3/hr. 

Consideration of subsidiary data not presented in this paper reveals that ward and corridor 

air temperatures are essentially the same, whilst a positive pressure difference of between 

3 and 9 Pascals exists between the ward and corridor. The test data is broadly in 

agreement with the work of Shaw (4, 5) and Lidwell (6); careful study to these three 

references is commended to any reader interested in the influence of pressure and 

temperature differentials upon two-way air flows through openings. 

The results for the Group 5 tests (Figure 5) are interesting, since they reveal that a one- 

directional air flow exists between the ward ceiling void and the ceiling void above the 

adjacent corridor. The magnitude of the air flow is influenced very strongly by the 

opening of ward windows. With the windows closed the air flow is between 60 and 

85m3/hr; with the windows open, the air flow increases to between 81 and 118m3/hr. 

Inspection of pressure data relevant to the test periods show increased positive pressure 

differences between ward and ward ceiling void, and between ward ceiling void and 

corridor ceiling void. Inspection of the partition wall between the two ceiling voids 

reveals potential air flow paths in the form of large gaps around service pipes. Although 

time constraints curtailed suitable tracer gas tests fiom being performed, it is the opinion 

of the authors that better sealing around service pipe penetrations would significantly 

reduce the air flow. 

Conclusions 

The air flows between interconnected cells within the Maidstone Nucleus Hospital have 

been shown to be influenced by wind speed, wind direction, temperature differences and 

doorlwindow opening patterns. The clearest finding is that the suspended ceiling 

constitutes an extremely important air leakage path, and that the nature of the void above 

not only results in the flow of air from the ward upwards, but also from the void to the 

adjacent corridor roof void. 
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Table 1: Results of pressurisatian tests performed at Maidstone Hospital. 

Ceiling sealed, doors unsealed 1.083m3/s at 50 Pa 

2.133m3/s at 50 Pa 
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Synopsis 

A laboratory for the study of residential attic performance 

under natural conditions has been constructed. In one of the test 

cells, with a flat ceiling, white shingles, and venting devices 

at the soffit and ridge, measurements were taken of air flow 

through the plane of the ceiling. A ceiling llholell was 

constructed in the otherwise tight ceiling, consisting of a PVC 

tube, an anemometer and a direction sensor. Data were collected 

for a six-month period. The velocity data have been compared to 

the recorded values taken at the site for outdoor air temperature 

and wind (resolved to a north/south wind component). 

The results show that up to half of the variance in the air 

velocity measurements can be accounted for using these two 

variables. Of the two variables, outdoor air temperature is the 

more important. The air flow through the ceiling into the attic 

is considerably greater during the winter than during the summer 

months. There is a strong correlation between air pressure 

differences and air velocities through the ceiling hole. 

Aim 

The intent of this paper is to present measured values for 

air flow between an indoor space and the attic in a typical 

residential assembly. The data results from a research project, 

the Attic Performance Project, which has the larger aim of 

describing overall attic performance in residential assemblies 

typical of North American construction under natural conditions. 

There are several factors which affect attic performance, 

including wind, temperature, humidity, construction detailing, 

and building use. Two construction details appear to be 

particularly important for attic performance: ceiling 

airtightness and attic ventilation. Of these two, ceiling 

airtightness appears to be the more critical. Ceiling 



airtightness is also the attic performance parameter which has a 

significant impact on overall building performance. 

Measured values for air flow are important in that they 

will assist any estimation of moisture flow and heat flow across 

the ceiling plane. Recent work has highlighted the moisture 

impact of air flows through building cavities (TenWolde 1992). 

Test Setup 

In 1989, a laboratory building was constructed for the 

field study of the performance of typical residential attic 

assemblies under natural conditions. The building is situated on 

a slight rise, 150m from the nearest tree line. The building 

contains eight test cells. Each of the test cells has similar 

construction, and each is maintained at similar temperature and 

humidity. 

The attics are of varied construction. Five of the bays are 

framed of wood trusses forming a flat ceiling, as shown in Figure 

1. Three of the bays are framed with dimension lumber, forming a 

"cathedral ceiling" . 
The principal data from this paper is data from Bay 1. This 

test cell has a flat ceiling, fiberglass batt insulation, truss 

framing, sheathing of oriented strand board, felt roofing 

underlayment and white-colored asphalt shingles. The bay has 

ventilation devices, as shown in Figure 1, namely, perforated 

vinyl panels at the soffits and a ridge vent device at the ridge. 

Above the top wall plate, a polystyrene air chute is used to 

ensure that air can flow between the soffit area and the attic 

volume. 

A "hole11 was placed in the ceiling of each of the study 

bays, as shown in Figures 1 and 2. The hole is actually a length 

of PVC plumbing pipe, 1 1/2'"38mm) diameter, that extends 

through the ceiling gypsum board and through the ceiling 

insulation. The hole can be capped or opened. An anemometer is 

used to measure air speed through the hole. The interior of each 

test bay was designed to be tight. Using air pressurization 

testing and tracer gas testing, the entire indoor enclosure was 



found to have a leakage area of less than 2 sq. in. (129 rrm2) 

(CMHC 1990). A port was provided through the wall on the north 

side to provide makeup air for air flowing through the ceiling. 

lnstnrmentation 

Ceiling air flows are measured using a heated thermistor 

anemometer, shown in Figure 2. The anemometer contains an 

excitation circuit, a heated thermistor in the air stream, a 

temperature compensating thermistor protected from the air 

stream, and a voltage output circuit. The anemometers were 

calibrated in a wind tunnel down to approximately 0.1 m/s. The 

anemometers are practically omnidirectional--a plastic framework 

shields the thermistors on two sides. 

Thermometry was used to determine air flow direction 

through the pipe opening in the ceiling. A thermocouple was 

installed in the pipe opening at the midpoint of the insulation. 

The data acquisition equipment permits the temperature at that 

point to be compared to &he attic temperature and the indoor 

temperature. If the pipe temperature was found to be closer to 

the indoor temperature than to the attic temperature, then a 

positive value was assigned to the air flow magnitude, indicating 

flow upward through the ceiling. Conversely, if the pipe 

temperature was found to be closer to the attic temperature, a 

negative value was assigned to the air flow, indicating flow 

downward. This technique was found to be very reliable. 

Pressure difference measurements were made across the 

ceiling plane using a sensitive electronic manometer. The 

manometer was calibrated to a 0.25 Pa pressure difference against 

a Wahlen Gauge (ASHRAE 1985, Willard 1921) . 
Outdoor air temperature was taken using a resistance 

temperature detector in a standard weather station enclosure. 

Wind direction and wind speed were taken at 5m using standard 

weather station anemometry. The wind vector was resolved into its 

north/south and east/west components. The north/south wind 

component was used in this analysis in that it is the component 

acting perpendicular to the length of the building, the soffit 



vents and the  ridge vent. This component was selected a s  a 

variable,  a f t e r  a preliminary analysis showed very l i t t l e  

correla t ion of ce i l i ng  a i r  veloci ty  w i t h  sca la r  (direct ionless)  

wind speed. 

Data were sampled a t  4 minute in te rva ls  and hourly averages 

were kept. The data fo r  t h i s  study a re  f o r  the  period from 

January 1992 t o  June 1992. 

Findings 

Six months of data were compiled t o  i l l u s t r a t e  performance 

during 1) January and February 1992 (nwinterl' data) ,  2 )  March and 

April 1992 ("springw data) and 3) May and June 1992 ("summer" 

da t a ) .  Measurements of a i r  velocity through t h e  hole i n  the  

ce i l i ng  w e r e  compared t o  t he  outdoor a i r  temperature, and t o  t h e  

north/south wind component. The r e su l t s  a r e  shown i n  Figure 3 

through Figure 8. These char ts  include p lo t s  of the  hourly data 

points, together w i t h  in te rva l  means and standard dsviations 

within the  interval .  A simple multivariate regression were 

performed and the  r e su l t s  a r e  shown i n  Table 1. 

An a i r  velocity of 1 m / s  through the  pipe can be seen 

during periods of cold temperature o r  during periods of high 

winds. The section area of the  pipe is  11.3 cm2. I f  the  flow w e r e  

uniform through the  pipe, t h i s  velocity would indicate  a volume 

flow r a t e  of 4 m3/hr. 

The r e su l t s  show considerable s ca t t e r ,  which is common i n  

any measurement of convective e f fec t s .  The correla t ion 

coeff ic ient  ( R ~ )  is  less than . S f  indicating tha t  less than half 

of the  t o t a l  variance of t he  data points is explained by these 

two variables.  

The comparison of t h e  ce i l i ng  a i r  velocity with the  outdoor 

a i r  temperatures indicates a c l ea r  t rend fo r  increased a i r  flows 

a t  lower temperatures. This is a simple i l l u s t r a t i o n  of bouyancy. 

With the  coming of spring, high outdoor (and a t t i c )  temperatures 

ins t igated downward a i r  flows, which appear a s  negative velocity 

values i n  the  accompanying figures.  Flows a t  temperatures above 

20 degC indicate  downward flow during spring and r e l a t i ve ly  



s t rong  upward flow i n  t h e  summer da ta  set. Both of t h e s e  e f f e c t s  

should be a t t r i b u t e d  t o  unexplained v a r i a t i o n .  I f  t h e  d a t a  sets 

a r e  combined, t h e  e f f e c t s  a r e  seen t o  cancel  one another, and t h e  

t r e n d  toward zero n e t  flow a t  t h a t  temperature is  evident .  

The f i r s t  l i n e  of T a b l e  1 shows t h a t  t h e  mean v e l o c i t y  f o r  

the  e n t i r e  da ta  per iod  is  considerably higher i n  t h e  winter  (0.85 

m / s )  than  i n  t h e  summer months (0.36 m / s ) .  

There is  a s l i g h t  t r e n d  f o r  g r e a t e r  a i r  flows a t  higher 

outdoor wind speeds (north/south component). The c o r r e l a t i o n  of 

c e i l i n g  a i r  flows with north/south wind component is c l e a r l y  seen 

i n  Figures 4, 6, and 8. T a b l e  1 shows t h e  weakness of wind a s  an 

explanatory va r i ab le .  The t-value i s  t h e  r a t i o  of t h e  regress ion  

c o e f f i c i e n t  t o  t h e  s tandard  e r r o r  f o r  t h a t  c o e f f i c i e n t .  I n  t h i s  

case, given t h e  l ack  of cross-corre la t ion  between outdoor a i r  

temperature and north/south wind speed, t h e  r e l a t i v e  s i z e  of 

t h e s e  numbers may serve  a s  an i n d i c a t o r  of t h e i r  r e l a t i v e  

importance a s  explanatory va r i ab les .  

Resul ts  from pressure  d i f fe rence  t e s t i n g  w e r e  compared t o  

t h e  c e i l i n g  a i r  ve loc i ty  during a two week period i n  January 

1992.  Those r e s u l t s  a r e  shown i n  Figure 9. I n  t h i s  case  t h e  

c o r r e l a t i o n  c o e f f i c i e n t  ( R ~ )  is  0.79, ind ica t ing  r a t h e r  c l o s e  

agreement. Thus, c l o s e  es t imates  of r a t e s  of a i r  flow could be 

deduced from measurement of pressure  d i f fe rences  across  t h e  

c e i l i n g  plane.  

Conclusions 

Measurements of a i r  v e l o c i t y  through a c e i l i n g  hole  w e r e  

taken f o r  t h r e e  seasons i n  a labora tory  containing test cells 

under n a t u r a l  condit ions.  The v e l o c i t i e s  during t h e  winter  a r e  

considerably higher than they a r e  during t h e  summer months. The 

e f f e c t s  of outdoor a i r  temperature and wind speed on c e i l i n g  a i r  

v e l o c i t i e s  can be seen, though these  va r i ab les  together  expla in  

no more than ha l f  of t h e  t o t a l  variance i n  t h e  ve loc i ty  da ta .  Of 

t h e  two var iables ,  outdoor a i r  temperature i s  more important.  In  

t h i s  test cell, c e i l i n g  a i r  ve loc i ty  c o r r e l a t e d  c lose ly  with 

measured values f o r  a i r  pressure  d i f fe rence  across  t h e  c e i l i n g .  
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Table 1 
s t a t i s t i c  Jan/Feb Mar/April May/ June 

mean a i r  v e l o c i t y  
( m / s )  0.85 0.73 0.36 
~ ~ n s  -06 .03 .09 

~ ~ a t o  .12 -42 .12 

R ~ ~ S ,  a t o  .18 
t-valuens 9.2 
t-valueato 12.8 

Note: BZ i s  t h e  c o r r e l a t i o n  c o e f f i c i e n t  computed f o r  t h e  
ind iv idua l  va r i ab les :  f o r  north/south wind component, and &Q 

f o r  outdoor a i r  temperature. The s tat is t ic  t -va lue  is  t h e  r a t i o  
of t h e  regress ion  c o e f f i c i e n t  t o  t h e  s tandard  e r r o r  f o r  t h a t  
c o e f f i c i e n t  i n  mul t iva r i a t e  regression.  Higher values of R~ and 
t-value i n d i c a t e  r e l a t i v e  importance of t h a t  va r i ab le .  



#I  5 felt reinforcement 

oriented strand board sheathing 

polystyrene air chute 

raised-heel roof truss 

perforated vinyl soffii pa 

Figure 1. Detail section of the research laboratory attic. The assembly shown is a flat- 
ceilinged, vented attic, with perforated vinyl soffit panels and a ridge vent. 

PVC pipe (dia. 3.8 cm, 
1 1.7cd area) 

insulation 

thermocouple 
(direction sensor) 

gypsum wallboard 

cap 

anemometer 

flow straightener 

Figure 2. Schematic drawing of PVC pipe used as ceiling hole, showing placement 
of heated thermistor anemometer, cap (which can be opened for measurement) and 
thermocouple used as a direction sensor. 



Air velocity vs. outdoor air temperature: JanIFeb 
11992 

outdoor air temperature: deg C 
I 
Figure 3. Winter comparison of ceiling air velocity with outdoor air temperature. 
Confidence band of 1 standard deviation is shown. Trend toward reduced 
ceiling flow at h e r  temperatures is evident. 

Air velocity vs. ns wind component: JanIFeb 1992 

0.4 
-6 -4 -2 0 2 4 6 

nortwsouth wind speed: mls (north wind positive) 
I I 
Figure 4. Winter comparison of ceiling air velocity with northlsouth wind speed. 
Effect of both north and south winds on ceiling air flows is evident. 



Air velocity vs, outdoor air temperature: MarIApr 
1992 

outdoor air temperature: degrees C 
I I 
Figure 5. Spring comparison of ceiling air velocity with outdoor air temperature. 
Results above 20 degC conflict with findings from following months. 

Air velocity vs. ns wind component: MarIApr 1992 

1 1 * Ceil. Air Vel. ' mean+l sd ' mean-1 sd . mean 
-1 . 

northlsouth wind speed: mls (north wind positive) 
I I 

Figure 6. Spring comparison of ceiling air velocity with northlsouth wind speed. 
Effect of wind speed is less visible than during winter. 



Air velocity vs. outdoor air temperature: 
MayIJune 1992 

1 + Ceil. Air Vel. ' mean+l sd ' mean-1 sd 1 mean 

outdoor air temperature: degrws C 
I 

Figure 7. Summer comparison of ceiling air velocity with outdoor air temperature. 

Air velocity vs. ns wind component: MayIJune 
1992 

1.5 * Ceil. Air Vel. - m e a ~ l  d - mean-lsd mean I I 

I northlsouth wind sped: mls (north wind positive) I 
I I 

Figure 8. Summer comparison of ceiling air velocity with nortNsouth wind speed. 



Comparison of pressure difference and ceiling air 
velocity, January 1992 

0-2 0 0 
0 2 4 6 8 10 

pressure difference across ceiling, Pa 
I 
Figure 9. Comparison of ceiling air velocity with air pressure difference. 
Pressure difference values are hourly averages of 15 samples. Correlation 
coefficient is 0.79. 
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The external facade of a nine storey office building has been reclad with a ventilated 
cavity structure with a length to height ratio greater than forty. As there is little published 
information regarding the likely air flows within such cavities a research programme has 
been set-up to investigate the ventilation and energy performance of this structure. This 
paper will address the cavity air flows through both theoretical and full scale 
measurements. 
Theoretical predictions were calculated using the COMIS infiltration simulation 
programme utilising different pressure profiles from around the building. A detailed wind 
tunnel study [1] was carried out prior to this in order to obtain accurate wind pressure 
distribution profiles for the building. 
The experimental measurements were carried out on the cavity wall structure on the 
second (west facing) floor of the building. Using a N20 tracer gas detector system, the 
flow velocity and the air flow volume were deduced from the measurements and 
compared with the theoretical prediction. The comparison of the two sets of results show 
good agreement, considering the varying wind and temperature conditions which are 
difficult to simulate. The maximum difference between the calculated and the predicted 
airflows, for the tests carried out is in the range of 30 %. 
Air flow pattern and mixing of the tracer gas were demonstrated using a 2.44 metre long 
segment of the wall structure under laboratory conditions. 

INTRODUCTION 

As part of the updating policy of the University of Shefield the external facade of a nine 
storey office building has been reclad with a ventilated cavity wall structure. This 
recladding was to prevent deterioration of the building due to moisture penetration 
through the original glass curtain wall cladding. The cavity on each floor on the west and 
the east facades measures 1.2 metre in height and extends 46 metres along the length of 
the building. The new cavity wall structure consists of a brick layer, an air cavity of 10 
cm followed by 5 cm of cavity insulation and the original concrete structure with plaster 
on the inside wall of the building. To prevent moisture built-up and condensation 
problems, 98 weep hole devices were installed along the wall to ventilate the cavity. As 
little can be found in the literature on the performance of these weep hole devices a 
pressurisation test to determine the "crack" flow characteristics of the weep hole device 
was carried out. The coefficients were calculated from a standard statistical package 
using the measured data and found to be k1=0.000 15329 and k2=0.4 105 174. Using this 
data the occurring airflows in the cavity due to wind pressure difference in and around 
the wall structure were investigated using COMIS. 
The pressure profiles used as input data to the model were obtained from a detailed wind 
tunnel study of the building within its surroundings [I]. 



THEORETICAL PREDICTIONS 

To calculate the air flow in the ventilated cavity the infiltration simulation programme 

COMIS was used. The infiltration modelling programme COMIS was developed as a 

multizone model on a modular base. COMIS can be used as a stand alone infiltration 

model with input and output features or as an infiltration module for thermal building 

simulation programmes[2,3]. The two parts of the COMIS programme used for this 

work were the COMIN and CONVEN programme routines. The input file was created 

using the COMIN programme entering all the available data of the wall structure 

necessary to perform the simulation. These specific input data are described in table 1 

below: 

The wind pressure coefficients chosen from the wind tunnel study characterise wind fiom 

the north-west. Calculations using the COMVEN programme were only carried out for 

the 2nd floor on the west facing facade. The overall air flow fiom zone to zone and the 

contribution of each weep hole device to that air flow was calculated. 

The results for the 4 different wind speeds are presented in figures 1. 



Theoretical Airflow 

80 

1 3 5 7 9 11 13 15 17 19 21 23 25 
Zones 

15 m/s + 10 m/s O 7 m/s A 3m/s 

Figure 1 : Theoretical predictions of air flow at various wind speeds 

LABORATORY TESTS 

To be able to control the ambient conditions during the experiments, a segment of the 
wall, 2.44 metre in length, was built in the laboratory. The wall segment has four built-in 
weep hole devices, of which two were covered with flow hoods connected to a 
pressurisation system used to simulate the in-going air flow. The air flow was measured 
with a standard 40 mm orifice plate. For the experiments carried out, the tracer gas was 
injected at a constant flow rate either into the top or the bottom flow hood. Eighteen 
sampling points were used to trace the flow occurring in the cavity due to the imposed 
flow. Where using tracer gases to determine the flow between zones, it is essential to 
reach a homogeneous mixture of the gases with the air anywhere in the zone, otherwise 
significant errors may arise [4]. The following experiments were conducted to show that 
reasonable mixing occurs in the cavity. For the first test the gas was injected into the top 
weep hole device. The injected gas concentration was first measured directly behind the 
inlet. After 10 minutes, allowing for the flow patterns to stabilise, the 18 sample points 
were connected, one after the other, to the gas analyser. The sampling time at each point 
was two minutes and 30 seconds. Between the two tests the cavity was flushed with 
fiesh air to eliminate gas pockets that might have accumulated in corners of the 
laboratory set-up during the previous test. The imposed air flow and the N20 gas flow 
were kept at a constant rate of 94 Llmin and 0.5 Llmin respectively. The procedure for 



the second test was similar, however the gas was injected in the bottom weep hole flow 
hood. 
The results of the two tests performed show that the top and the bottom weep hole 
devices in this wall configuration create slightly different flow patterns. Due to the 
constant supply of tracer gas stable flow patterns should build-up at the 18 sampling 
points (figure 2) giving information of these two flow patterns. 

2.44m 

1.2m 

sampling point 

Figure 2: Sampling points in the laboratory wall segment 

For the first test (figure 3), with the tracer gas being injected in the top flow hood the 
tracer gas concentration decreases in the vertical plane from sample point 1 to 5 and 6 to 
8. In the horizontal plane the tracer gas concentration decreases from the initial inlet 
concentration by 25 % at point 6 and stabilises at this value for the remaining sampling 
points 9 to 18. This result shows that good vertical and horizontal mixing occurs 
approximately 1 metre from the injection point. 
The gas concentrations measured during the second test (figure 4), with the tracer gas 
being injected in the bottom flow hood, show that only very little of the injected gas 
flows to the top part of the cavity, represented by sampling points 1,2,6,9,10,14 and 15. 
However, in the centre of the cavity the gas concentration stabilises at 30 % below the 
gas concentration measured at the inlet weep hole. This phenomenon can be explained by 
the different area configuration at the bottom of the cavity wall, where the width of the 
cavity is only half (figure 2). 
Further tests simulating the real situation were carried out on the laboratory set-up to 
determine the flows. A known constant airflow of 96.95 L/min was imposed on the 
cavity via the two flow hoods. After the initial waiting period of ten minutes, allowing 
for the flow pattern to stabilise the tracer gas was injected at a constant rate of 0.5 L/min 
into the top weep hole device. The aim of this was to measure the travelling time. It took 
the tracer gas 98.5 sec to travel the distance a 1.25 metre to the second top weep hole 



where the sampling tube, connected to the gas analyser was fixed. This corresponds to an 
average velocity of 0.01269 m/s, resulting in an airflow of 91.4 Llmin. This test was 
carried out several times to show reproducibility and the differences between the 
imposed flows and the deduced flows were in the range of less than (+-)7% which 
indicates good agreement. 

lnlectlon at top weep hole lnloctlon at bottom weep hole 

0 k. concentration 0 IIH. oowontration 

Figure 3 and 4: Average gas concentration measured at the 18 sampling points 

HICKS BUILDING EXPE 

The procedure for the experiments carried out on the 2nd floor of the building were 
more complex. First, the wind direction and the wind speed had to be determined in 
order to predict the flow direction in the cavity according to the wind pressure profiles 
obtained from the wind tunnel study [l]. The tracer gas was then injected into the top 
weep hole nearest to the centre, whereas the sampling tube was inserted into the second 
weep hole into the cavity opposite the centreline of the building. The distance between 
these two points measured 2.89 m. The aim was to measure the time necessary for the 
injected tracer gas to travel to the sampling point. Due to the known area configuration 
of the cavity, the amount of air flow can then be determined. 
Several tests with different wind direction and wind velocities to check the technique 
were carried out. For a calm day with an average wind velocity of 1 m/s the first record 
of the tracer gas were detected after 3.5 minutes. Five minutes after the start of the tracer 
gas injection a more reliable record of the gas was detected. The travelling time i.e. the 
travelling speed of the tracer gas and the known area of the cavity allowed the air flow 
volume at this point in the cavity to be calculated. The first record of the tracer gas 



Building were in good agreement for the cases considered. The maximum difference 
between the calculated and the measured airflows was up to 30 % which may be 
explained by the varying wind and temperature conditions during the full scale 
measurements. 
These results show that as the wind speed increases there is better agreement between 
the measurements and the simulations. This indicates that at low wind speeds convective 
currents \rvithin the cavity may be dominant. 

FUT WORK 

This paper reported the first step of a research project aimed at investigating the overall 
thermal and ventilation performance of a ventilated cavity wall structure. Future steps 
will include the calculation and measurement of the ventilation efficiency, the heat flux 
through the wall and the moisture behaviour of the wall. 
The effect of the airflow on the thermal and moisture behaviour will be investigated in 
the second part of this project. 
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would indicate a flow velocity of 0.01376 d s ,  the more reliable record, after five 
minutes results in 0.00963 d s .  These velocities correspond to a deducted air flow of 
0.0016512 m3/s and 0.001 156 m3/s respectively. 
Measurements in the cavity, with a wind velocity of 1.5 d s  fiom the Southwest resulted 
in an air flow rate of 0.0021 1 m3/s. With a wind velocity of 4 d s  fiom the SSW the air 
flow rate was 0.0029 m3/s. 
The highest air flow measured for West wind with a wind velocity of 3.5 d s  and 5 d s  
in gusts was 0.0048 m3/s. 

COMPARISON OF THE RESULTS 

Considering that the computer simulations were carried out using constant "set" 
temperatures for the cavity air, the outside air and the crack temperature, as well as the 
wind direction and wind speed the results from the simulation with the CONIS 
programme and the measurements on the cavity structure in the Hicks Building compare 
reasonably well. Table 2 shows the results of the simulations and measurements carried 
out. 

At a wind speed of 1 d s  using the appropriate wind pressure coefficients the result of 
the simulation at the centre line of the cavity give an air flow of 0.001645 m3/s. The 
measurement with the same, but averaged wind velocity give an air flow between 
0.0016512 m3/s and 0.001156 m3/s. The first record of the tracer gas is in good 
agreement with the prediction. However, the more reliable second record of the tracer 
gas indicates an airflow being 30 % below the predicted. 
The simulation results for the wind direction SSW were calculated for 4 d s .  The 
resulting airflow in the centre of the building is 0.002622m3/s, which is 10 % less than 
the deducted airflow from the measurements. 
The simulation results for the last test for West wind with a velocity of 4 m/s is 
0.00379m3/s which under redicts. However, the simulation results for a wind velocity ! of 5 m/s were 0.004738 m 1s and were in good agreement with the measurement which 
was 0.0048rn3ls. 

CONCLUSION 

The results of the laboratory tests show that mixing occurs in this wall configuration 
suggesting that the tracer gas method adopted to deduct the airflow from the travelling 
time of the tracer gas in the cavity can be applied on the wall structure. 
The comparison of the numerical prediction calculated with COMI[S and the tracer gas 
measurements carried out on the cavity wall structure on the second floor of the Hicks 
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Air flow modeling and contaminant dispersion in multizone buildings is still a 
hard task which has motived the COMIS and then annex 23 projects. 

During the last two years, CETHIL has contributed to these joint projects by 
developing the COMIS code in order to predict on the one hand the coupled behavior 
of multizone buildings equiped of their complete ventilation network and on the other 
hand the resulting transfer of contaminants. 

In a first step we present here some results obtained in simulating a multizone 
building coupled with a ventilation network. 

In a second step, an air quality index for multizone buildings is proposed. By 
coupling the ventilation code with a pollutant transfer model, we are then able to predict 
and qualify the ventilation efficiency of a multizone building coupled with a ventilation 
network. 



1.- Introduction : 

A  literature review shows that the actual trends to prediction of air flow in 
multizone buildings are not only due to economical reasons but mainly to indoor air 
quality, acoustical and thermal comfort improvements. 

During the last decade, almost fifty models have been developed in eight 
countries [I]-141. Except some models the analysis of interaction between HVAC 
systems and building infiltration is seldom studied 151. 

In this paper our first objective is the study of a building coupled with W A C  
systems, in order to find out some complex phenomena resulting from coupling the 
building with its ventilation network. 

Our second objective is to qualify the ventilation efficiency of a multizone 
building coupled with a ventilation network by an air quality index, and to provide 
guidance to occupations on ways to reduce their exposure to pollutants. 

2.- Modeling principles : 

We use COMIS model as a support [4]. In COMIS, the building and HVAC 
systems are represented by nodes connected by different kind of links (cracks, fans, 
ducts, large openings, etc); every node represents a zone at thermodynamical 
equilibrium and represented by its state variables (temperature and reference 
pressure). 

The building and the W A C  systems are coupled by using simple laws between 
flow and pressure. For different components (cracks,fans,etc), these relationships are 
based on the same physical principle. 

In order to identify the law between flow and pressure, three steps are 
necessary: 

- calculate the coefficient of these laws, 
- calculate the pressure difference through each component, using Bernoulli 
equations, 
- correct these relationships, according to the real conditions. 

3.- Component Modeling : 

3.1.- Ducts and Duct Fittings : 

We consider two types of ducts : 
- Straight ducts characterized by their dimensions and a friction factor. 
- Duct fittings characterized by their type, their geometry and a local loss 
coefficient. 

In order to integrate ducts and duct fittings into the general network, their 



behavior is represented by power law functions (orifice laws). 

C and N are identified by simulating at first the behavior of the duct for various 
flow regimes, using its characteristic friction factor (for ducts) or local loss coefficient 
(for duct fittings) to calculate the pressure loss [6]-181. 

The results can be drawn as a flow function and C and N are obtained by 
numerical regression. 

Then the flow in the duct is corrected as a function of the real thennophysical 
characteristics in each duct. 

3.2.- The junction of a Tee : 

The junction is represented by three pressure nodes and treated as a particular 
pressure node by COMIS. It means that the static pressure of the node with the big 
flow is iteratively calculated by the solver. With this pressure and using the relation 
of pressure loss, we deduce the other two pressures. Figure 1 represents one case of 
the six cases existing (Table 1) 

Figure 1 : Pressures at a Junction of a Tee 

Table 1 : Different configurations of a Tee Junction. 

I lateral stream gathering 

II lateral stream splitting 



3.3.- Fans : 

Fan is modeled via a polynomial function for every rotating speed. In our 
model, we use the polynomial (Q = f(AP)) instead of (AP = f(Q)) given 
experimentally or by the constructer. Out of the definite range [AP,,,, AP,,], we 
assume a linear behavior of the fan; this curve passes through the two points (AP,,, 
QrnJand (AP- Qmin). 

This characteristic Gurve is then corrected if we consider the effect of density 
and rotating speed. Figure 2 gives an example of fan model. 

AP 4 

B Q  Qmi n P 

Characteristic curve of a fan. 

Figme 2 : Fan model. 

3.4.- Flow controllers : 

Flow controllers represent most of the available dampers or regulators used in 
a ventilation network. The basic premise of flow controllers is that they have a flap 
or valve which may throttle the flow by gradually closing the opening when the 
pressure increases. 

A flow controller is called ideal if after a first pressure threashold it delivers 
a constant flow rate when the pressure increases. 

Furthermore, a flow controller is called symmetrical if it has exactly the same 
behavior for both positive and negative pressure drops. 

Figures 3 presents the 4 combinations we can find between this two definitions. 

F1 : Symmetrical ideal flow controllers. 
F2 : Non symmetrical ideal flow controllers. 
F3 : Symmetrical non ideal flow controllers. 
F4 : Non symmetrical non ideal flow controllers. 
For each category we can represent the behavior of any flow controller by 

power law functions (range 1 + and 1-1 and polynomial laws (range 2+, 2- and 3 + ,3-). 



In the case of self-controlled air inlets, the aim is to limit the crossing air flow 
in the building. This phenomenon of crossing air flow becomes more important in a 
building with a double exposition and a high wind velocity [9]. 

One application of the self-controlled air inlets is to automatically control the 
ventilation as a function of the concentration of differents zones. If the concentration 
is less than the peak, the damper is closed, the air is exhausted by a fixed orifice. 

Figure 3 : Characteristic curves of flow controllers. 

4.- Pollutant transport and IAQ evaluation : 

Furthermore, a pollutant transport module already existed in COMIS [lo], this 
module has been extended and coupled with an evaluation procedure of indoor air 
quality using the ventilation effectiveness concept in order to qualify the quality of 
ventilation in a multizone building 1111-[13]. 

Ventilation Effectiveness is a measure of how quickly an air-borne contaminant 
is removed from the room. 

with : 
C,(m) : contaminant concentration in exhaust air at time m 
c C(w) > : room mean concentration of contaminant 

F,, : air flow rate from zone i through the exhaust duct to outside [m3/s]. 



Ci : Contaminant concentration in zone i. 
Vi : Room volume [m3] 

The Contaminant Removal Efficiency is derived from the ventilation 
effectiveness. 

We define the instantaneous exposure, E, to a pollutant at time t as the 
concentration, C(t), in the zone with the person at time t : 

The cumulative exposure from t, to t, is given by : 

E, may be obtained by numerical integration of the calculated contaminant 
concentration curve. 

5.- Test ease : 

The test building is a five zone single family house presented in Figure 4. 
This building is characterized by 26 flow paths (doors, windows, cracks of 

internal and external walls...), 4 identical self-controllled air inlets located on living 
room walls and a mechanical exhaust system (fan, duct fittings, duct straights, such as 
elbow, diffuser, and flow controllers). Figure 5 gives a general scheme of this network. 
Each component is described by its characteristic curves (see figures 6 to 8). 
We consider in this example a typical winter day, with a south blowing wind. 
Outdoor temperature : -2°C 
Outdoor pressure : 101300 Pa 
Outdoor Relative Humidity : 60 % 
Indoor temperatures : Living room and Kitchen : 20°C 

Bathroom : 22°C 
Toilets : 19°C 
Attic : 10°C 

Indoor Relative humidity : 50% 
The Cp-values used for the calculation are given in Table 1. 

Table 2 : Cp-Values for each wall 



5.1.- Wind Speed Influence : 

We vary the wind speed from 0 to 12 m/s; according to the wind velocity, the 
building ventilation works as explained next: 

- At zero wind velocity, the air goes through the two fasades (windward and 
upwind fa~ades). The air change rate is equal to the specific flow of ventilation (i.e. 
the flow is controlled by the fan). 

- At a low wind velocity, the air still goes through the two fagades with an 
- increased flow at the windward and a decreased flow at the upwind fasade. The total 

air change rate is identical. 

- At a given wind velocity (6 m/s in our case), named the protection level, the 
air flows through the windward fasade. The total air change rate is higher than 
previously. A flow going through the windward facade, which is a function of the 
fagade infiltration and the wind velocity, is added to the specific flow (flow of the fan). 
The crossing air flow is zero up to the protection level. After this threshold, it 
continuously increases the total ventilation rate up to 64 % at 12 m/s (Figure 9). 

5.2.- Indoor Air Quality : 

At first we consider an oven located in the kitchen (its power is 3 kW and its 
CO, emissive power is 0.0981g/s) and a 60, source pollutant in the living room (its 
GO, emissive power is O.Olg/s, which is equivalent to two person emission). The 
resulting Ventilation Effectiveness is 2.75, and the Contaminant Removal Efficiency 
is 0.73. Figure 10 presents the evolution of C0, concentration in different rooms with 
a 1 m/s wind. In this case, the mechanical exhaust system appears to be a good 
solution, the concentration in the living room is lower. 

Secondly, we consider two persons, with different activity patterns, and we 
calculate the exposure of every one to different sources of CO, pollutants. The first 
person is in the kitchen during 10 minutes, moves to the outdoor during 4 hours and 
40 minutes (we suppose that the outdoor concentration is zero), then prepares the 
lunch in the kitchen for 1 hour, after goes outdoor for 4 hours, returns in the kitchen 
during 10 minutes, then leaves the building for 1 hour and 50 minutes, prepares the 
dinner for 1 hour and finally he stays in the living room. The second person stays in 
the living room during 24 hours. The instantaneous and cumulative exposures (during 
one day) to the pollutant 60, for the two persons seperatly are given in figures 11 and 
12. We notice that, while the instantaneous exposure for the first person is some times 
(initial instantaneous exposure and when he uses the kitchen) much higher than for 
the second person, the cumulative exposure for the first person is very low. 

The actual version of COMIS code may be used as the core of a design tool 
of a multizone building and enables diagnosis of its defective ventilation network. An 
interface allowing pre and post processing of data and results is essential to use such 



a code in a research organization. 

The case study presented in this paper is only given as an illustrative example, 
it demonstrates the feasability of our project developed within the frame of an 
international effort coordinated by the International Energy Agency, Annex 23. 

This is only the first step of the study and characterization of a building from 
the air quality point of view. In order to enable a real air management introduction 
of new components which pollution level is dealing with their behavior with time is 
now necessary. 
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Figure 4 : Test Case. 

\ JUNCTION 1 

Figure 5 : General description of the ventilation network. 

Figure 6 : Gharacteristic of the air inlets. 
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1. Introduction and aims 

A small test room has been build which is five times smaller than the so called 

Annex-20- room (Figure 1 and 4). Different kinds of tracers have been used for 

visualizing of flow patterns (/I/). Velocities, concentrations and mass transfer 

coefficients have been measured. The measuring instrumentation is based on 

thermal anemometry (hot wire probes) and a special ammonia-mass transfer 

method, respectively, in order to estimate the heat flux coefficient at the walls. 

The values measured and the flow patterns have been applied in order to 
compare and to evaluate a computer code developed in Dresden to simulate 
three dimensional flows. This code is based on a finite-volume-discritization for 

the transport equations (Navier-Stokes- with k-s-model) solved with a new 

iteration technique including a multi grid solver. 

A test room was constructed at a scale of 1:s to the test room (/2/,/3/), specified 
by the international project IEA ANNEX 20 (/4/,15/). A lot of measuring and 

computational results are available for this problem. The dimensions of our test 

room are (L x W x H)=(0,84m x 0,6m x 0,5m). The inlet device has a width of 

0,155m and a height of 0,042m. The dimensions of the outlet device are 

(w x h)=(0,06m x 0,039m). The walls are transparent to make flow visualization 

possible. At present a maximum velocity of 2 d s  can be applied due to the 

installed equipment. That leads to a Reynolds number relating to the inlet of 

Re=5500 and an air change rate of n=186 lfh. The flow within the test room is 

isothermal and visualized by means of several kinds of tracers (e.g. so-called 

'disco fog', incense, glycerine-water mixture). A system consisting of light sheet 

equipment and a CCD camera is applied to get a snapshot of the flow pattern in 

a specified plane. Averaged velocities and turbulent quantities are measured by 

means of hot wire anemometry @ANTEC 55M). A unit made by construction 

elements (ISEL automation) is used to move the probe to the measuring position 

controlled by the computer. Placing the probe at 100 locations takes about 15 

minutes including 2s integration time at every measuring point. It is taken 
approximately 2000 values for time averaging for each measuring point. Figure 2 

shows the special calibration equipment (150 used to calibrate the probe right 

beside the test room within a range of O,1 to 2,O d s .  



As mentioned above, heat transfer coefficients are determined by means of the 

ammonia transfer method (174 using the analogy between heat and mass transfer 

and a computer aided image processing system (Figure 3, 184. Small quantities 

of ammonia are added to the supplied air. That causes a chemical reaction at 

foils moistened with a reaction substance. The colouring of this foils indicates 

the intensity of the mass transfer. Using the analogy between heat and mass 

transfer the heat transfer coefficients can be calculated by 

3. Mathematical Model 

As basic equations we consider the time averaged transport equations for an in- 

compressible fluid. By means of Boussinesq's concept, Boussinesq's 

approximation of buoyancy and a k-E turbulence model, the following system of 

differential equations is formed by : 



with vt = Cg . k2/s and at = vt / Prt 

In addition, appropriate initial and boundary conditions have to be specified. 
Details are given by Rosler (190. The set of constants of the turbulence model is 

shown in the table below. 

Instead of solving the &lly discretized and linearized equation system we are 

using an explicit velocity-pressure iteration which is based on the algorithm of 

the Marker and Cell Method. Our strategy of solution will be presented in the 

paper 1101. 

Figure 5 shows the first of the experimental and numerical results of mean air 

velocities at a Reynolds number of Re=2238 and an air change rate of n=75 at 

the symmetry plane. 

Experimental data have been averaged in time and space, given by 

In1 = JZT? . 
The numerically predicted velocity profiles are in a good agreement with the 

measured ones. Notice that the velocities are given as absolute values. Therefore 

the velocities close to outlet device have the same direction like the inlet device 

velocities. Furthermore, results like flow patterns, mass concentrations at the 

walls and therefrom heat flux coefficients and turbulent quantities will be shown 

at the poster because some pictures have a good quality only in the original 

state. 



5. Conclusions 

A 1:5 scaled test room was built to estimate and validate a simulation code of 
three-dimensional indoor air flows by experimental investigations. First results 

show that the constructed test room is suitable for this task. 

Reynolds number, geometry of in- and outlet device, turbulence intensity and 

direction of supplied air will be varied in hrther experiments. An improvement 

of numerical results is expected by using a Low-Reynolds-Number turbulence 

model. 

In addition, it is planned to compare these results with data available from others 

ANNEX20 participants (131). 

The research was supported by the Bundesministerium fiir Forschung und 
Technologic under the contract 032901 6D. 



7. Photograwhs , ~rawhs and dia~rams 

Photograph not available for Conference Proceedings. 

Figure 1: The model "post-annex-20-room" with the moving system for 
the probes (author : P. Vogel) 



Photograph not available for Conference Proceedings. 

Figure 2: The special calibration equipment which is used to calibrate the 
hot wire probes (author P. Vogel) 



1 ... Computer monitor 
2 ... Camera monitor 
3 ... Control system 

4 ... AT 486/33 with a grabber 
card AT-Chroma 

5 ... CCD-camera FK 6512 IQ 
6 ... Light table 

Figure 3: Picture processing system 

1 . . . ventilator 7 ... heat exchanger 
2 ... rectifier 8 ... air supply inlet 
3,4 . air supply pipe with mass 9 ... model room 

measuring equipment 10 ... outlet 
5 ... temperature measuring point 11 ... vibration compensator 
6 ... transition piece 12 . . . chassis 

Figure 4: The model "post-annex-20-room" 
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Figure 5: Comparison of experimental and numerical results of the 
absolute velocities at different U-Z-planes in the symmetry plane 
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SYNOPSIS 

This investigation is concerned with the determination of velocity pressure loss- 
factors for HVAC system components using tracer-gas techniques. Experimental 
work was carried out using an HVAC system and k-factors for various 
components such as bends, branches, contractions, expansions and orifice were 
determined. Results were compared with measurements made using a pitot tube 
and values given in the CIBSE Guide and ASHRAE Handbook. 

The performance of different types of filters used in HVAC systems was also 
examined. The constant-injection tracer gas technque was used to develop 
correlations between the pressure drop and face velocity of a synthetic-fibre filter, 
bag filter and glass-fibre filter. Results were compared with data obtained using 
traditional instrumentation. 

LIST OF SmBOLS 

Cross-sectional area of the duct fittings (m2) 
Concentration of tracer gas (ppm) 
Volumetric flow rate (m3Is) 
Injection rate of the tracer gas (m31s) 
Velocity pressure loss-factor, dimensionless 
Bulk velocity ( d s )  
Air temperature ("C) 
Velocity pressure (Nlm2) 
Static pressure (Nlm2) 
Total pressure (Nlm2) 
Total pressure loss (Nlm2) 
Face velocity, filter (rnls) 
Pressure drop, filter (Nlm2) 
Pressure drop based on tracer gas measurement, ( ~ l m 2 )  
Pressure drop based on pitot tube measurement, (Nlm2) 
Barometric pressure (Nlm2) 
air denstiy (kg/m3) 



1 .  INTRODUCTION 

Accurate determination of duct pressure losses is a necessary prerequisite for 
design of energy-efficient heating, ventilation and air conditioning (HVAC) 
systems. The pressure loss of ductwork supplying air to various zones can be 
calculated using friction charts and tables of pressure loss-factors (i.e. k-factors) 
for duct fittings. Pressure loss-factors are usually obtained using values given in 
the CIBSE Guide "Reference Data" l . and ASI4FW.E Handbook "Fundamentals"2. 
These values have been determined experimentally using traditional 
instmentation such as pitot tube and orifice meters. 

Tracer-gas techniques such as constant-injection and pulse-injection allow 
accurate measurement of airflow in ducts and duct fittings. Unlike traditional 
instrumentation, tracer-gas techniques do not require a long measuring duct for 
establishment of fully develoved flow and can be used to measure airflow over 
wide range of velociiies in d6cts and fittings of various sizes and shapes. 
Furthermore, tracer-gas techniques can be used to measure airflow directly and do 
not require determination of the cross-sectional area of the duct and ducts fittings. 
Experimental work was carried out in a small-scale HVAC system and k-factors 
for various components such as a bend, a branch and a contraction were 
determined and results were compared with measurements made using a pitot tube 
and values obtained from CIBSE and AS E data. The performance for 
different types of filters used in the HVAC systems was also examined. 

2 .  THEORY 

2.1  Constant-Injection Tracer-Gas Technique 

The constant-injection technique was used to measure airflow in an 
W A C  system. SF6 tracer gas was injected into the duct fittings at a 
constant rate and the resulting concentration response was measured. 
Assuming that the air and tracer gas are perfectly mixed within the duct, 
and the concentration of tracer gas in the outside air is zero, the following 
equation can be used for steady-state conditions3: 

The average air velocity is: 

2.2 Velocity Pressure Loss-Factors For Duct Fittings 

Whenever a change in area or direction occurs in a duct or when the flow 
is divided and diverted into a branch, losses in total pressure occur. 
These losses are usually greater than losses in a straight duct and are 
referred to as separation losses; they can be calculated from: 

Substituting equation (2) into equation (3) we have: 



For standard air (i.e. air at 20°C and 101.325 P a )  p is 1.2 kg/m3. For air 
at other consitions, the loss in total pressure must be corrected using the 
following equation: 

hpr = 0.6($/101.325)[293/(273 + t)] (q/CA)2 x 1012 (5) 

The loss factor, k, for various duct fittings can be found using the CIBSE 
Guide "Reference Data" and AS- Handbook "Fundamentals". 

3 .  EXPERIMENTAL 

Measurement of airflow and pressure distribution were carried out in a small-scale 
HVAC system, Figure 1. This consisted of a fan control and instrumentation 
console. The fan unit had a volumetric flow rate in the range 0.1 to 0.3 m3/s, 
dependent upon the ductwork resistance and supply voltage. The console 
contained a variable transformer for fan speed control and a voltmeter and 
ammeter for measurement of supply voltage and current respectively. A square- 
to-round fan intake transition also accepted a standard 600 x 600rnm filter. The 
rectangular-to-round fan discharge transition connected to 200rnm diameter 
ductwork using standard push fittings; the duct was manufactured from 
galvanised mild steel. The HVAC system was fitted with various types of fittings 
such as bends, branches, expansions and diffusers. Two types of air supply 
diffusers were used and the discharge was controlled by means of dampers. 

The concentration of tracer gas was measured by an infrared gas analyser, type 
Binos 1000, made by Rosemount GMGH, Hanau, Germany. The velocity was 
measured using a pitot-static tube. The velocity and static pressure at the inlet and 
outlet of duct fittings were measured using an electronic micromanometer, type 
EDM 2500, made by Airflow Development Ltd, High Wycombe, UK. 

SF6 tracer gas was injected into the duct at a constant rate using mass flow 
controller, type F1001200, made by Bronkhorst High-Tech BV, Ruulo, Holland. 
The mass flow controller had a maximum flow capability of 3.9 Umin and a 
measurement accuracy of + 1%. 

3.1. Determination of k-factors 

A typical arrangement for measuring the pressure loss and airflow rate in a 
duct fitting is shown in Figure 2. The experimental procedure for 
determining the k-factor was as follows: 

i) Start the fan and adjust the flow (e.g. 20% of main voltage). 

ii) Connect the micromanometer across the measuring unit as shown in 
Figure 2 and measure the differential static pressure (i.e. P, at the 
inlet - P, at the outlet of the fitting). 

iii) Inject tracer gas into the duct upstream of the fitting at a constant rate 
q, using the mass-flow controller. To achieve a good distribution of 
tracer gas in the duct, a mutli-injection probe should be used. 

iv) Use a mutli-point probe to collect tracer-gas samples downstream of 
the fitting. Measure the concentration of tracer gas using the gas 
anal yser. 



v) Measure the velocity pressure at the inlet and outlet of the duct fitting 
using a pitot-static tube. 

vi) Increase or decrease the fan speed in order to alter the airflow rate 
through the duct fitting and repeat the measurements. 

3.2. Development Of Correlation Between Pressure Drop and 
Face Velocity of Filters 

The experimental procedure for determining the correlation between the 
pressure drop and face velocity of filters are as follows: 

i) Insert a filter into the filter holder on the fan intake. 

ii) Start the fan and adjust the flow (e.g. 20% of main voltage). 

iii) Connect the micromanometer to the tappings on the square filter 
holder as shown in Figure 3 and measure the pressure drop of the 
filter, AP,. 

iv) Inject tracer gas into the duct inlet at a constant rate q, using a mass- 
flow controller. 

v) Measure the concentration of tracer gas at downstream of the duct 
using the gas analyser. 

vi) Measure the veloctiy pressure at the downstream of the duct using a 
pitot-static tube. 

vii) Increase or decrease the fan speed in order to alter the airflow rate 
through the filter and repeat the measurements. 

4 .  RESULTS AND DISCUSSION 

4.1 k-factors For Duet Fittings 

k-factors of duct fittings were determined using the constant-injection 
technique and pitot static traverse method. Fittings tested included a 
branch, a bend, a contraction, duct exits, an orifice and a perforated plate. 
The total pressure loss for each fitting was measured and was plotted 
against the velocity pressure (Pv = 0.5pV2) for a range of air velocities. 
The k-factor was then determined by measuring the gradient. 

Table 1 shows typical experimental results, based on tracer-gas 
measurements, for a contraction. These results are plotted in Figure 4a. 
The slope, k-factor, of the contraction was found to be 0.14 based on 
tracer-gas measurements compared with 0.18 based on pitot static traverse 
measurements. The k-factors of the contraction are 0.13 and 0.09 
according to data in the CIBSE Guide and AS 
respectively. 



Table 1 Experimental results, based on tracer gas measurements, for 
determination of the k-factor for a contraction 

Similar experiments were carried out to determine the k-factors for other 
components of W A C  system. Figures 4a, 4b, 4c, 4d, 4e and 4f show 
variation of total pressure loss versus velocity pressure for various duct 
fittings. The estimated k-factors from the experimental results and 
standard data quoted in the CIBSE Guide and ASHRAE Handbook are 
given in Table 2. The values of k-factors for the branch, a contraction and 
duct exits given in the CIBSE Guide and ASHRAE Handbook were 
similar. However significant differences in k-factors for the bend and 
perforated plate were apparent. Although it is not obvious why there is a 
difference in k-factors quoted for the perforated plate could be explained 
by the fact that the CIBSE Guide has not included the effect of plate 
thickness on k-factor. 



Type of Duct Fittings 

The k-factors estimated from tracer-gas measurements were lower than 
values estimated from pitot tube measurements and in most cases were in 
closer agreement with the average values of CIBSE and ASHRAE data. 
Small differences between our data and CIBSE and ASHRAE data may 
have resulted from variations in quality, construction and testing of the 
duct fittings. 

In order to estimate pressure losses accurately, it is desirable that the 
designer uses data for k-factor provided by the manufacturers of the 
HVAC system in question. There is also a need for research work to 
provide data for k-factors for a wide range of duct fittings not at present 
given in the CIBSE Guide and ASHRAE Handbook. Parameters such as 
thickness and angle of obstruction should be included in these tables. 

4.2.  Correlations Between Pressure Drop And Face Velocity Of 
Filters 

The correlations between the pressure drop and face veloctiy of a 
synthetic-fibre filter, glass-fibre filter and bag filter were developed using 
the constant-injection technique and pitot-static traverse method. The 
results indicated that the correlations obtained by these techniques are in 
close agreement. Tables 3 and 4 show the correlations between pressure 
drop and face velocity for clean and dirty filters respectively. 



The pressure drops across the filter varies with the types (see Figure 6) 
and conditions of the filter used. For example, the pressure drops across 
the clean-glass fibre filter for a face velocity of 10 m/s were found to be 
191.35 Pa (based on tracer gas measurements) and 172.21 Pa (based on 
pitot tube measurements). For the clean bag filter, the pressure drops 
measured using the same techniques and face velocity were found to be 
477.86 and 445.57 Pa. The difference between pressure drop {(AR - 
APp)/APp] obtained using constant-injection technique and pitot-static 
traverse method for the glass fibre, synthetic fibre and bag filters were 
7.2%, 9.4% and 1 1.1% respectively. 

5 .  CONCLUSIONS 

i) The values of k-factors estimated from the tracer technique were lower 
than those estimated using pitot static traverse method. 

ii) The estimated k-factors from tracer gas measurements for the branch, 
bend, contraction, exits and orifice were similar to those values given in 
the CIBSE Guide. 

iii) The k-factors estimated from tracer gas and pitot tube measurements for 
the perforated plate were smaller than values given by CIBSE and 
ASHRAE data. 

iv) The k-factor for the bend given in the ASHRAE Handbook was 
significantly lower than values estimated from tracer gas and pitot tube 
measurements and the value quoted by the CIBSE Guide. 

v) More experimental work is required to estimate the k-factors for a wide 
range of duct fittings. The effect on the k-factor of a number of 
parameters, such as the thickness and angle of obstruction should be 
investigated. 
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SYNOPSIS A branched connection is a single air flow passage connecting more than two zones. 
Its existence in a building has not been a critical issue for the measurement of air flows of single zones, as 
far as the validity or accuracy of the measurement techniques is concerned. However, with the ever 
increasing sophistication of building air flow measurement techniques --- which include tracer gas and 
multifan pressurisation techniques --- and the ever increasing use of them in multizones, it becomes 
increasingly desirable to examine the effect of branched connections. This paper presents an analytical 
study of the validity of the multizone air flow measurement techniques, as they are applied to buildings 
containing branched connections. It is found that the multifan pressurisation techniques have embedded 
inadequacies, which could lead to large flow rate measurement errors, if the techniques are applied to 
buildings containing branched connections. It is also found that all tracer gas techniques are valid 
regardless of the types of connections present. However, the interpretation of their results is much more 
restricted than in the case where only direct connections exist in the tested building, 

List of Symbols 
C tracer concentration 
P pressure 
AP pressure difference 
6P hP across air flow passage section 
Q flow rate 
Qi flow rate; i=2,3,4,e; (Fig. 2) 
Qij flow rate from zone i to zone j 
Q flow rate through a passage section 
R flow resistance of a passage section 
subscripts 
1,2,3,4,r zone number as seen in Fig. 1 & 2 

a7b 
C 
D 1 

e,o 
m 
meas 
0 

true 
superscript 
I 

tracer species 
point C in Fig. 1 
pressurisation fan for zone r 
outside 
pressure ring defined by [I] 
measured flow rate 
beginning of test 
actual flow rate 

a condition at which AP=W 

I. Introduction 
A connection is here defined as an air flow passage linking otherwise air tight zones --- rooms, corridors 
and staircases. Connection can be well defined as for an open door or window or they can be poorly 
defined as for background leakage cracks. The connection can also be classified into the direct connection 
if it connects only two zones or the branched connection if it connects three or more zones. Branched 
connections are common in buildings. Under floor or behind-wall wiring, gas supply tubing, central 
heating tubing and general plumbing all create branched connections between zones. Branched 
connections may also be found at prefabricated panel joints and room partitioning board joints. Cavity 
walls plus cracks between building bricks, too, helps creating branched connections. 

Outside: 

passage 
section 3 

passage 
section r d 

Fig 1. Schematic of a branched connection linking two zones and the outside 



An example of the simplest branched connections is shown in Fig. 1. The branched connection 
with three arms links zone r with zone 3 and the outside which is denoted as "em. This arrangement was 
also depicted using a "circle-bar" diagram, also in Fig. 1, to simplify its graphical presentation and to 
facilitate the concentration of attention on the essential features of the connection. In this diagram a zone 
or the outside is represented by a circle and an above mentioned "arm" by a bar. The latter is referred to as 
a passage section defined as a section of a connection in which there is no branches. 

Building air flows has been measured using, predominantly, the pressurisation and the tracer gas 
techniques. Both methods were first developed for air flow measurements in single zones. They were 
applied either to single zones or multizones transformed into single zones by, for example, opening the 
doors of the zones. For these types of applications the validity or accuracy of the two techniques was not 
in any way related to the presence of branched connections. 

In the past few years both the above techniques have become increasingly sophisticated. Multi- 
tracer gas and multi-fan pressurisation techniques have appeared and have been applied increasingly 
widely to multizone air flow measurements. However, there has been little research into whether these 
techniques are valid or accurate when applied to multizone buildings containing branched connections, 
the answer to which is not as obvious as in the case of single zone air flow measurements. 

In the following an analytical work is presented, which was carried out as a step towards 
answering the above question. One version of the multifan pressurisation method, the deduction 
technique, and one version of the multi-tracer method, the tracer concentration decay method, is to be 
examined in the following in terms of their accuracy when the branched connections are present. The 
other versions of both methods were also examined, details of which will not be discussed in this paper 
since both the examination method and the conclusions are the same as those presented below. However, 
more information can be found in Ref. [2]. 

2. The examina~on of the multifan pressurisation method 
There are two versions of this method, i.e., the deduction technique and the guarding zone technique. As 
explained in the introduction, the following discussion will be confined to the deduction technique. In 
addition, the nomenclature used in the original paperil] on this technique has been adopted for clarity 
and consistency. 

2.1 Brief description of the technique 
The multifan pressurisation method was devised for and has been applied to measurements of leakage 
distributions in multizone buildings. Referring to Fig. 2, 

Fig. 2. Schematic of a multi-fan test arrangement, 

to measure the leakage distribution for zone r is to obtain the Q - curve or the function Q(M) for 
all the flows Qe, Qz, Q3 and 44 over a &' range of 0 to a practically likely maximum, typically 50Pa. 
Also, the zone flow to which is to be measured is referred to as the flow recipient zone. E.g., if Q 2 ( p )  is 
to be measured then zone 2 is called the flow recipient zone for that measurement. 



In applying the deduction technique, the pressure in zone r (Pr) is kept constant while the pressure in the 
air flow recipient zone, which is also the pressure ring in this technique, Pm, is varied in descending steps 
from Pr to 0. The flow rates Qe, Qz, 43 and 4 4  are measure at each of the steps of pressure differences 
@, (m = F% Pm), thereby obtaining the Q ( p )  functions. Some of the above flow rates can be 
obtained directly, while others are found by subtracting one flow rate from another. e.g. to obtain Q3(dP) 
zone r is pressurised to Pr, the pressure in zone 3 (the now pressure ring) reduced in steps and the 
pressure in all other zones kept at 0 by opening windows or doors. The zone r pressurisation fan flow rate 
@I is measured at each step. One then has Q3(&') = @r(Pr - Pm) - QDl(Pr - Pmo). Note Pmo = Pr, so 

Q3(m)  = QNu) - QDl(0). (1) 
The other Q ( m )  firnctions are obtained in a similar manner. Details can be found in Ref. [I]. 

2.2 The examination 
Consider the simplest multizone configuration, a building of two zones, linked to each other and the 
outside via a branched connection as shown in Fig. 1. It is assumed that there are no other connections 
between zone 1 and 2, for the sake of analytical simplicity and clarity, although there must be other, direct 
connections between each of the two zones and the outside, because otherwise there can not be flows to or 
from the zones, on a sustained basis. The three passage sections of the connection are assumed in this 
section 2.2 to be identical and each being a long narrow type crack. These passage sections are assumed to 
have such large length to height ratios that the entrance effect becomes negligible and the relationship 
between the flow rate through such a passage section (q) and the pressure difference across it AF' is 
linear: 

AP lq = R = constant 
where the ratio R is referred to as the resistance of the passage section. The above assumption was made 
primarily to give the following analysis a greater degree of clarity and simplicity. As shown later, the 
conclusions thereby obtained by no means only apply to connections consisting of the above type of 
passage sections. In fact, it holds true for all practical existing types. 
The resistances of the three passages in Fig. 1, leading to zones r, zone 3 and the outside are assumed to 
be, respectively, Rr = R3 = Re = R, and the pressure in zone r assumed to be P. The place where the 
passage sections meet is denoted as node C. 

Apply the deduction technique to the building and measure Q3(P) .  At the point of b.f'=0.5P 
(i.e. Pr = P; P3 = Pm = 0.5P, Pe = 0), according to Eq. 1 

Q3(0SP) = QDI[O.~P) - QDI(O) (2) 
First, consider @1(0). It is known at that moment, Pr = P; P3 = P and Pe = 0 and according to mass 
conservation, 

@ I =  qr 
4r + q3= 4e (3) 

where qr q, and q, are the rates of flow through the passage sections against the corresponding resistance 
Rr, R3 d d  Re, respectively. Eq. 3 can be transformed into 

substituting the resistances and the pressures in Eq. 4 with their values, one has PC = 2Pl3 and thus 

@i(O.SP) can be obtained in a similar manner: 

and thus from Eq. 2 one obtains 



In other words, if the meter readings for Q D ~  are absolutely accurate, the measured flow rate for @ 
is Pl6R The true value for @ can be calculated using again Eq. 4. Remembering Pr = P; P3 = 0 3 ;  Pe = 
0; one obtains qr = Pl2R; q, = Pl2R; as well as 

e = O  (5) 
Eq. 5 shows that there is no air flow going from zone r to zone 3. The true or practical value of Q 

is zero. At this particular pressure difference, the relative error of measurement is infinite. 
Apply the above analysis method to every point in the @ range to obtain the Q3(@) function, it 

is found that the @ ( p )  measured using the deduction technique, assuming all readings are absolutely 
correct, is 

while the true or practical function is 

[ 0; APS0.5P 
therefore, the relative error caused by the inadequacy of the deduction technique for this particular case is 

P-AP 

error = Q 3 ( W m m - Q 3 ( W , ,  (8) 
Q3 (@)me 

m; APSO.5P 
As seen above, the relative error increases with decreasing AP and approaches infinity as AP 
approaches 0.5P. The large errors are solely due to the inadequacy of the deduction technique in dealing 
with branched connections, since instrument and operator errors were excluded from the above analysis. 
Therefore, the deduction technique cannot be relied upon in testing multizone buildings, if they consist of 
branched connections or the type of connection in them is not known. 

2.3 Discussion 
The type of sflciently "long and narrow" passage sections were used in the above examination. This is 
purely for clarity and simplicity purposes, since their Q ( P )  functions are in the simple linear form. 
However, the use of such a type of passages is not a necessary condition for the above analysis. The 
conclusions from the above analysis holds true when the common types of passage sections, whose 
Q ( P )  functions are in the power law or quadratic forms[3], is., Q = K L\Pn or AP = KI Q~ + Kz Q, 
are used to replace the linear type passage sections. However, there are still some types of passage 
sections, which are not even described by the above two equations [3]. Their Q ( M )  functions can be 
represented, in most cases, by the following type of equation: 

q = ~ ( S P )  (12) 
where f is a monotonously increasing function. In other words, the flow rate through the passage section 
in question, q, increases with the pressure difference across it ( 8 ~ ) .  The conclusion from the above 
analysis holds true also for this quite general type of passage. This point can be illustrated by the example 
of further examining the application of the deduction technique to the two zone building in Fig. 1. The 
only difference between the building used here and that in the above analysis is that the identical linear 
passage sections are replaced by three identical passages of the general type described by Eq. 12. Again, 
we focus on a particular point (MI) in the AP range, at which P3=Pc and therefore q3=0 and Q34. 
(The existence of this point is obvious and easily proven.) According to the deduction technique (Eq. I), 
there is 



Since Q3(W ) = 0, if the deduction technique is correct or valid, then there is QD,(dP ) = 

Q D I ( 0 )  or, noting QDl = qr 

qr (W = 9,(0). (14) 
Denote the condition at which @ = P' by superscript ' and dP = 0 by subscript "0". Eq. 14 is then 
written as 

q'r = qro (15) 

From Eq. 15 and Eq. 12, it can be obtained that 6P,' = @,. In addition, Pr is kept constant and 

P,' = SP,' +SP,' ; P, = P, + 6P,, . So, one has 

SP,' = sP,, 
From Eq 16 and 12 

Because q3 = 0 ,  then from the law of mass conservation, it can be obtained 

9' r = q' e 

Combining Eq. 15, 17 and 18, one has 

9eo = qro 
However, in reality, the relation between the two flow rates is 

because q30 = q, due to passages being identical and, q,, + 9, = qeo . 
The contradiction between Eq. 19 and 20 is due to the assumption that the deduction technique 

represented by Eq. 13 is valid or correct. Therefore it is demonstrated again, in more general terms, that 
the above named technique is not reliable for testing buildings containing branched connections. 

The same has been found true for the guarding zone method. The analysis method was only 
slightly different to that above and the details can be found in Ref. [2] .  

The multifan pressurisation technique in general can only be applied to directly linked multizone 
buildings. It breaks down when air passages to three or more zones cross each other. This is not too 
surprising since the technique was devised assuming, implicitly, that there are only direct connections. 
This assumption must be upheld, if they are to be successllly applied to buildings with branched 
connections. This practically means that each place at which the air passages cross each other should be 
treated as a zone, included or excluded from the controlled pressure ring or guarding zone, just like the 
well defined zones like rooms and corridors. This is not the case in the current multifan pressurisation 
techniques, and consequently they are not valid. Treating a passage junction as a zone and controlling its 
pressure is not easy in practical terms, unless it is, e.g. a wall cavity with a fairly large internal space. 
There is also the practical mculty of identifying branched connections and locating the junctions, which 
will be discussed later. The tremendous difficulty in improving the multifan pressurisation techniques to 
cope with branched connections is obvious. 

3. The examination of  the multi-tracer gas method 
The basic principle for the tracer gas method is that the rate of tracer consumption, either in the form of 
concentration decay or injection rate, in a zone is directly linked to the airflow rate there. For multizone 
air flow measurements, more than one tracer has to be used, hence the multi-tracer method. There are 
several versions of the method including the decay technique, the constant concentration technique and 
the constant injection technique. The first technique was used more often because less 
monitoring/controlling equipment are required. As explained in the introduction, the following 
discussion will be confined to the decay technique. 



3.1 Brief description of the technique 
The description will be given in the context of a two zone, zone 1 and zone 2, building. That for a N zone 
building can be found in Ref. [2]. Normally the procedure begins with injecting two different species of 
tracer gases, species "a" and "b", into zone 1 and 2, respectively. The tracer gases are then uniformly 
mixed with the air in their corresponding zones. Subsequently the tracer concentration decays due to the 
dilution effect of the interzonal air flows and those between the zones and the outside are measured. The 
rate of these air flows can then be calculated based on the following equations. 

Qo, - Qlo + Qzl -Q12 = 0 (30) 

Q02 -Q20 +Q12 -Q21 = O  (3 1) 

where for rn E (O,1,2), n E (0,1,2), Vm is the internal volume of zone m; Cam or Cbm are the tracer 
concentrations in zone m for species a and b respectively; Qmn is the air flow rate from zone m to zone n. 
Note the outside is here conveniently referred to as zone 0. 

3.2 The examination 
Consider again the building used in section 2.3 and illustrated in Fig. 1. The three passage section 
comprising the connection are assumed identical and of the general type described by Eq. 12. In order to 
conform to the normal nomenclature of tracer techniques, the subscripts 0, 1 and 2 will be used for 
denoting the outside and the zones, replacing subscripts e, 3 and r respectively. Zone 1 and 2 are both 
assumed to have an internal spatial volume of V. 

Suppose that air is blown, e.g. by using a fan, into zone 2 at a flow rate of "q". Consequently, the 
flow rates through the passage sections are q, = ql2, q, = q/2 and q2 = q. So the true rates of the flow 
between the zones and between the zones and the outside are Qoi = 0, Qio = ql2, Qoz = q, Q2o = q12,Qiz = 

0 and Q2l = q/2. 
The above six flow rates can also be obtained by applying the tracer decay technique, which in this 

case utilises two tracers (a and b). At the beginning of the test, tracer a is only present in zone 1 and tracer 
b in zone 2 and their initial concentrations are Ca~o and Cbk. The validity of the tracer decay technique is 
then assessed by comparing the measured data with the true data. 

As described in the last section in the decay technique, the following are to be measured: Vi, V2, 
Cd, Cl.82, Cbi and Cb2. If the measurement instrument readings are absolutely accurate, then 

v1 =v2 =v (32) 
Ca2=O (33) 

The absolute accurate measurement of the other three concentration decay history can be worked out as 
follows. 

For zone 2, based on the mass conservation of tracer b, there is 

Integrating the above equation, noting V2=V, q2=q and the initial condition of Cb2 = Cb20 at t=O, one 
obtains the Cb2 history 



qt c -C e-7 
82 - b2o (35) 

For zone 1, the mass conservation of tracer a requires 

and the mass reservation for tracer b requires 

Eq. 36 is solved in the same was as for Eq. 34, to obtain 

Eq. 37 can be transformed into the form below 

with the initial condition of Cbl= 0 at t=O. The solution for this equation is 

Substituting Eq. 32, 33, 35, 38 and 40 into the two zone tracer decay equations Eq. 26-31, solving them 
simultaneously, one obtains the measured flow rates: QOI = 0, Qio = ql2, @ = q, 420 = ql2, 4 1 2  = 0 and 
421 = ql2, which are exactly the same as the true flow rates obtained at the beginning of this section. 
Therefore, the tracer decay technique is perfectly valid in this application. 

3.3 Discussion 
That the tracer decay technique is successll in the above test case is not at all accidental. The technique 
is represented, in the above case, by Eq.26-31. They are based on the principle of mass conservation for 
the tracer gases and the air, which is a universal principle. For example, Eq. 26 interpreted in physical 
terms means that in zone 1 the rate of tracer a increase (represented by the term on the lefi side) equals 
the rate of influx of tracer a (represented by the third term on the right) minus the rate of out flux of tracer 
a (represented by the first and second terms on the right). In addition, the representation of tracer increase 
rate by the left side term and the representation of influx and out-flux rates by the right side terms ape 
always correct, for direct or branched connection alike. The former is obvious enough. The latter is 

principally because the definition of interzonal flow rates Qij, i, j E (0,1,2), is independent of the path 
through which Qij arrives, thus the influx rate of tracer a will be CazQz~ whether 4 2 1  comes through a 
branched connection or direct connection and the same is true for the out-flux terms. The same reasoning 
can be applied to the other five equations Eq. 27-3 1. Thus the equations representing the two zone tracer 
decay technique are always correct regardless of the connection types present. Therefore if Vi, V2, Gal, 
Ca2, Chi, Cb2 are accurately measured, then by solving Eq. 26-31, the interzonal flow rates will be 
accurately obtained. The validity of the technique observed previously is guaranteed from here. 

The analysis and the conclusions presented so far in this section 3 has been extended to the other 
two multizone tracer gas techniques --- the constant concentration and the constant injection techniques -- 
- and to buildings containing more than two zones. Details of this work can be found in Ref. [2]. 

It has been shown above that the tracer techniques are valid for measuring interzonal flow rates Qij 
in buildings with branched connections . However, when interpreting the tracer gas results, one must be 
aware of the possibility and the implication of the fact that Qij might have come through a branched 
connection linking others zones as well as zone i and j. In such a situation Qij not only depends on 
conditions in zone i and zone j, but also on those of the other zones that the branched connection links. 
Consequently, Qij measured under a certain set of zone conditions may not be the same as that from 
another measurement, even if the conditions in zone i and j are exactly reproduced in the latter test. 
Indeed, since there is currently no method for knowing which and how zones are linked by branched 



connections, it cannot be guaranteed that Qij measured now can be repeated later, unless the conditions 
in each and every zone in the building are reproduced. In other words, information on intenonal flow 
rates obtained using tracer techniques are safely used only under a set of zone conditions identical to those 
under which the information were obtained. 

The restriction brought in by the branched connection in terms of tracer measurement 
interpretation is much too great, for, in addition to "flm from zone i to zone j is Qij when they pressure 

difference between them is @ij " one now has the attached string of "and the pressure differences among 
the other eight zones in the buildings are......". This is particularly serious for the setting up of databases 
for interzonal flows. One has to carry out a set of tests under each and every likely combination of 
conditions in the zones. The alternative would be to devise a method for detecting branched connections 
so as to reduce the number of combinations of zone conditions to be tested. A piece of research work on 
this can be found in Ref. [2] 

4 Conclusions 
An analytical study of the validity of the multizone air flow measurement techniques, in the presence of 
branched connections, has been carried out. 

It is found that the multifan pressurisation method which includes the deduction technique and the 
guarding zone technique has embedded inadequacies, which could lead to large measurement errors, if 
the techniques are applied to buildings containing branched connections. 

All versions of the tracer gas method are found to be valid regardless of the types of connections 
present. However, the interpretation of their of their results is much more restricted than in the case where 
only direct connections exist in the tested building. 

The importance of branched connections is apparent. A survey of their presence in buildings and 
their likely forms and dimensions would be most useful. For that purpose, a method for detecting 
branched connections is clearly needed, and it is in this area that research by the authors is proceeding. 
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SYNOPSIS Building air flow is directly related to the building energy 
consumption and indoor air quality. As buildings become increasingly air tight, air flow 
through building background cracks becomes more important, and can account for up to 
half of the total building air infiltration. However, background leakage is not well 
understood, due to the lack of appropriate measurement methods. The multi-fan guarding 
zone or deduction technique provides a means for testing background leakage 
distributions, an important parameter for characterising the background leakage. 
However, its reliable application in buildings is limited either due to practical constraints 
or due to the presence of certain types of air leakage paths, namely the branched paths, In 
this paper an alternative method, for measuring background leakage distributions, which 
does not have such problems, has been examined. This method is based on the 
simultaneous use of the pressurisation and tracer gas technique and termed in short the 
combined technique. It potentially suffers from all the accuracy problems associated with 
the tracer gas technique, which could be made more serious by the high pressurisation 
flows. To counter this problem, mixing fans, among other measures, were utilised. The 
validity of this measure was examined and its effectiveness tested by applying the 
combined technique to one single and several multi-zone set-ups. Results showed that the 
technique is of good accuracy with relative errors consistently below 10%. 

1. Introduction 
The information on building air flows is of great importance to building service 
engineers. The air flow can occur through well defined openings and less well defined 
background cracks. As the buildings become increasingly air-tight to reduce energy 
consumption, the latter become significant, accounting for up to half of the total air 
infiltration. There are generally two approaches to the measurement of background crack 
flows. The first one is to measure the flow through individual cracks using, for example, 
a portable pressurisation facility of the type developed by Baker et a1 [I]. While this is 
useful for trouble-shooting and detailed fundamental studies, it is time-consuming and 
probably impossible for surveying the background leakage cracks in a building or a 
building zone. The second method is to measure bulk flows from one building zone to 
the other zones and the outside due to background cracks. In other words, instead of 
measuring each individual cracks, this method measures the integral effects of the cracks 
connecting one zone to each of the other zones in the building. The information thus 
obtained is termed building background leakage distribution which, although not as 
detailed as that from the first method, is an improvement over the information of overall 
leakage obtained using the single fan pressurisation technique. The formal definition of 
the background leakage distribution is the combination of the flow rates through 
background leakage paths from one zone to the outside and each of the other zones in the 
building when measured at equal pressure differences between the former and each of 
the latter. Obviously, each zone in the building has its own leakage distribution. 

Building air flow measurements have been relying on either tracer gas techniques 
or pressurisation techniques. However, the former can not yield the leakage distribution 
information which requires a controlled pressure environment. In comparison, the 
pressurisation technique in the form of multi-fan guarding zone or deduction method is 
more capable in this area [2]. Nevertheless, as pointed out by Wouters et a1 [3], there are 
situations in which it is not practical to perform the pressurisation measurements, 
Moreover, it has been shown that the pressurisation techniques break down as they are 



applied to buildings containing branched leakage paths --- those linking three or more 
zones together[4]. Therefore, neither of the above techniques can be totally relied upon 
to provide leakage distribution information. 

Since the initial work of Wouters et al [3] a technique based on the combination of 
the above two has emerged, referred to in the following as the combined technique. As 
for the multi-fan guarding zone technique, pressurisation fans were also used in the 
combined technique to provide the equal pressure differences mentioned above. 
However, different to the multi-fan technique, whereby leakage flow is measured 
indirectly by analysing the flow rates through the pressurisation fans, it does the 
measurement directly using the tracer gas method. Since the tracer gas method is not 
affected by the presence of branched paths [4], the combined technique can be applied 
to any type of building to measure leakage distributions, without having to find out first 
whether branched paths are present. 

The combined technique, while having promising capabilities, potentially suffers 
from the low measurement accuracy associated with poor tracer mixing. It is well known 
that for the tracer gas measurement to be accurate, the tracer gas must be reasonably 
uniformly mixed with the air. This requires that the leakage rate be limited to low values, 
below 0.5ACH according to Alevantis and Hayward [5]. However, this is highly likely to 
be exceeded when applying the combined technique, the pressurisation element of which 
generates strong air flows. The objective of this work, therefore, was to improve the 
accuracy of the technique, principally by means of enhancing tracer mixing. It was found 
that using mixing fans led to satisfactory mixing and was acceptable in the combined 
technique. In the following, experimental work is presented in which the effectiveness of 
the mixing fan was tested by examining the tracer distribution uniformity (indirectly), 
the accuracy of the combined technique in measuring high flow rates as well as its 
accuracy in measuring background leakage distributions. Results showed that the 
combined technique is consistently accurate, with relative errors smaller than 10%. 

2 Test Facility 
The experiments were carried out a laboratory, where test conditions can be more easily 
tailored to suite the many requirements, so that the accuracy of the combined technique 
can be examined more accurately and under a wider range of situations. Five multi-zone 
set-ups and one single zone set-up were used in the study. The maximum number of 
zones in a set-up is five and the zones vary in size from 0.182 to 10.35m3. Summary 
information, including total number of zones, sizes of the zones and positions of 
calibrated cracks, on these set-ups can be found in Table 1. 



Note that the zone numbering for one set-up bears no automatic relation to that of 
another. A more detailed description of one of the set-ups, No. 3, will be given in the 
following. As the experimental arrangements for the all the set-ups are quite similar, this 
description will not be repeat for the other ones. 

The test facility for set-up 3 is schematically shown in Fig. 1. It consists of four 
zones, the pressurisation equipments and the flow rate measurement equipments. 

Fig. 1 Schematic of the test facility 

The four zones are arranged and numbered as shown in Fig. 1. The zones are wooden 
structures and have internal volumes of 1.027, 0.530, 0.292 and 0.182 m3, respectively. 
Wooden panel joints were air-tight sealed, using for example silicon plastic. 
Manufactured cracks, marked "crack" in Fig. 1, were mounted on the partitions between 
the zones. The fact that there is a crack connecting zone 2 and zone 4 is described in 
Table 1 in its last column by means of a number pair 2-4. Likewise, the position of the 
other two cracks in Fig. 1 or set-up 3, is indicated by the number pairs 1-2 and 2-3. The 
same system was used for indicating crack positions in other set-ups described in table 1. 
The above partitions were so designed or so well sealed that the flow between any two 
zones was solely through the manufactured crack between them. The cracks were pre- 
calibrated so that the flow rate through a crack at various pressure differences across it 
was known. This information were then used to judge the accuracy of the measurement 
data from the combined technique. Details of the calibration is presented later. 

The pressurisation was provided by two axial fans linked serially and connected to 
zone 1. The same arrangement was made for the other set-ups, with only one slight 
variation for set-up 5 and 6 where the two fans were replaced with a single, more 
powerful centrifugal fan to cope with the larger volumes. In the experiment, the pressure 
in each of the four zones frequently needed to be changed or regulated, either for 
selecting another test condition or for maintaining the equal pressure difference required 
for the leakage distribution measurement. This was effected by taking one or a 
combination of the following three measures: adjusting the bleeding valve opening, 
blocking part of the fan air inlet and adjusting the pressure regulating openings (marked 



"p.r. opening" in Fig. 1) in the walls of the zones, the equivalent of which in a real 
building could be either windows or doors. Pressure tappings were installed in each of 
the four zones. The pressures there were measured using digital micromanometers and 
collected using a micro based data acquisition system. 

Interzonal flows such as Q12, 4 2 3  and 4 2 4  in Fig. 1 are usually measured using 
multi- rather than single tracer techniques. This is because in a multizone situation one 
zone can receive air flows from two or more other zones but the single tracer method can 
only measure the sum of these flows, unable to tell one of them from another. However, 
if the pressure condition is such that a zone receives air flow from only one other zone, 
then the single tracer method can be used to measure that interzonal flow. A close 
examination of Fig. 1 shows that the a b v e  condition is always the case for zone 2 and if, 
for example, a zero pressure difference is maintained between zone 3 and 4, then all 
interzonal flows in Fig. 1 or set-up 3 can be measured using a single tracer gas method. 
This method was used for all six set-ups, in preference to the multi-tracer version, which 
is less robust, less portable, more expensive and more difficult to operate. The equipment 
arrangement was as that described in Ref. [6]. Samples of the tracer (SFs)/air mixture 
were periodically taken from the zones to be analysed using a electron capturing 
detector. The decay of the tracer concentrations were then analysed to provide the flow 
rates. In this experiment, samples were returned to where they were taken after each 
analysis to avoid the sample flow being counted towards the interzonal flow. 

As said in the introduction the objective of this work was to improve the accuracy 
of the combined technique by enhancing tracer air mixing. Among the mixing 
enhancement measures tested, that of using mixing fans was found to be the most 
effective. The following discussion will be confined to the tests on this method. 

Although strict sealing procedures were applied to the construction of the zones, 
the flow rates through the pressurisation fans --- typically lOACH --- were still much 
higher than what is acceptable --- O.5ACH [S] --- for the reasonable tracer air mixing 
uniformity. The high flow rate and thus the short flow residence period in a zone means 
that the flow does not mix well with the mixture in the zone during its stay. The resulting 
highly non-uniform tracer distribution in a zone contradicts the pre-condition for tracer 
gas method application and thus can lead to a large flow rate measurement error. To 
counter this problem, a mixing fan was installed in each of the four zones to improve the 
mixing. These fans were so positioned that the flows from them are not directed at the 
manufactured cracks. The use of mixing fans should normally be avoided for 
conventional tracer gas tests, since the fan may alter the characteristics of the original 
flow which is to be measured. However, the use of the fan is acceptable for measuring 
flows driven by given pressure differences as in this case. Calibration tests showed that 
the crack flow was solely determined by the pressure difference. In other words, turning 
on the fan did not affect the rate of the flow to be measured, but it helped to measure the 
flow rate more accurately. 

3 Procedures and Results 
The above mentioned crack flow calibration was carried out using the same facility as 
that show in Fig. 1, but with zone 2, 3, 4 and the tracer detecting equipment removed. 
The calibration procedure was as described in Ref. El]. 



Flow rate fX0.001 cu. m.1 

Fig. 2. The flow characteristics of four calibrated cracks 

A typical set of calibration results --- the Q-AP relation curves for four manufactured 
cracks --- is shown in Fig. 2. The range of pressure difference was sufficiently wide to 
cover those likely to be encountered in the combined technique tests. It was found that 
the calibration curves conformed well to quadratic curves, with deviations about 3%. 

The combined technique was first applied to the measurement of high flow rates 
generated by the pressurisation fans, during which its accuracy and the tracer mixing 
uniformity were examined. It was then tested on leakage distribution measurements. 
While the latter must be carried out in set-ups consisting of at least three zones and under 
strict pressure arrangements, the former can be performed in a single zone and with 
much relaxed pressure controls, thereby simplifying the procedures and facilitating the 
concentration of efforts on the essential problem of tracer mixing in large pressurisation 
flows. Set-up 1,2, 3 and 5 were used in the above "former" tests, with No. 3 having the 
most number of zones. As can be seen from Fig. 1, in such a test using set-up 3, air is 
blown by the fans into zone 1, building up pressure in that zone. The pressure, AP12 
drives air, 412, into zone 2, building up the pressure there, APB,Mx, which in turn 
drives air, 4 2 3  and 424,  into zone 3 and 4, respectively. These flow rates were measured 
using the tracer gas method described above and compared with the calibrated flow rates 
through the cracks under the pressure differences APB, APx and AP12, respectively. The 
agreement in the above comparison was then used to evaluate the accuracy of the 
combined technique in the high flow rate measurement. In addition, the tracer mixing 
uniformity was evaluated by examining the agreement between the measured tracer 
concentration decay curve and the theoretical one, which is based on the assumption of 
absolute tracer concentration uniformity. This information is important as it may add 
confidence in the technique and the effectiveness of the mixing fan. 

The procedure for applying the combined technique to the "latter" tests mentioned 
above --- measuring leakage distributions --- is similar to that outlined above, except that 
by definition the equal pressure difference condition must be maintained. For example, 
suppose flow rates from zone 1 to the neighbouring three zones 2, 3 and 4, Q12, 4 1 3  and 
414,  form the leakage distribution for zone 1, which is to be measured, then the 
corresponding pressure difference between zone 1 and 2, 3 and 4, AP 12, M 13 and AP 14 

must be kept equal during the test. 



The mixing fan effect on tracer uniformity can be demonstrated by the following 
results. Refer to the set-up shown in Fig. 1. Fig. 3(a) shows the tracer concentration 
decay history in zone 1. The theoretical decay curve between the start and the end of the 
test was obtained with the assumption of perfect tracer air mixing. The good fit between 
the measured and the theoretical curve indicates that by installing the mixing fan, the 
mixing problem associated with high pressurisation flows has been solved. Fig. 3 (b) to 
(d) shows that the same is true for the other zones. Data for the above were then analysed 
to obtain the measured interzonal flow rates, using the method of Ref. [6]. 

exp. + theo. 

Fig. 3 (a)-(d). Tracer concentration decay in the zones of Fig.1. 

The accuracy of the combined technique in dealing with large pressurisation flows was 
tested in set-ups 1, 2, 3 and 5. The measured inter-zonal flow rate data for each of these 
set-ups are listed against the corresponding calibration data, in Table 2, which also shows 
the corresponding relative errors. The subscripts for the flow rates were used to indicate 
the two zones between which the flow occurs. They correspond to those used in the last 
column of table 1. For example, 412 of set-up 2 in Table 2 is the flow rate through the 
crack 1-2 of set-up 2 indicated in table 1. 



As can be seen from Table 2, the combined technique copes well with large flows with 
relative measurement errors ranging from 3.7% to 9.9% for several small sized set-ups 
(1, 2 and 3) and 2.8% for the larger sized set-up 5. The case of set-up 1 is slightly 
different to the others in that the total air change rate, instead of a crack flow rate, of the 
single zone was measured and compared with the rate measured using an orifice plate. 

The combined technique was then applied to the leakage distribution tests, in set- 
ups 4 and 6. One set of results (i.e. under one pressure difference condition) for each of 
the two set-ups were listed, again against the corresponding calibration data, in Table 3. 
The subscripts were used in the same way as in Table 2. The resulting relative errors 
were all below lo%, showing that combined technique is of good accuracy. 

Table 3. Leakage distribution results obtained using the combined technique. 

4 Conclusions 
Experimental work on a combined pressurisation-tracer gas technique has been carried 
out. The technique is based on the simultaneous use of the pressurisation and tracer gas 
methods. It can be used to measure background leakage distributions, which are 
important building air flow parameters. This technique avoids the problem of a currently 
available technique, the multi-fan guarding zone or deduction technique, which is 
ineffective in buildings containing branched leakage paths. 

The accuracy of the combined technique has been significantly improved by the 
use of mixing fans The test results showed that the technique is now consistently 
accurate, with a relative error smaller than 10% 

It is felt that a multi-tracer version of the technique should be developed as its 
application in practice could be more flexible in certain situations than utilising the 
single tracer method. 
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SPILLAGE TEST RESULTS FROM GAS & OIL FIRED BOILERS 

Spillage of combust ion products from open f lued combust ion 
appliances represents a source of indoor air pollutants which 
can cause danger to health. Air extract fans are installed in 
kitchens in order to remove moisture and cooking smells, but the 
room depressurisation which they create is a potential cause of 
spillage. 

A series of experiments was therefore set up to determine the 
fan flow rate and internal/external pressure difference at which 
spillage first occurred in different open flued gas and oil 
boilers. The effect of room air-tightness, size of air brick, 
air brick position, internal/external temperature difference and 
weather conditions were tested. It was found that domestic 
extract fans of standard size could cause spillage under a 
variety of conditions and at different room air-tightnesses. 

The results indicate that in order to prevent products of 
combustion spilling into the living space, air extract fans 
should not be installed if they can depressurise the room or 
space in which an open flued combustion appliance is installed. 

1. Introduction 

The problems of condensation and mould growth in kitchens and 
bathrooms have led to recommendations for extract ventilation 
being included in the 1990 U.K. Building Regulations (amended 
1992). The recommended standard air extract rates for kitchens 
are a minimum mechanical extract rate of 60 l/s or a minimum 
extract rate of 30 l/s if incorporated in a cooker hood1. The 
aim of the mechanical ventilation is to remove the moisture and 
smells at source and prevent them travelling around the house. 

Combustion appliances require air in order to support combustion 
of fuel and to ensure correct operation of the flue. An open 
flued combustion appliance draws this air from the space in 
which it is sited. If this space is depressurised, the air 
available to the appliance is limited and it may have difficulty 
in drawing in adequate fresh air. When the level of 
depressurisation exceeds a critical value, the exhaust gases 
will spill into the space in which the appliance is sited. 
Higher levels of depressurisation will cause total reversal of 
flow of gases in the flue. Spillage is potentially hazardous 
since the space surrounding the appliance, which is generally 
living space, begins to fill with products of combustion. 

Extract ventilation tends to create depressurisation in the room 
in which it is installed and to a lesser extent in the rest of 



the dwelling and therefore may have the potential to cause 
spillage of combustion products. 

An investigation and literature search on the subject suggested 
that domestic air extract fans could, under certain 
circumstances, create a level of depressurisation high enough to 
cause spillage, and full flow reversal in the flue. An 
experiment to determine these circumstances was therefore 
designed and set up. 

One test in particular was used to test the likelihood of flue 
gases spilling into the room instead of flowing safely up the 
flue. This test originated in Canada where the Centre for 
Building Science at the University of Toronto tested about 40 
houses for boiler venting problems. The Cold Vent Establishment 
pressure2 (CVEP) test measures the maximum internal negative 
pressure (relative to outside) which the combustion appliance 
can overcome and start up correctly. 

The maximum level of depressurisation that can be safely 
maintained in a room should be less than the CVEP by a safe 
margin. The maximum depressurisation caused by all the 
depressurising devices in the room or dwelling should be less 
than the CVEP, otherwise the risk of spillage presents itself. 

2. Experimental Procedure 

Two tests were carried out which established three critical 
points. 

The lowest level of depressurisation at which spillage will 
occur is when the flue is cold because with a cold flue the 
stack effect is less pronounced and the pressure difference 
across the flue is lower. The first test finds the minimum 
spillage pressure (the Cold Vent Establishment Pressure CVEP 
af ter Timusk et al. 2). The extract fan is turned on so that cold 
air from outside comes into the room down the flue thus cooling 
its walls. The fan flow rate is increased to a rate at which the 
combustion appliance will definitely spill. The appliance is 
then turned on and the fan flow rate slowly decreased until the 
combustion gases begin to rise up the flue. The 
internal/external pressure at this point is called the cold vent 
establishment pressure. As the gas rises up the flue, the flue 
walls heat up so that the draught in the flue increases and 
stabilises. 

The second test (Hot Vent Reversal Pressure Test HVRP also after 
Timusk et a ~ . ~ )  establishes the second and third critical points 
of spillage. This test as its name suggests is done on a hot 
flue, so the buoyancy of the gases in the flue is greater. The 
boiler is turned on and left running for a period of time long 
enough for the flue to reach its maximum operating temperature. 



The fan is then turned on and the flow rate slowly increased. 
The internal/external pressure difference at which gas is first 
detected spilling from the dilution air inlet is the hot vent 
reversal pressure. If the fan flow rate is increased still 
further the third critical point is reached. This is when the 
flow in the flue begins to reverse and outside air enters the 
top of the flue. The internal/external pressure difference at 
which this happens is the Full Reversal Pressure (FRP). 

The most serious of these critical points is the CVEP because it 
occurs at a lower internal/external pressure difference. Not all 
fans will be powerful enough to cause spillage at the CVEP and 
of those that are, the conditions necessary for spillage will 
not be met every time the fan and boiler are turned on. The fan 
has to have been in operation for a period of time long enough 
to cool the flue to ambient or near ambient temperature by 
pulling in outside air down the flue. The open flued combustion 
appliance then has to cut in while the fan is still in 
operation. The other two critical points, although achievable in 
fewer situations because of the larger fan capacities required, 
are also serious because they will occur every time the 
combustion appliance and extract fan are operating 
simultaneously. 

Parameters affecting the fan flow rate and pressure difference 
required to achieve the critical points were explored in a 
series of experiments. 

Parameters varied were: 

Air-tightness of room 
Air brick position 
Boiler fuel 
Flue construction 
Wind direction 

3. Gas Fired Boilers 

Air brick size 
Boiler size 
Flue diameter 
Wind speed 
InternaUexternal 

temperature difference 

3.1 Spillage Test Results 
305 CVEP tests and 64 HVRP and FRP tests were done. The 
following three figures show the internal/external pressure 
differences for the three critical points. The y axis is wind 
speed. This was the most significant factor affecting the CVEP, 
but seemed to have no affect on the HVRP or the FRP. The reason 
for this is that when the flue is at a higher temperature, the 
stack effect is the most dominant driving force for the hot flue 
gases. 

Figs. 1, 2 and 3 show the minimum levels of room 
depressurisation which caused spillage for each of the three 
critical conditions (CVEP, HVRP, and FRP respectively). 
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Figure 3 
The results were analysed on a computer using a multi-regression 
package. The dependent variables for the CVEP in order of 
significance were: 

wind speed; 
type of flue; 
internal/external temperature difference. 

Looking at Figs. 2 and 3, the wind speed does not seem to affect 
the pressure at which spillage occurs since the points are 
aligned parallel to the wind speed axis. The HVRP and FRP were 
dependent on: 

flue type; 
flue diameter; 
boiler size. 

These are the parameters which determine the temperature of the 
internal surface of the flue. The internal flue surface 
temperature being the major driving force of gases up the flue 
at higher temperatures. 

3.2 Indoor Pollution Levels 
During all tests, the level of C02 and CO was monitored in the 
kitchen, near to the boiler. At present in the UK domestic 
indoor air quality criteria are being investigated by the 
Government but as yet no exposure limits have been set. However, 
exposure limits for workplaces exist and may be of interest in 
comparison with the test findings. The Health and Safety 
Executive 8 hour exposure limits for these gases are: 5 x lo3 
pprn for C02 and 50 pprn for CO. The 10 minute exposure limits 
are: 15 x lo3 pprn for C02 and 300 pprn for CO. The maximum levels 
recorded in the kitchen were: 

CO: 15.2 ppm C02: 8.7 x lo3  ppm = 0.87% 



Although the levels recorded do not appear to be dangerou 
the short term, they may be harmful over longer periods. It is 
also worth noting that the boilers tested were new and properly 
commissioned. Older boilers could well be less efficient in 
combustion and produce a larger proportion of CO. 

The test room at 34 m3 is relatively large for a UK kitchen. In 
a kitchen of half the volume and with the same boiler installed, 
spillage would occur at the same internal/external pressure 
difference. If the cross-sectional area of air leakage paths was 
reduced proportionately to volume so that the two kitchens had 
the same air-leakage rate (in air changes per hour), the fan 
flow rate to cause spillage would be approximately half in the 
smaller kitchen. At the point of spillage the lower fan flow 
rate in the smaller kitchen would result in less air being drawn 
into the room via adventitious ventilation. Spillage results in 
the same quantity of combustion gases entering the kitchen 
whatever its volume. The proportion of spilled combustion 
products to fresh air will therefore be higher in the room of 
lower volume. 

3 . 3  Air Extract Rates Which Will Cause Spillage 
Once it is known at what pressure difference appliances will 
spill, it has to be ensured that the pressure difference likely 
to cause spillage is not achievable by mechanical extract 
ventilation. For this a data base of room air-leakage 
characteristics is required. This will enable the evaluation of 
what fan flow rate will create what room depressurisation for a 
variety of different rooms. The problem with this is the high 
variation in room air-tightnesses and the unpredictable nature 
of air-leakage rates. 

Air-leakage tests using the fan pressurisation technique were 
done on a small number of dwellings giving the air change rate 
of single rooms, combinations of rooms and whole dwellings. 
These are shown in fig. 4 .  

The graph shows the fan flow rate which was required to attain a 
level of depressurisation of 5 Pa. 5 Pa being chosen because 
that was a pressure at which on a calm day the open flued gas 
appliances regularly and consistently spilled with a cold flue. 
Lines have been drawn at 60 l/s and 30 l/s showing the rooms or 
combinations of rooms which would have produced spillage if 
fitted with fans or cooker hoods of the minimum recommended size 
to meet U.K. Building Regulations for kitchens1. It can be seen 
that several single rooms and in three cases a combination of 
more than one room from this small sample come below the 60 l/s 
line. In the light of this it would be unwise to install an open 
flued appliance in the same room as an extract fan, or in a 
neighbouring room, without initially checking that the fan and 
combustion appliance operate safely by means of a suitable 
combustion product spillage test. The spillage test should be 
conducted on a day when the wind speed is less than 4 m/s, so 
that the effect of the wind assisting the draught up the flue is 
not too great. 



Fan Flow Rates For 5Pa Depressurisation 

4. Other Gas Fired Combustion Appliances 
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The experiments reported upon so far have been concerned only 
with boilers. Other combustion appliances exist which require a 
flue to vent their burnt gases safely outside. Gas fires and gas 
solid fuel effect fires fall into this category. They are often 
installed in old fireplaces when an existing solid fuel fire is 
removed. The same spillage principles apply to these appliances, 
i.e. the CVEP should not be exceeded whilst an appliance is 
likely to be started up. 
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5. Oil Fired Boiler Results 
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Figure 4 

The oil fired boiler used had a pressure jet burner which is 
believed to be the only type of burner currently used in new 
domestic oil boilers in the U.K. The boiler has a fan which 
takes in the correct quantity of air to allow for complete 
combustion and adequate dilution. Oil is pressurised and burnt 
in a firing chamber. The only air inlet to the boiler and flue 
is through the fan, so for gases to reverse down the flue, the 
boilerrs combustion air fan has to stall or fail somehow. The 
test was therefore to see if the boiler fan could withstand an 
adverse pressure applied by a room extract fan. 

The oil fired boiler was tested and under no conditions did any 
combustion gas spill into the kitchen. The room was 
depressurised up to 200 Pa and the fan supplying combustion air 
to the boiler still managed to draw in air. The percentage 
oxygen in the flue gases was seen to decrease with an increase 



in pressure difference. An increase in pressure difference of 1 
Pa reduced the proportion of oxygen in the flue gases by 0.025 
X. The proportion of oxygen in the flue gases recommended by the 
manufacturers is 4.5 X. Incomplete combustion does not begin to 
occur until the proportion of oxygen is about 1 %. A pressure 
difference of 140 Pa would thus be the lowest at which 
incomplete combustion would occur. The effect of any pressure 
difference which could be created by a domestic extract fan was 
of no significance to this boiler. 

It should be noted that when installing an oil boiler of the 
pressure jet burner type. Under room depressurisation it is 
possible for combustion products to leak out into the room if 
the boiler casing and flue are not properly sealed. 

6. Conclusions 

In order to prevent spillage, air extract fans should not be 
installed such that in isolation or in combination they can 
significantly depressurise the room or space in which the 
combustion appliance is installed 

A suitable spillage test should always be carried out by the 
installer of the combustion appliance and/or by the installer of 
the extract fan. Full account should be taken of the wind 
conditions at the time of the test and the effect of wind on the 
performance of the flue. Suitable precautions are now 
recommended in Approved Documents F and J of the UK Building 
Regulations. A BRE publication supporting this advice is in 
preparation. 

9. Further Work 

Work is currently being carried out on solid fuel open flued 
combustion appliances. This work will determine the scale of the 
problem of spillage with solid fuel appliances. Work is also 
planned to investigate the role and effectiveness of open flued 
appliances in ventilating the rooms in which they are sited and 
their ability to remove moisture at source and reduce 
condensation and mould growth problems. The air-leakage rate of 
individual rooms and combinations of rooms also warrants further 
investigation. 
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Synopsis 
The heat loss associated with the external fabric of a building has been greatly reduced by 

the increased levels of modem insulation, but heating losses associated with cold external 

air flowing into a building via leakage points in the external facade are still a major 

problem. Some ventilation is necessary but a detailed knowledge of this leakage would 

enable the major heat loss routes to be blocked. 

A crack has been studied which has hot air of a known temperature and flowrate passing 

over it. This has been modelled using a finite element analysis enabling the flowrate to be 

calculated from the measured temperatures. Additional cracks made from various building 

materials have been studied using infra-red thel-mography in order to establish the 

flowrate and therefore quantify the air leakage. 

A more extensive mathematical model is now being developed using computational fluid 

dynamics to predict the airflow based upon a knowledge of surface and air temperatures. 



1. Introduction 

Heat losses associated with the external fabric of a building have been greatly reduced by 

the increased levels of modern insulation now required by Building Regulations. This 

insulation has rninimised the heat loss through walls, windows, floors and roofs. The 

primary source of heat loss is now through leakage points or cracks in the external facade 

allowing cold external air to flow into the building. A completely sealed building is not 

desirable due to ventilation requirements to provide fresh air, remove pollutants and 

control condensation. It would therefore be practical to quantify this air leakage in order 

to optimize the ventilation. 

2. The Preliminary Investigation 

Before cornrniting time and money to the study of ailflow via temperature measurements 

it was considered prudent to cany out a preliminary test to verify whether this method 

would give a reliable answer, or if it would have no col-relation whatsoever. To prevent 

the possible unnecessry building of a test rig this preliminary experiment was carried out 

using a vent grille in a domestic central heating system. The pumping of hot air to rooms 

is a popular method of incorporating a central heating system into a newly built house. 

This method gives a constant flow of hot air of a known temperature over a metal grille. 

The temperature of the air was set at 42"C, and the temperature of the grille then 

measured at intervals of 30 seconds. The airflow velocity was measured to be 2.0ms-l. 

To try and interpret this data a finite element analysis procedure was adopted. This took 

into consideration the thermal conductivity of the grille, the velocity and temperature of 

the airflow, and the dimensions of the grille to calculate the surface heat transfer 

coefficients. The results of this analysis for various airflow velocities along with the 

actual measurements are shown in figure 1. 



Figure 1 : Graph showing preliminary experimental 1.esu1t and finite element calculations. 

As can be seen in figure 1 the theoretical predictions are in good agreement with the 

measured data indicating that calculations of air losses from buildings could be made 

from a study of temperatures. Obviously when studying the external facade of a large 

building for heat leakage points the use of a simple temperature probe would be 

inappropiate. A technique is therefore required that gives quick results and can also be 

used from a distance so that tall buildings can be studied from ground level. The 

measurement of the emitted infra-red radiation with a thermography camera would 

therefore seem to be an ideal method. 

3. The Thermographic Method 

The initial guidelines for using thermography for air leakage detection were set by Hart 

[I] in 1986. He stated that the magnitude of the charrge in temperature depends upon 

three considerations; the nature and size of the point of leakage, the pressure differential 

across the construction and the temperature difference between the two sides of the air 

leakage point which should be at least 5°C. 



In this current work these three parameters have all been controlled within the 

experimental apparatus. Two rooms have been built, each approximately 2m x 2m x 2m, 

with a partition wall in between allowing the mounting of different cracks at four possible 

heights. Pre-fabricated cracks have been constructed from typical building materials - 
hard wood, soft wood and perspex. These cracks all have dimensions of 500 x 50 x 3 
mm. In the first stage of the work all the cracks where mounted in turn at a height of 

1.75m, with an outlet situated at 1.25m below it to allow the air to circulate. 

No pressure differential was set across the crack in this first stage, allowing the only 

driving force between the two rooms to be the temperature difference. This was achieved 

by having one room at room temperature, approximately 20°C, and heating the other 

room to approximately 40°C; thus simulating a building heated to 20°C in winter when 

the outside temperature is approximately 0°C. The cracks are straight through and 

constructed to be as smooth [2] as possible on the interior surface. 

To use the thermography camera to measure the air temperature, and thus determine the 

rate of heat loss, the emissivity of the object must be known. The emissivity of a body is 

defined as the ratio of the spectral radiant power from the body to that from a blackbody 

at the same temperature and wavelength. The emissivity of the crack material had been 

measured previously using a known reference and found to be:- 

Hard Wood = 0.90 

Soft Wood = 0.90 

Perspex = 0.96 
where a blackbody has emissivity = 1.00. 

Thermography utilises the whole of the infa-red spectrum from 0.75 -+ 100p.m and 

should not be confused with infra-red photography which only utilises 0.75 -+ 1.2p.m - 
the so-called photographic infra-red spectrum. 

The thermography camera was situated lm from the crack and was connected to a 

modified video cassette recorder. This enabled a three hour study of the crack to be 

carried out with time 00:OO defined to be when the crack is opened once the room 

temperature has reached 40°C. Frozen images were then taken at 10 minute intervals for 

the whole of the tape using the compatible computer software. This gave 19 images in 

total. The mean temperature of the crack aperture was then measured and plotted against 

time, see figure 2. 



Figure 2: Graph showing temperame change of ailflow thsough various cracks over a 

three hour period. 

4. Results 

The heating up curves in figure 2 are similar to those measured with a temperature probe 

and calculated using the finite element analysis in figure 1. It must be noted that the time 

scale for the two experiments is different; the temperature of the grille being only 

measured for 5 minutes whereas the temperature of the pse-fabricated crack is measured 

over 3 hours. As figure 2 shows, the temperature rises sha~ply in the first 10 minutes 

then does not rise by a comparable amount in the next 170 minutes. This tends to suggest 

that the heat loss is dependant on the dimensions and material of the crack, not on the 

temperature differential. 

To compliment this experimental study and in an attempt to gain a fuller unsterstanding of 

the airlheat flow a theoretical simulation has been started using the computational fluid 
dynamics package Fluent@. 



5. The CFD Study 

Fluent is a complex interactive modelling package that enables various fluid dynamics 

problems to be studied. The region to be modelled is split into a specified number of cells 

and then these cells are solved individually according to the initial parameters chosen. An 

example of the grid of cells for a simple crack is shown in figure 3. 

Figure 3: The grid of cells as defined to cover the chosen area . 



As a first approximation the grid chosen to study the heatflow through a single crack has 

dimensions of 150 x 100 cells representing a 50 x 3mm 2-D crack and a 2 x 2m room. To 

create a temperature differential the room to the right of the crack is set to a temperature of 

20°C, and the air entering throught the inlet side of the crack set to a temperature of 40°C. 

Two outlet cells are defined at the top and bottom of the room to satisfy mass 

conservation. The calculation is performed on a SunC by an iterative process to produce 

convergent normalised residuals. These residuals may take over a week to reach the 

required level of convergence. Figure 4 shows a colour-raster plot converted to grayscale 

of the temperature profile obtained at steady state conditions. 

Figure 4: The temperature profile of the crack and room. The key on the left is in Kelvin. 
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6. Conclusions 

Even though this investigation is in its infancy there is enough evidence to suggest that 

thermography will become an invaluable tool in the study of air leakage measurements. 

Thermography gives a consistent method of measuring temperatures from a distance, and 

with our knowledge of how to interpret these as airflow rates it will give a quantatitive 

method of estimating the heat loss via cracks in buildings. 

The ap,plication of Fluent to this study will give a greater understanding of the airflow 

through cracks and will give the limiting situations for convective heat flow to occur. 
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ABSTRACT 

One of the main problems about air flows pattern studies remains the 
experimental validation of numerical codes developped for interzone air flow and 
polluant diffusion prediction. 

A few years ago, CETHIL developped a real scale experiment made of a 
88m2 dwelling built in our laboratory hall in a controlled climatic environment. This 
experimental tool allows a full control of outdoor climatic conditions: air 
temperature, relative humidity, pressure drop can be controlled on the six faces of 
the cell: OPTIBAT is thus a reference tool for multizone air flow measurement 
techniques, and experimental data sets available for validation of numerical models. 

The first phase of this experimental projet allowed us to determine air leakage 
characteristics of indoor and outdoor walls of the cell. 

The second element required for the validation of multizone air flow codes is 
the knowledge of all the interzone air flows. The vast majority of the air flow 
measurements made to date have involved multiple tracer gas techniques. Using the 
OPTIBAT facility, we have first used only one tracer gas to determine all the air 
flows. 

The present paper describes the experimental cell and gives the first results 
about air flows measurements using tracer gas technique. The interzone air flows 
are computed using two methods. Each method is completed by an error analysis 
which defines the uncertainty of each result. Both methods give the same results. 

NOMENCLATURE 

C Tracer gas concentration matrix 
Cik Tracer concentration zone i during the kth test [m3/m31 

qij Air flow from the zone j to the zone i Im3 I S ]  
Q Airflow matrix 
Sik Tracer source emission rate in the zone i during the kth test kg / S] 
S Tracer source emission rate matrix 
Ti Air temperature of the zone i [K] 

Vi Volume of the zone i Im 3~ 
Xi Vector containing the six air flows qg coming to the zone i. 
Yi Vector containing the tracer gas rate Injected in the zone i. 

C) 
L ' x Variance of variable x 

ij Kronecker's symbol 

I. INTRODUCTION 

A review of numerical codes about multizone air flow studies has been 
recently achieved for COMIS project [I]. This review shows that none of multizone 
codes now developped have been validated . 



A few years ago, LASH, CETNIL, CETIAT, three laboratories located in the 
RHONE ALPES region, have developped together a multizone air flow study 
project . One of the main supports of this project is the OPTIBAT cell, an 
experimental tool for multizone air flow measurements to provide experimental data 
sets needed for validation of numerical codes. These data sets will also be included 
in Annex 23 of IEA. 

We present here OPTIBAT and the first results of interzone air flow 
measurements obtained using tracer gas techniques. 

1.1 Optibat: the experimental tool 121 

A few years ago, CETHIL developped a real scale experiment made of a 
88m2 dwelling built in our Laboratory hall in a controlled climatic environment [3]. 
This apartment is in fact a part of a real building built near Lyon at this time 

We split the apartment into 6 indoor zones as shown in the Figure 2. 

Figurel: The various zones of the experimental cell 

To provide measurements under various controlled climatic conditions, 
climatic housings have been added to each face of the experimental cell ( figure 3). 

figure 2: Schematic representation of the climatic conditionning principles 
- On the two main fa~ades, air temperature can vary between -10°C and 30°C, 

the pressure drop between the two housings can reach 200Pa. Relative humidity 
varies between 30% and 80%. 



- On the other faces, a thermal guard simulates the adjacent apartments. Air 
temperature and pressure drop are also regulated. 

1.2 The experimental project 

Since its conception, this experimental facility has been mainly devoted to the 
validation of various thermal models developped by CETHL. In order to use it as a 
reference experiment for multizone air flow studies, we had first to determine the 
leakage coefficients of all indoor and outdoor walls using two pressurisation 
methods [3]. Then, we until now, focus our attention on the interzone air flow 
measurements using tracer gas techniques. The first results of these measurements 
are presented here. 

11. MONOGAS MULTIZONE TECHNIQUE 

Most of multizone air flow measurements have involved multiple tracer 
gases[4, 5,6]. In each zone a different tracer gas is injected. This needs as many 
tracers as zones. Whenever in monogas multizone technique, we use only one tracer 
to determine all the interzone air flows. The SF6 gas is injected at constant 
concentration using a PID regulation algorithm. The tracer concentration 
measurements are provided using a photoacoustic analyser. The measurements are 
done under steady climatic conditions: outdoor air temperature is controlled at 20°G, 
the pressure drop beetwen the main fagades is equal to 100 Pa. 

The principle of this multizone monogas technique is based on the repetition 
of the same test in each zone under the same climatic conditions. This is possible 
because all the climatic parameters can be controlled using the OPTIBAT climatic 
facility. 

The six tests required to provide all the interzone airflows are the followings: 

-1st test: the SF6 gas is injected at a constant concentration (10 PPm) in zone 
1. A small fan (which air flow rate is 5 m3/h) is installed just front of the injection 
tube in order to mixed the tracer gas and the volume air. The gas concentration is 
measured in all the six zones. When we stop the test, the indoor air is purged and 
taken out far from the hall in which OPTIBAT is built. During the purge the 
concentration of SF6 is measured in each zone until it becomes lower than 10-2 
PPm- 

-2nd test: After the purge, we injecte the SF6 at a constant concentration (10 
ppm) in zone 2 and we repeat the previous operations under the same climatic 
conditions. 

The test is repeated in each zone. Finally we made six tests under the same 
climatic conditions. Dwring each test the tracer is injected in a different zone. This 
technique is equivalent to a multigas test using six tracer gases, each gas being 
injected in a different zone. 

During all the six tests, air temperature is measured in 40 points in the 
building and in the climatic housings using RTD type PTlOO probes. These probes 
have been calibrated in our laboratory and their accuracy is + 0.05 C. The pressure 
drop beetwen each zone and outdoor is also measured. 



The results of the measurements of the six tests are reported in Table 1. In 
upper part of this table, the values represent the mean concentrations of the tracer 
gas in each zone and in the lower part we represent the source emission rates. 

Table 1: Tracer gas concentrations and source emission measured during the 
six tests. 

The confidence intervals shown in Table 1 correspond to the standard 
deviations. 

To describe the interzone air flows, we use both tracer gas mass conservation 
(equation I) and air mass conservation (equation II) in each zone: 

We used two methods to solve these systems: 

11.1 Global approach 

In this approach, we consider the complete problem: there are as many tracer 
gases as zones. Here one test substitutes one tracer. 

By writing the matrix form of the equation (I), we obtain under climatic 
conditions: 



Cik and Sik represent the values of the kth tracer (test) in the ith zone . 
The interpretation of air flow matrix ( Q) requires a few explanation [7]: the 

diagonal elements qii represent the total air flow incoming or outgoing of zone i and 
coming from all the zones including outside. The non-diagonal elements represent 
air flows beetwen zones and should have a negative sign. Thus -qij represents air 
flow from the zone j to the zone i. The air flow from the zone j to the zone i can be 
different from the flow from the zone i to the zone j. This matrix does not need to be 
symmetric. 

For each zone i, we have also determined the infiltation flows qi0 by writing: 
6 

. . 
In the same way, the exfiltration flows qoi is determined by writing: 

6 

The total infiltration or exfiltration flows for the optibat cell is: 
6 6 

The second approach we have used to describe the same air flows is the 
disconnected approach. This a roach consists in studiing each zone independently 
and determining all the flows ?4,8]. 

11.2 Disconnected approach 

As shown in Figure 2, OPTIBAT cell is divided into 6 indoor zones and 1 
outdoor zone, there are thus 42 interzone airflows which may theoretically exist. 

Nevertheless we suppose that two non-ad'acent zones do not exchange air 
directly without mixing in the intermediate zones t 41. 

Therefore, among the 42 air flows theoretically possible only 29 air flows do 
really exist.The other ones are equal to zero. 

For each zone we use the conservation mass of each tracer (equation I). The 
matrix form of this sytem is: 



where C .  1' 

To solve system (IX), we have used two methods: 

The first one considers only the tests made in the adjacent zones of zone i. By 
inverting the square system extracted from the system (IX), we obtain the solution 
vector Xi 

The second method considers all the six tests and using the mean square 
method, we also identify Xi. The results of this mean square method are in bold 
characters in Table 3 

The results of these two approaches are reported in Tbles 2 and 3 

Table 2: Interzone air flows q j  (m3/h) calculated using global approach 

Table 3: Interzone air flows qij (m3/h) calculated using the disconnected 
approach. The values in bold characters are obtained using a mean square method. 

The confidence intervals in these two tables are obtained by calculating the 
uncertainty about air flows rates: 



111. ERROR ANALYSIS 

Several methods are available for estimating the errors made in computing air 
flow rates. These methods are based on estimates of the precision of the measured 
tracer concentrations and source emission rates. The knowledge of the covariances 
of the measured data allows to compute the error about air flows rates. Each method 
depends on the numerical method used to identify the air flow rates. 

111.1 Global approach 

We have shown that: 

Q.C=S 

using the matrix indices explicitly: 

The emission source rates and concentration are physically independent and, 
therefore their errors can be assumed to be uncorrelated.The formula for the 
variance becomes 

Using equation (XII), we can show that: 

The formula for the variance becomes: 

In the same way, we calculate the variance of qio, q0i and qo using their 
formulae. 

The values of the uncertainties are reported in The tables 2. 

IV CONCLUSIONS: Using OPTIBAT facility, it has been possible to use 
only one tracer gas injected at constant concentration to determine all the interzone 
air flow rates. 

All the measurements have been done under the same steady climatic 
conditions The air flows have been computed for the complete problem which 
assumes that there are as many tracers as zones ( one test substitutes one tracer) . 
We have also used the disconnected method by studiing all the zones independently. 



For the complete problem, an error analysis enables us to give the uncertainties of 
air flows rates 

These first results obtained by the two methods agree well. In order to 
complete the comparaison, we will carry out a more detailed error analysis using a 
pertubation method.. 

PERSPECTIVES: although the use of only one tracer gas allows us to 
describe all the interzone flows, we are now using three tracers gases to determine 
the same air flows under various climatic conditions. 
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Synopsis 

The greenhouse effect is one of those topics in environmental politics 
which are currently worldwide at stake. There are several national con- 
cepts aiming at the diminution of C0,-emission in order to lessen the 
greenhouse effect. One of these concepts is the C02-reduction program- 
me of the Federal Republic of Germany. 

With this resolution, passed on November 7th, 1990, Germany's Federal 
Government aims high: national carbondioxide emission is to be cut back 
by 25 per cent by the year 2005. The programme contains new require- 
ments to be met by the building equipment technologies, where mainly 
modifications of residential heating and ventilation systems are to be con- 
sidered. 

This lecture presents the Federal Government's suggestions and discus- 
ses them critically in view of the lack of capacity among the building equip- 
ment and construction companies. Besides, it gives the amount of C02 
that can ce prevented from emitting into the atmosphere through the in- 
stallation of ventilation systems with heat recovery. 
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1. introduction 

With the resolution on C02-reduction, passed on November 7", 1990, Ger- 
many's Federal Government aims high: as a step towards the protection of the 
global atmosphere, an extensive national C02-reduction programme is suppo- 
sed to cut back the carbondioxide emissions in Germany by 25 per cent by the 
year 2005. These values are based on the 1987 figures so that 25 per cent are 
the equivalent of 300 million tons of CO,. The following industries are directly 
concerned: agriculture and forestry, traffic, new technologies and building and 
construction. As for the latter, an even higher percentage is to be achieved. 

2. C0,reduction in the building and 
construction industry 

In 1987 - the basic year of the programme in case - carbondioxide emis- 
sion resulting from heating systems in housing was roughly 130 tons. Hot- 
water supply caused an additional 20 tons. These figures show that heat- 
ing and hot-water supply of residential buildings cause 30 per cent (5 per 
cent respectively) of the total CO, emission load (716 t) originating from 
the consumption of fossile energy sources. The reason for this relatively 
high percentage are chiefly the average heating load requirements of resi- 
dential buildings being higher than 220 kWh/m2a. Peak values of 350 kwh/ 
m2a are not unusual. 

Given the environmental problems as well as the energy problems 
known so far or still to become apparent, this fact is definitely unjustifiable 
and requires, therefore, efficient and immediate measures. 

The implementation of the ,,heat transfer barrier act", an energy conser- 
vation code, was - no doubt - a good and important decision in so far as 
single family dwellings which were built in accordance with this new resolution 
produce heating load requirements between 130 and 180 kWh/m2a only. 
Thanks to this considerable improvement it seems feasible to limit additional 
CO, emission from those residential buildings which are to be built before the 
end of 2005 to 50 per cent at around 10 million tons CO,. It is much more diffi- 
cult, however, to achieve similar results with older buildings. In this area, a po- 
tential diminution by 60 up to 65 per cent can only be realized through compre- 



hensive measures aiming at the efficient use of energy at3 well as at the substi- 
tution of energy sources. 

The heating load requirements of so-called NiBClr/gefl@rgj@hd~BI (,,lb~- 
energy houses") are again much lower: @ingl~r= end t@a&miliy dwellings of 
that type require only between 50 and 80 kW~lii i ia, apartment buildings 
even less. The typical features of such buildings are clearly improved heat 
transfer barriers on the one hand and highly heat insulated windows on the 
other hand. The constant diminution of heat transmission Irs8St3PI GOm@8 
along with important hygienic problems yet: thme airtight ~ h d d v ~ b  dZiR 
function properly only if they are kept closed $LI~~PI&J tHe heating season. 
Since this is hardly practicable, it is indispen%able to equip the building 
with a ventilation system in combination with heat f@%B'very ih order to pre- 
vent high ventilation heat Issse~. 

Qualified calculations Showed that CO, emission from such highly ther- 
mal insulated buildings, which are equipped with that kind of ventilation 
system, has decreased by 1 to 2 tons per year, In this cantext further posi- 
tive effects can be achieved through small heat pumps. These are capable 
of substituting fossile energy sources in rsom air-a0nditiOAihg ty6telrfiF; by 
means of heat recovery. 

3. Energy conservation and CO, re duct lo^ 
through mechanical ventilation combined 
with heat recovery 

Since, as described above, the building sector has an @nOfm@Ua $Rare in 
the total CO, emissions, as a consequence, many decisive reduction 
measures will focus on this sector. Here, heat insulation and correspend- 
ing insulating measures are of high importance. Hewwe$, any further 
steps towards the reduction of the transmission heat losses alone will not lead 
to the desired result (see figure 1). Hence, in future calculations,the ventilation 
heat requirements will have to be taken into account more systemati~ally, 

Several studies proved that the ventilation heat requirements of an average 
70 - 90 m2 apartment lies around 5000 kWh/a, depending conddef8bly on the 
occupant behaviour with respect to ventilating, of course. Yet already for con- 
struction and hygienic reasons, this value (5000 kWh/a) can hardly be de- 
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creased. Such apartments and buildings, however, which are equipped with 
mechanical ventilation combined with heat recovery and whose heat insulation 
values correspond to the standard of low energy houses, allow energy saving 
potentials up to 50 per cent. 

Calculations of the HEA* work group ,,Wohnungslijftung mit Warmeriickge- 
winnunggg(building ventilation with heat recovery) show how much CO, can be 
saved with these new standards. (* HEA = Hauptberatungsstelle fiir Elektrjzj- 
tatsanwendung = Advice Centre for Electricity Application) 

The HEA calculations suppose that a 70 - 90 m2 apartment shows heat 
requirements around 15,000 kWh/a including ventilation heat requirements 
around 5,000 kWh/a. Furthermore they distinguish between 

(1) heating systems with natural ventilation 

(2) ventilation systems combined with heat recovery through heat ex- 
changers 

(3) ventilation systems combined with heat recovery through heat ex- 
changers and heat pump devices. 



Oil-fired apartments produce 6094 kgla CO, emissions with system (I), 5243 
kgla with system (2) and 4396 kgla with system (3), whereas gas-fired apart- 
ments show the following numbers: 3854 kgla (I), 3377 kgla (2) and 2550 kgla 
(3)- 

The calculations take into account the varying CO, emissions of different 
power stations and imply the amount of CO, caused by the ventilator. 

As can be seen from these numbers, it is possible to reduce CO, emis- 
sion by 46 per cent with oil-fired apartments and by 34 per cent with gas- 
fired apartments. 

4. CO, reduction and investment costs 

The Federal Building Ministry starts from the assumption that two thirds 
of all existing residential buildings dispose of - at least partly - consider- 
able energy saving potentials. With the help of intensified measures to 
save energy, CO, emission from housing could be reduced by approxi- 
mately 50 million tons per year by 2005. 

By substituting oil by gas and replacing the heat generator, CO, emission 
could be reduced by an extra load of 10 to 15 million tons per year. 

According to estimations of several Federal Ministries, this saving poten- 
tial is confronted with investments ranking between 250,000 to 350,000 
million marks (US: 250 to 350 billion) though. Suppose out of this volume 
of investment 90,000 million marks can be covered by the saving of ener- 
gy costs, 160,000 to 210,000 million marks will still be remaining, i. e. 
roughly 11,000 to 15,000 million marks per year. The specific investment 
cost to carry through the reduction programme is estimated to be between 3 
and 4 markslkg CO,. This means that the houseowner has to be offered consi- 
derable incentives to make him invest in the renovation of his heating system. 

Here, it should be stressed that the amount to be raised is a one-off invest- 
ment whereas the CO, reduction effect will occur every year. 

But not only financing represents a problem on the way to realization of the 
CO, reduction programme. A basic question is whether or not the building and 
construction industry as we!l as technical building equipment companies are 
capable at all to satisfy the immense demand potential resulting from the pro- 
gramme. This branch of industry is already booming as an acute shortage in 



housing led to the promotion of corresponding aid programmes. At the same 
time this branch of industry faces a significant shortage of construction work- 
ers, so that at the short term an increase in construction capacity seems out of 
question. 

5. International aspects 

In view of the current and future environmental dangers resulting from 
the greenhouse effect, any effort to reduce CO, emission must be support- 
ed. The concentration on national programmes seems to be little promis- 
ing nonetheless. Even if the CO, reduction programme of the Federal Go- 
vernment turns out successful in 2005, the 25-%-reduction of CO, emis- 
sion in Germany represents a worldwide diminution of 1,25 per cent only. And 
if -as is supposed - C0,contributes only 50 per cent to the greenhouse ef- 
fect, this figure is reduced to 0.675 per cent even. 

The sole possible and obvious consequence out of these numbers is that 
only joint international efforts can combat the greenhouse effect efficiently 
-sooner or later all nations will be concerned. 
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1 Synopsis 

The house dust mite inhabits bedding and soft furnishings in homes. It is implicated as a 
major cause of allergic asthma. Maintenance of indoor humidity below a level of 7 gflcg 
inhibits the growth of the mite population. A pilot survey was carried out by 
EA Technology in cooperation with the Building Research Establishment to investigate 
the effect of mechanical ventilation with heat recovery (MVHR) both on indoor humidity 
and mite abundances. 

The temperature and humidity in the main bedroom of 11 dwellings were measured over a 
period of 1 month in February 1992, and dust samples taken from living and bedroom 
carpets and mattresses. Bedrooms in houses with continuously operating MVHR showed 
significantly lower humidities and significantly lower levels of mite concentration in dust 
taken from the bedroom carpet, when compared with similar houses where the MVHR 
was not continuously operated. 

The results of the survey support the proposition that the use of MVHR in the British 
climate can act as an effective means of control of house dust mites. In view of the small 
sample size, confirmation using a larger sample is desirable. 

2 House dust mites and asthma 

The incidence of asthma is widespread in many parts of the world. In the UK more than 
two million people are diagnosed as asthmatic, with 1 in 10 children suffering at one time 
from the disease. The incidence of asthma show a steady increase. The commonest 
allergen causing asthma in the UK is the house dust mite. The main problem of allergy is 
caused not by the mites themselves, but by their faecal pellets. Because of the need to 
preserve water, mites produce no urine, and their excreta are produced in a dry form. The 
prime allergen contained in the pellets is termed Der pl. Experimental methods of 
assessing level of mite population in household dust are described by Colloff [I]. A WHO 
working party [2] recommended provisional standards for mite concentration in household 
dust: 

Sensitisation Acute risk 

Allergen (ug Der p11100 mg dust) 0.2 1 .O 

Mites (mites1100 mg dust) 10 50 

Exposure to a level of less than 10 mites1100 mg dust means that an individual has a low 
risk of sensitisation and development of asthma. Exposure to the higher level of 
50 mites/100 mg dust means that an already sensitised individual has a risk of developing 
acute asthma. 



3 EGology of the house dust mite 

The term house dust mite is applied to several related species of the family pyroglyphidae. 
The predominant species in the UK is Dermatophagoides Pteronyssinus, and this is 
normally implied when the term house dust mite is used [3]. The mite is about 0.35 mm 
long, and is invisible to the naked eye. It is widely, if not universally distributed in the 
UK, where it inhabits soft furnishings, carpets, cushions and soft toys. Above all, it is to 
be found in mattresses and bedding, where the combination of warmth, humidity and a 
ready supply of food provide an ideal environment. 

The primary source of food for the mite is human skin. Human skin scale forms the 
primary constituent of house dust, giving its characteristic grey colour. The mite lives in 
an environment where there is no liquid water available and moisture balance is critical to 
its survival. Laboratory studies show that the optimum conditions for mites are 25OC and 
80% RH. Lowering the humidity has an adverse effect on mite population. 

Many surveys have demonstrated a general relation between humidity and mite 
population. Houses in low lying areas near rivers have more mites, while houses at high 
altitudes, where the humidity is low, are virtually mite free. There is also a seasonal 
variation in mite population, which is lowest in late winter and spring ie at the end of the 
period when indoor humidities are at their lowest. Korsgaard [4] investigated the relation 
between humidity and mites in 50 Danish apartments over one year. Those apartments 
with low winter indoor humidities had low mite counts; these low concentrations were 
maintained throughout the summer and autumn, even though the indoor humidity 
inevitably rose. Hart and Whitehead [5] surveyed dust mites in 30 homes in Oxfordshire 
and found bedroom humidity to be the most important variable affecting mite numbers. 
Schober [6] surveyed 11 living rooms in the Netherlands and concluded that mite levels 
stayed below the hygienic level if the absolute indoor humidity did not exceed 7.1 g/kg. 
Recent work in France [7] concluded that few mites can develop if the internal humidity is 
below the vdue of 7 glkg. There are thus several studies linking dust mite abundances 
with humidity in climates similar to that of the UK; the studies support the WHO finding 
that indoor humidities below 7 g/kg will inhibit the growth of mite populations. 

4 C o n ~ o l  by Ventilation 

The humidity in a room is determined by the dynamic equilibrium between moisture 
production and loss by ventilation. In winter the outdoor temperature, and hence outdoor 
moisture content, is low. However, many people restrict ventilation during cold weather, 
allowing the indoor humidity to increase, thus favouring an increase in house dust mites. 
The use of mechanical ventilation with heat recovery allows ventilation to be maintained 
with comfort and economy and offers a practical means of dust mite control. 

There are as yet few studies relating the use of mechanical ventilation directly to indoor 
humidity and dust mite populations. Korsgaard [8] reports an experiment in which 
mechanical ventilation with heat recovery units were installed in eight houses and 
compared with a control group. Mite concentrations fell in the experimental houses 
following the installation of MVHR; concentrations in mattress dust were reduced by two 
thirds. An investigation was carried out in Denmark as part of a healthy building 
project [9]. Relatively high air exchange rates of 1.3 air changes per hour were used. 
Humidities fell significantly, and 11 out of 16 families registered total disappearance of 



mites from old mattresses. Significant improvements in health were found, both in 
subjective feelings and in objective clinical measures. The improvement was highly 
correlated with changes in house dust mite counts. The study concluded that the high 
ventilation rate due to mechanical ventilation was the major cause of low indoor humidity 
and thus to the disappearance of the house dust mites in 11 of 16 families. 

5 Objectives of Pilot Survey 

A pilot survey was set up during the 1991/92 winter to test the hypothesis that MVHR 
during cold weather would reduce indoor humidities by an amount sufficient to inhibit the 
mite population; a secondary objective was to gain experience in measurements 
techniques, since it was anticipated that a larger survey would subsequently be required. 
The survey was carried out in association with the Timber Division of the Building 
Research Establishment. EA Technology organised the houses to be studied and provided 
the temperature recording apparatus. BRE carried out the house visits and dust sampling 
and arranged for the dust samples to be analysed. 

6 The survey 

6.1 Organisation 

The Electricity Industry in the UK promotes all-electric housing under the specifications 
Medallion and Medallion 2000. Medallion 2000 houses are required to be fitted with 
Mechanical Ventilation with Heat recovery (NVHR). Regional Electricity Companies 
were asked to cooperate by providing addresses of suitable houses, and houses in South 
Wales Electricity area were selected. Occupants were contacted by letter and asked if they 
were willing to take part in the survey; the purpose of the survey was explained to them. 
Usable results were obtained from 8 houses fitted with MVHR and 3 houses without. 

Each house was visited twice, with approximately four weeks between visits. On the first 
occasion a simple questionnaire established basic details about the house. Dust samples 
were taken from three sites: living room floor, bedroom floor and main bedroom mattress. 
A small data logger was left in the main bedroom to record temperature and humidity. On 
the second visit, further dust samples were taken from the same sites, the data logger 
removed and a second questionnaire administered. 

6.2 Measurements 

Temperature and humidity were recorded in the main (occupied) bedroom using a Squirrel 
logger, set to record a pair of measurements every 30 minutes. Air temperature and RH 
were measured by a Vaisala transmitter HMW 30 YB. Temperature and humidity records 
were obtained from the Met Office weather station at Cardiff, some 20 miles from the 
houses. Dust samples were collected using a small vacuum cleaner fitted with a special 
sampling head, dimension 14 x 3 cm. Dust was collected on a cellulose filter and kept in a 
polyethylene bag before sending for analysis. The sampling technique was to 
continuously vacuum an area of 100 x 100 cm of the carpet, or 60 x 60 cm of the mattress 
over a period of two minutes. The identical area was sampled on the second visit. 
Sampling was carried out by an experienced worker from BRE, who had carried out 
previous dust mite surveys in homes. 
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Figure 1. Variation of daily mean air temperature and dew point measured at the Cardiff 
weather centre during the period of the survey. 

Table 1. Mean Air and Dew point ~em~era tures  

Group Code Means over month 
Ta Tdp 

A 1 17.8 6.6 6.0 
2 17.6 6.6 6.0 
10 18.9 5.8 5.7 
11 19.9 7. 

Mean over group 18.6 6.5 5.9 

B 3 19.8 9.9 7.5 
4 17.4 6.4 5.9 
5 20.2 7.8 6.5 
9 17.4 8.1 6.6 

Mean over group 18.7 8.1 6.6 

C 6 16.6 7.4 6.3 
7 18.4 7.9 6.5 
8 19.5 9.5 7.3 

Mean over group 18.2 8.3 6.7 

Measurement intervals were 26 or 29 days, within period 1 February to 10 March 1992. 

Humidities differ significantly between Groups A and B. P<0.05 on a one tailed t test. 
one tailed t test. 



The dust samples were sent to the Scottish Agriculture Science Agency at East Craigs, 
Edinburgh for analysis. Analysis of the dust was carried out by flotation and staining of 
the mites [9]. Results are quoted in mites per 100 mg of dust. Mite species were 
identified and mites were classified as alive or dead at the time of sampling on the basis of 
the intactness of the body. 

7 Results 

7.1 Questionnaires 

Two questionnaires were administered. The first asked for general information about 
house type and occupancy; the second questionnaire was administered during the second 
visit and asked about conditions in the house during the experimental period. House type 
varied from 4 bedroom house to 2 bedroom flat. The MVHR systems fitted are designed 
to be used 24 h per day. It was found that use was varied. The respondents were 
classified into three groups: . 

A MVHR used continuously 4 dwellings 

B MVHR fitted, not used continuously 4 dwellings 

C NoMVHR 3 flats 

Respondents were asked.to score the atmosphere in their house on two seven point scales 
marked "Stuffy/FreshW and "Dry/HumidW. Statistical tests found no significant difference 
between the groups. The flats in Group C were all about one year old, while those in 
Groups A and B were about 3 years old. 

7.2 Temperature and Humidity 

The water vapour content of air may be expressed as relative humidity (RH) or as the 
absolute water content. It is the absolute water content which is the parameter which is 
the primary influence on house dust mite viability. It may be expressed as the dew point 
Tdp or as the moisture content in gfkg. Figure 1 shows the daily external air temperatures 
and humidities for the duration of the measurement period. 

Table 1 summarises the mean bedroom air temperatures and humidities averaged over the 
experimental period. The mean temperatures ranged from 17.4 to 20.2OC. The mean 
temperatures for the three groups were similar. The humidity for group A was lower than 
the two unventilated groups B and C. Humidity in Group A tested significantly lower 
than in Group B using a one tailed t test (Pc0.05). 

7.3 Dust mites 

Table 2 shows the sample analysis received from SAS at Edinburgh. The overwhelming 
majority of mites were Dermatophagoides Pteronyssimus, which is the species implicated 
in the production of allergens. A log(l+x) transformation has been used for analysis. In 
effect it produces a geometric mean of the values; the addition of 1 is to cope with 
samples with zero counts. Values of mite concentrations in the tables are given as 



Table 2. Results of Mite Analysis 

Counts expressed as mites per 100 mg of dust. 
Counts transformed as log (1 + x) 

Code First round Second round 
LRl BR1 MAT1 LR2 BR2 MAT2 

Group A 1 0.681 0.531 0.000 0.342 0.342 1.164 
2 1.736 0.756 0.491 2.119 1.086 2.425 

10 1.068 1.164 2.448 1.571 1.567 1.555 
11 0.886 1.182 1.447 0.613 1.522 0.708 

Mean 1.093 0.908 1.097 1.161 1.130 1.463 

Group B 3 0.716 2.103 1.489 1.199 miss 1.301 
4 1.238 1.787 0.000 0.633 1.344 2.022 
5 2.343 2.691 3.1 16 2.312 2.915 2.774 
9 1.369 2.390 1.220 0.806 1.996 1.504 

Mean 1.417 2.243 1.456 1.237 2.085 1.900 

Group C 6 0.663 0.892 0.591 1.623 1.233 2.108 
7 0.000 0.851 0.447 . - 0.079 0.279 1.164 
8 0.982 1.898 1.061 1.623 1.470 0.000 

Mean 0.548 1.214 0.700 1.109 0.994 1.09 1 

LR Living room; BR Bedroom; MAT mattress. 

Mite concentrations in bedroom dust samples were significantly lower in Group A than in 
Group B (P<0.01, 1 tail t test) 

Geometric mean concentrations: 

Group A bedrooms 9.4 mites1100 mg dust 
Group B bedrooms 144 mites1100 mg dust 

+f 

Table 3. Correlation between fmt  and second samples 

Living room carpet c2=0.27 +0.85cl. ?=0.51. n =  11 

Bedroom carpet c2 = 0.12 = 0.89 c1. ?- = 0.74. n = 11 

Mattress c2 = 0.42 + 0.56 cl. ? = 0.44. n = 7 

c l  and c2 are the mite concentrations in the first and second samples, log (1 + x) transform 
used. Turned mattresses excluded from analysis. 
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Figure 2. Mean mite counts shown by experimental group. The mite counts for the 
bedroom carpet in Group B (MVHR not used) are significantly higher than the counts in 
Group A (continuous MVHR). Group C houses had new carpets with a consequent low 
mite count. 





transformed values. The transformed value of 0 corresponds to 0 mites per 100 mg of 
dust, 1 to 9,2 to 99 and 3 to 999. 

'The repetition of sampling within a four week period served as a check of the sampling 
and analysis techniques. No changes were made to the environment of the mites during 
the experimental period so there was no reason to expect any systematic change in 
abundance. Table 3 shows the correlation within sample site between the first and second 
dust analysis. The agreement between measurement at the two carpet sites shows 
reasonably good agreement, which is typical of the reliability found with this technique. 
Comparison of first and second samples for the mattresses showed initially no correlation 
at all. The householders were asked if the mattress had been turned between visits. When 
turned mattresses were eliminated, the correlation improved, though still worse than the 
carpet sites. 

Figure 2 shows the mean log concentration of mites for the different sites, by experimental 
group and divided by first and second measurements. The mattress measurements have 
been included for completeness, though as observed above the variation in results makes it 
impossible to draw reliable conclusions. The results for the living room carpet show that 
the samples from Groups A and B have similar abundances, while the samples from 
Group C showed lower counts; the carpets in Group C were under 1 year old. The mite 
counts in the bedroom carpets were found to be significantly higher in Group B than in 
Group A, using a one tail t test (Pe0.01, 6 df). Again, the counts in Group C with new 
carpets were lower than in B, even though the dew points were comparable. 

7.4 Analysis 

The mean absolute humidity in Group A bedrooms over the measured period was 
5.9 @g, which is lower than the 7.0 k/kg suggested by the WHO working party as the 
critical value above which mites will proliferate. The control group B had a mean 
humidity of 6.7 @g, close to the critical value. The geometric mean mite concentrations 
in the bedroom carpets were 9.5 in Group A, and 147 mites1100 mg of dust in Group B. 
The houses with MVHR thus had a mite concentration in the bedroom carpet dust of 
below the 10 mites/100 mg level recommended by the WHO as below the level at which 
sensitisation occurs. The Group B level was above the 100 mites1100 mg dust suggested 
by the WHO as significantly increasing the likelihood of acute asthma. The low levels of 
mites in Group C has been considered as of little consequence, notwithstanding the higher 
humidity levels. The carpets in the these houses were all less than one year old, and we 
would not expect to find high levels of mites. 

The relation between bedroom humidity and the dust mite abundance in the bedroom 
carpet dust are thus in agreement with the hypothesis that MVHR will reduce internal 
humidity levels, and that dust mite abundance will be reduced by a humidity level below 
7 @g. Both these findings were statistically significant. 

8 Discussion 

This study confirmed the expectation that the use of MVHR would reduce house dust mite 
abundance. It did this for the population in the bedroom carpet, which was the room in 
which the humidity was measured. The mites in the living room carpet did not show a 
significant difference between groups; humidity was not measured in this room. 



Bedrooms are normally considered the more sensitive site, because of the more favourable 
conditions for mite growth, of temperature humidity and food supply. The measurements 
of mites in mattresses proved unreliable. Work is required to establish satisfactor); 
experimental methods before moving on to a larger survey. 1 

The study was designed as a pilot survey and has successfully fulfilled its objectives in , 
giving lessons for a larger survey. The eight houses included in the analysis, although 
showing significant differences in mite populations, can not be considered a large enough 
sample to prove an unarguable case for MVHR. It is clear that many variables affect dust 
mite populations; either these variables must be controlled in an experiment, or the 
sample must be large enough to ensure randomisation of confounding variables. The 
intended comparison between MVHR and non-MVHR houses was rendered void by the 
fact that all the Group C (non MVHR) houses had new carpets. 

More work is now needed to confirm the results with a larger sample and to include the 
effect of ventilation rates, which were not measured in this study. The findings also need 
to be related to local climatic conditions to establish the geographic applicability of this 
technique of mite control. 

9 Conclusions 

The use of mechanical ventilation with heat recovery, used continuously, reduced 
humidity measured in the bedroom below that in a similar group of houses where the 
MVHR was not used continuously. 

The abundance of house dust mites in the bedroom carpets of the houses with continuous 
MVHR was significantly lower than the houses with non-continuous MVHR. In the f ~ s t  
case the level was below that considered to present a risk of sensitisation to the mite 
allergen. 

The sampling and analysis technique employed did not give reproducible results on 
mattresses. 

Over 85% of the mites were Dermatophagoides Pteronyssimus, which is the species 
implicated in the causation of allergic asthma. 

Additional work, using improved sampling techniques and a larger sample of houses, is 
necessary to consolidate these findings. 
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SYNOPSIS 

A sudden contamination of the outdoor air by some toxic gas can have 
several causes. The primary goal of the investigation was to determine 
the protection afforded by sheltering indoors. The object of a computa- 
tional approach was a single family house with two floors. Three differ- 
ent models were utilized as computing tools : MOVECOMP to calculate 
the infiltration air flows, MULTIC to calculate the contaminant transport 
inside the building and TDYN to calculate the temperature decay of the 
building. The variation of the weather parameters was treated using the 
two-dimensional distribution of the outdoor air temperature and wind 
speed and a statistical approach. The results show the cumulative 
distribution functions of the relative doses inside the building for differ- 
ent tightness levels, exposure times and other relevant parameters. 

1. INTRODUCTION 

A sudden contamination of the outdoor air can be caused by a transpor- 
tation accident, a sudden emission from an industrial plant, a disaster in 
a nuclear power plant or even by traffic. The envelope of a building can 
be utilized as a shelter against the contaminated outdoor air. The 
protection afforded by sheltering indoors depends primarily on the 
tightness of the building envelope, the outdoor air temperature and the 
wind speed. Other parameters, like the leakage distribution, the pressure 
coefficients, the wind direction and the local environment around the 
building, have some influence, too. However, the problems involved in 
sheltering have not been investigated very much [1..3] and there is 
shortage of useful quantitative knowledge. 

The most reliable way to look into the penetration of contaminated air 
into a building would be to use tracer gas measurements. This would, 
however, be a very laborious, time consuming and expensive way, and if 
the effect of the building tightness and the weather statistics were also 
to be investigated, the amount of work would be enormous. A better 
way, not as reliable but much more flexible, is to approach the problem 
using computer models. 

2. THE BUILDING 

The object of the computational examination is a single family house 
with two floors and a steep ridge roof. It is not a real, existing building, 
rather an imaginary one to be used as input data for the calculations. It 
does, however, represent a common type of houst- and its leakage charac- 
teristics can be fixed on certain levels for calc!tlation purposes. Both 
floors have five rooms and the floors are connected by stairs. The total 
floor area of the living space is 140 m2. No description of the ventila- 



tion ductwork is included because it is assumed that in an emergency 
situation the ventilation is cut off and the ducts are sealed. 

For the air infiltration calculations 80% of the envelope leakage area was 
distributed proportional to the length of the joints. The remaining 20% 
was placed in the floor and the ceiling to represent pipe and duct passag- 
es. The cracks in the building shell had a flow exponent value of 0.65 
[4,5,6]. Four different airtightness levels were used for the whole 
building. The n,, value varyed from 1 l/h to 15 l/h, while the distri- 
bution of the leakage area and the flow coefficients remained unchanged. 
The flow coefficients for each level were adjusted using a computational 
50 Pa pressurization. The pressure coefficients of the building facades 
were in situ measured values [7]. 

For the contaminant transport calculations the building was divided into 
ten zones. Each room was one zone. The indoor air temperatures of the 
zones were simply chosen according to the experience gained from 
measurements in similar situations [$,9]. The temperature difference 
between adjacent zones, which is the crucial parameter from the view- 
point of the circulating air flows through the open doors and thus the 
contaminant transport, was chosen to be 0.1 "C. The mean indoor air 
temperature was 2 1.0 "C. 

3. COMPUTING TOOLS 

To calculate the infiltration, exfiltration and internal net air flows, the 
multizone simulation program MOVECOMP 1101 was used. The input 
data contains a description of the leakage characteristics of the building, 
the pressure coefficients, the indoor and outdoor air temperatures and the 
wind speed. The mass balance equations of the system nodes is the 
basis of the solution. As an output the mass flow rates through the flow 
paths and the pressures of the nodes are given. 

The concentration histories and doses in various zones inside the build- 
ing were calculated using a computer code MULTIC [ll] developed 
especially for this purpose. The calculation is based on the conservation 
of mass of the contaminant in the zones. The mixing of the contaminant 
in each zone is assumed to be complete and instantaneous. The circulat- 
ing air flows between adjacent zones are calculated using a simple 
analytical procedure 1121. Some validation of the code has been done 
[8,9] and it shows that generally the results are satisfactory and the 
performance of the program can be considered sufficient for the purpose. 

4. WEATHER DATA 

The most important weather parameters affecting the pressure distribu- 



tion and the infiltration and exfiltration flows of a building are the 
outdoor air temperature and the wind speed and direction. The mean 
two-dimensional frequency distributions of the temperature and the speed 
values measured in Finland during the years 1961-1980 [13] were used 
as input data for the calculations. The wind speed was reduced with a 
coefficient of 0.5 14,141 to take the effect of the terrain into account. 

5. CONCEPTS 

The relevant quantity from the health point of view is the dose, which is 
the integral of concentration over time. The concentrations and the 
doses in different zones grow at different speeds. The mean dose in the 
building is defined as the arithmetic mean of the doses in all zones. 
Further, the concentrations and doses depend on the concentration level 
outside. Dividing the indoor dose by the outdoor dose gives the relative 
dose, which does not depend on the outdoor concentration level. Per- 
forming both the operations gives the relative mean dose at the moment 
t: 

where N is the number of zones in the building, Ci(t) is the concentra- 
tion in zone i at moment t, t' is a dummy variable of integration and 
C,,(t) is the outdoor concentration. This relative mean dose is a very 
central quantity in the presentation of the computed results. 

The two-dimensional frequency distribution of the outdoor temperature 
and wind speed, which was used as input data, contains approximately 
200 pairs of values for a one-year period. To be able to present the 
results of the calculations in a compact form, a statistical approach has 
to be utilized. The cumulative frequency of the computed relative mean 
dose values F{<D"(~)>) is the quantity used in this context. 

6.  RESULTS 

An example of the cumulative frequencies of thr relative mean dose is 
presented in Fig. 1 .  Here the location by which he weather data is 
determined is Helsinki, Finland. The period for r he weather data is one 
year. All inner doors are wide open. Four diffc: vnt levels of air tight- 
ness and five different exposure times t-lh, 3h, 6h, 12h and 24h were 



Fig. l The cumulative frequencies of the relative mean dose. 
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used. The cumulative frequency can be interpreted as the probability 
when the relative mean dose does not exceed the value on the abscissa. 
If the period is not one year but e.g. January, the frequency curves shift 
to the right because the temperature difference between indoors and 
outdoors is larger. 

The occupants, when sheltering indoors, should try to minimize the dose 
by moving into the zone where the lowest concentration occurs. Here, 
besides the outdoor air temperature and wind speed, the direction of the 
wind and the status of the inner doors are also of importance. The 
tightness of the building, on the other hand, does not play an important 
role in this context. Fig.2 gives an example of the location of the 
minimum dose values after 12 hours' exposure. A more thorough . 
presentation of the results is given in the reference 1151. 

7. CONCLUSIONS 

From the viewpoint of sheltering, the tightness of the building holds a 
key position. In a leaky building, depending on the exposure time, the 
doses are from two to fifteen times as much as in a tight building. By 
closing the inner doors and choosing the correct location inside the 
building, the occupant can decrease the dose in favourable conditions by 
50% compared with the mean value. This does, however, require knowl- 
edge of the local wind direction. 
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ABSTRACT 

The amounts, quality and factors affecting of dust 
accumulation in supply air ducts of eight nonindustrial 
buildings were studied. The average of surface density of 
dust settled in supply air ducts was 10.6 g/m2 and the 
average of yearly accumulation rate was 3.5 g/m2*year. The 
dust contained 82% of inorganic material, which agrees well 
with the composition of outdoor air dust in down town areas. 
In straight air duct the surface density of settled dust 
decreased as a function of distance from the air handling 
unit (AHU). The dust was mainly settled on the bottom of the 
duct and captured by the residues of lubricant oil used in 
manufacturing of ducts. In some cases soil depris was settled 
during the building construction period. The floor of the 
building did not affect the amount of settled dust. Fungal 
genera was similar to found in outdoor air and microbial 
growth in the air ducts was not observed in this study. The 
proportion of pollen grains was 70 mg/g of dust and it varied 
widely according to plants in surrounding environment. The 
results show that leakages between filter cassette and 
assembly frame were common in AHU of nonindustrial buildings. 

1 INTRODUCTION 

Outdoor air consists always suspended particles of which 
concentration varies widely even locally. Particulate 
impurities shall be removed from outdoor air before leading 
the air to the other parts of air handling unit (AHU). 
Filtration efficiency of air filters used in nonindustrial 
buildings is not good enough to prevent all the particles to 
pass through to heat exchangers, heat recovery unit and other 
components. This allows dust accumulation to inner surfaces 
of ventilation ducts. However, the production of high quality 
supply air provides a clean and odourless ventilation system. 
Impurities in the ventilation system decrease quality of 
supply air leading to dissatisfaction to indoor air quality 
or even health symptoms of the occupants. In several studies 
the building related illness is connected to the microbial 
growth in dirty ventilation system (1,2,3) . If ventilation 
system is unclean and stuffy, maintenance of high indoor air 
quality demands higher ventilation rates that increase energy 
costs, On the other hand, the saving in filtration and 
maintenance costs will increase the costs of purifying the 
ventilation system. 

The first purpose of our work was to determine amounts of 
dust accumulated in different parts of supply air ductwork in 
nonindustrial building. The other purpose also was to clarify 
the composition of the dust for evaluation the origin of 
dust. 



2 MATERIAL NETHODS 

2.1 Research objects 

Eight supply air duct systems in six mechanically ventilated 
office buildings were chosen for the study. Four of the 
ventilation systems were provided with recirculation air 
(objects 1-4) . The maximum proportions of the recirculated 
air were from 39 to 68% of the total air flow and usually 
recirculation was used when temperature of the ambient air 
decreased below -10 OC. The age of the ventilation systems 
varied from 4 to 31 years. In the object number 5 (Table 1) 
the supply air ducts were partly cleaned with dry brush 
method three months before the sampling. Two of the objects, 
three and four, were equipped with humidifiers ; during the 
heating season it was used yearly in object 3 and only in the 
first year of building in the object 4. 

Table 1. ~escriptions of the ventilation systems studied. 

No Age of Age of Air flow Filter Filter 
building duct capacity change efficiency 

interval 
years years (m3/s) (months) (EU) 

A small amount of particles in supply air stream are settled 
on the bottom of an air duct. In a spherical duct, particles 
are mainly settled down on the surface which is rejected 
below the horizontal cross section. In a rectangular duct 
almost all of settled dust is settled on the bottom of a 
duct. For standardization of the sampling area to ducts with 
various diameters of spherical ducts dust samples were 
collected from an area which is rejected between the bottom 
line and the line on the widest level of the duct. The length 
(L) of sample area depended upon the limited space or on the 
amount of dust (Figure 1). 



In rectangular duct the sample was collected from the bottom 
of the duct. The dust settled on the surface of the duct was 
loosened by crosswise movements of plastic nozzle as long as 
the galvanized steel seemed to be clean. The ventilation was 
turned off during the sampling. 

Figure 1. 
A schematic 
picture of the 
standardized 
sampling area 
in a spherical 
duct. L is the 
length of the 
sampling area. 
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For studying the behaviour of the dust in air ducts the 
samples were collected at the identical sites in different 
floors of the building. Both the vertical and horizontal 
distances were measured. The air flow rate in he sampling 
point was calculated from the information of the measuring 
data. 

2.3 Analysis 

Surface density (g/m2) and yearly accumulation rate 
(g/m2*year) of dust accumulated on the inner surface of 
supply air duct were determined. For comparison outdoor air 
dust sample was collected on EU7 classified ventilation 
filter during nine months. The proportion of the inorganic 
material of dust was determined as annealing lost by 
annealing the dried (lOS°C) sample at 550°C. The material 
loss indicates the proportion of organic and inorganic carbon 
(soot) particles. 

The amount of different types of pollen were determined by 
using Biirker's method (4): A homogenized dust sample was 
divided to two parallel 20 mg portions which were mixed with 
1 ml 20% Gelvatol mounting liquid (5) . The pollen grains were 
counted by light microscope. Different types of pollen were 
divided to four classes according their mass: Picea 111 ng, 
Pinus 37 ng, Betu la  1.4 ng and Poacae c. 20 ng ( 6 ) .  



Viable fungal spore counts and bacteria in the dust were 
determined by cultivation method on malt extract agar and on 
trypton-glucose-yeast extract agar, respectively. 

3 RESULTS AND DISCUSSION 

The average of surface density was 10.6 g/m2 (n=44, ranged 
1.2 to 58.3 g/m2) . The yearly accumulation rate of dust was 
3.5 g/m2*year (1.2-8.3 g/m2*year) . The yearly accumulation had 
a slight negative correlation with both horizontal and 
vertical distances between sampling site and air handling 
unit. The decrease in the amount of settled dust was observed 
especially in the main air duct on the top, at the same floor 
with AHU. This was observed also in our previous study when 
surface densities along the main air duct were measured and 
the AHU consisted coarse (EU2) filters. Any single factor, as 
horizontal or vertical distances from AHU, the height of the 
air intake from ground level or air flow rate measured in the 
sampling site had no statistically significant influence on 
the dust accumulation rate on the duct surface. The average 
of surface density of dust was about twice and the yearly 
accumulation rate five times higher than observed in the 
Danish study, respectively (7) . 
The proportion of inorganic material in dust was 82%. This 
agrees well with the result of our previous study, where the 
proportion was 80% (8). The corresponding proportion of dust 
sample was 81% collected in the down town area. The results 
showed that the dust accumulated in ventilation systems was 
originated from outdoor air whichmay indicate frame leakages 
between the filter cassette and assembly frame. The frame 
leakages of air conditioning filters is observed to be common 
particularly AHU with coarse filters (9). Soil depris during 
building construction period was observed in ducts of few 
objects. 

In all randomly selected objects were EU5 classified or more 
efficient air filters therefore the effect of filter 
efficiency to dustiness of air ducts could not be examined 
regard to filtering efficiency. In our previous studies we 
found that filtration efficiency affected dirtiness of ducts; 
the coarser the filter more dust accumulated. The differences 
in accumulated dust are more clearly seen between the coarse 
filters (EU2-EU4) because of the higher differences in 
filtering efficiency (by weighting test). The relative dust 
accumulation into straight air duct by using filters with 
different efficiencies is presented in Figure 2. The results 
were calculated to the atmospheric aerosols and both the 
sedimentation and diffusion losses are taken account of 
calculation. ~iltration efficiency has a significant effect 
on dust accumulation in supply air ducts. For example, dust 
accumulation rate into ventilation ducts equipped with EU7 
classified filters is about three times slower than into 
ducts which are equipped with EU3 filters. 



The average proportion of total pollen was 71 mg/g, of which 
about 90% was originated from coniferous trees ( P i n u s ,  
Picea) . Plants in the surrounding environment of the building 
affect the composition of pollen found in the ventilation 
ducts. The objects studied were equipped with fine filters, 
filter classification EU5 or better, which should be able to 
separate particles sized as large as analyzed pollen grains 
were, over 10p.m. It is obvious that in the systems studied 
there have been or had been frame leakages or ventilation was 
used periodically without filters. 

Figure 2. 
Relative rate 
of dust 
accumulation 
in supply air 
ducts by using 
filters with 
different 
filtration 
efficiency. 
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The average counts of viable fungal spores in the dust of air 
ducts was moderate low, 990 CFU/g (range 180-2340 CN/g) . 
That means about one spore per square centimetre. The result 
agree well with spore counts, obtained with similar method, 
in Danish study, 1100-1200 cfu/g (7) . The fungal genera found 
in the dust was similar to outdoor air genera in Finland 
(10). This indicates that fungal growth has not occurred 
inside the ventilation system. The average counts of viable 
bacteria in the dust was 1980 CFU/g (from detection limit to 
10000 CFU/g), For the sake of comparison the bacteria count 
levels found in house dust has ranged from lo4 to 10'' CFU/g. 
Occupants and pets are the major bacterial sources in house 
dust (11). 

4 CONCLUSIONS 

The amounts of settled dust on supply air ducts were low. 
Thus the dust has no significant effects on air flow rates in 
supply air ducts. The dust found in the ducts had comparable 
composition with outdoor air dust. Relatively large amounts 
of pollen grains in the air ducts indicate that frame 



leakages between filter cassette and assembly frame is 
obvious. Both the fungal spore and bacteria count levels were 
moderate low compared with the levels in other indoor dust 
samples. The genera of fungal spores were similar those to 
found in outdoor air. It supports the conclusion about the 
frame leakages. In properly maintained HVAC system the 
settled dust on supply air ducts has an unremarkable 
significance to indoor air quality. If surfaces are moistened 
due to water condensation or by other reason the dust 
accumulated inside HVAC system offers an opportunity to 
microbial growth, and, thus, indoor air problems will arise. 

No significant differences was observed between the dust 
accumulation levels in supply air ducts in different floors 
of the building. The quality of a particulate air filter had 
a significant effect on an accumulation rate of depris inside 
HVAC system. The coarser the filter is the more depris is 
accumulated in main air ducts. 
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ABSTRACT 

The d o u r  threshold value of kitchen exhaust air was experimentally 
determined during typical cooking situations and tobacco smoking in a 
dwelling. During cooking, air from the exhaust duct was taken into a sample 
bag. The d o u r  threshold concentrations of the samples were determined by 
sensory evaluation using olfactometer and untrained d o u r  panel. Experiments 
were made both in laboratory and field settings. 

The largest d o u r  threshold concentration of 168 o.u./m3 was determined during 
the frying of herring. In accordance with the defmition, here 50 % of the 
panellists do not observe any d o u r  when the sample gas is diluted 168 times. 
Thus, the highest permitted exhaust air proportion in supply air would be 
0.6 %. The results of the odour tests are used in a study, where the 
prerequisities for the extraction of exhaust air through the outer wall of multi- 
storey residential buildings are examined. 

INTRODUCTION 

Within the framework of the LVIS 2000 research programme, in the project 
"VentiIation systems for the dwellings of the future", the alternatives for 
ducting away the exhaust air of ventilation systems for individual dwellings in 
apartment buildings were examined /I/. It was noted that by extracting air 
directly to an outer wall many of the problems at present occurring are 
avoided, like disturbances in pressure differences and air flows caused by 
thermal forces. The space requirement for ducting is reduced as the exhaust 
ducts do not need to lead to the roof from within the building. The drawback 
with extraction through an outer wall is the possible migration of exhaust air 
odours to the open windows or supply air terminal devices in the wall, and via 
these into the apartment. 

A project has been initiated with funding from the Technology Development 
Centre (TEKES) where the extraction of exhaust air through the outer wall is 
examined with calculations, as well 'as wind-tunnel and full-scale testing. 
Knowledge of the d o u r  threshold for exhaust air is necessary in assessing the 
exhaust air dilution ratios at the building's outer wall and thus in the supply air 
based on theory and measurement. As the fumes produced in cooking generally 
create the d o u r  found in the exhaust air of apartments, it was decided to 
examine the d o u r  threshold values of exhaust air during the cooking of 
common foods when strong dours  are produced. 



LrnRATURE SURVEY 

The literature survey looked for research projects where common or permitted 
exhaust air concentrations in supply air were presented. Table 1 shows the 
literature references found. 

Permitted leakage values fn>m the outlet side to the supply side for heat 
recovery equipment were found in the literature. The permitted proportions 
were 3-10 %. 

The re-entry of exhaust air into supply air in an apartment-based ventilation 
system has been investigated using tracer gas in test houses in Kuopio, Finland. 
The proportions measured ranged from 0 to 2.3 %. On occasions, the amount 
of re-entry rose to almost 6 per cent. 

However, no fully comparable material concerning odour threshold values nor 
target values for exhaust air proportions were found Erom the literature. 

3. SUBJECTS OF RESEARCH 

The cooking situations examined were boiling cabbage, frying onion, making 
pancakes and frying herring, in addition to smoking. The rate of extraction of 
the exhaust air flow from the kitchen was 20 dm3/s, which corresponds to 
present official regulations 121. Experiments were carried out both with test 
equipment constructed in the laboratory (Figure 1) and under field conditions. 
The construction of the test equipment is such that it eaiently draws in fumes 
from food being prepared. 

4. RESEARCH METHODS 

In the performance of the tests, the aim was to simulate the cooking situations 
so that they corresponded to reality as closely as possible. In frymg, the food 
was put into a hot frying-pan containing cooking oil. In boiling, the food was 
placed in boiling water. 

During cooking, air from the exhaust duct was taken into a sample bag. Five 
samples were taken in each food-preparation situation. The first sample was 
taken from the exhaust duct before the start of cooking to determine the 
background concentration. The next sample was taken immediately after the 
addition of food. The last sample was taken after the food had been prepared. 
The sample bags were delivered to the Chemical Laboratory of the Technical 
Research Centre of Finland for the determination of the odour concentrations. 
The volume of the sample bag was around 20 dm3, while the filling of the 
sample bag took around one minute. 



During the smoking test, the test person smoked continuously. To ensure the 
flow of cigarette fumes into the kitchen hood, a sheet of plastic film was 
placed above the smoker. 

The d o u r  threshold concentrations of the samples were determined by sensory 
evaluation using the Strohlein olfactometer according to the German standard 
VDI 3881 131. The olfactometer creates increasing concentrations from neutral 
air and the sample gas until the test person acting as the detector can 
distinguish an d o u r  in the sample gas flow. On the basis of the test persons' 
findings, the olfactometer calculates the d o u r  concentration of the sample in 
the form of odour units/m3 (o.u./m3). The odour concentration refers to the 
number of times the sample gas flow must be diluted for 50 % of the d o u r  
panel members not to observe d o u r  in the sample gas flow. 

The acceptability of an d o u r  was determined by asking members of the d o u r  
panel how they perceived the odour at the moment it was detected. The d o u r  
panel comprised 6-8 persons, all members of staff at the V?T Chemical 
Laboratory. 

5. RESULTS AND EXAMINATION OF RESULTS 

5.1 Odour threshold values of exhaust air 

The d o u r  threshold values determined from the air samples taken during 
various cooking situations are presented in Figure 2. The temperature of the 
exhaust air was 24-29 "C. 

The panel members9 assessments of odour acceptability are shown in Table 2. 
Some of the panellists considered the strong d o u r  values found during the 
frying of onion to be acceptable, while the strong d o u r  values found during 
the cooking of pancakes and herring were generally considered unacceptable. 
Acceptability is a subjective assessment. 

The largest d o u r  threshold concentration of 168 o.u./m3 was detemined during 
the frying of herring. In acc nce with the definition, here 50 % of the 
panellists do not observe any d o u r  when the sample gas is diluted 168 times. 
Correspondingly, 84 % of panellists did not note any d o u r  when the same 
sample gas flow was diluted 219 times. 

The herring frying test was repeated in the kitchen of a single-family house. 
The air sample was taken from the kitchen's exhaust duct. The d o u r  threshold 
concentration of the air sample was smaller than that found during the 
corresponding laboratory test (Table 3). This difference was due to the kitchen 
hood in the single-family house kitchen not efficiently extracting the food 
fumes, part of these fumes migrating to elsewhere in the kitchen. 



The test in the single-family house indicated that increasing the exhaust air 
flow to 45 dm3/s did not have a significant effect on the odour concentration of 
the exhaust air. 

5.2 Permissible proportion of exhaust air in supply air 

For each food preparation situation, the largest dour  threshold concentration 
was chosen from the results to represent the situation in question. From these 
results, the largest permitted proportion of exhaust air in supply air was 
calculated from these values so that no odour was discernable in the supply air. 
The exhaust-air proportion is the reciprocal of the odour threshold 
concentration. The results are shown in Table 4. 

The largest permitted exhaust air proportions in the supply air according to 
Table 4 are between 0.6 and 2.3 % depending on the quality of the exhaust air. 
Here it has been assumed that the exhaust air of the apartment does not contain 
any dour  other than that caused by cooking. 

5.3 Dilution of exhaust air on the outer wall of the building 

The dilution of exhaust air on the outer wall of a building was investigated 
initially with full-scale tests in one office building. Tracer gas was fed from 
one point at the building's facade, and tracer concentrations were measured at 
eight points in the same facade to determine the dilution ratio. An aim was to 
locate the measurement points at the worst places according to smoke 
observations. A total of five situations were investigated. 

The highest instantaneous value for the exhaust air proportions measured in 
different wind conditions was 1.6 %. According to the measurements, the local 
exhaust air concentration fluctuated rapidly and over a wide range according to 
the nature of the wind. Thus the concentration peaks were short-lived and from 
these the quality of the supply air cannot be considered measurable. The 2- 
minute mean values obtained for the exhaust air proportions were lower than 
the highest permitted exhaust air proportion found in the worst case of the 
dour  tests (frying herring) of 0.6 % (the highest 2-minute mean was 0.5 %). 

6. CONCLUSIONS 

On the basis of the cooking tests performed, up to 0.6 % exhaust air can be 
permitted in supply air without food dour  being observed in the supply air. 
The exhaust air proportions determined from full-scale tests in the wall of a 
building were generally lower (the highest instantaneous value being 1.6 % and 
the highest 2-minute mean value being 0.5 %). No fully comparable material 
on dour  threshold concentrations nor on target values for exhaust air 
proportions wee found from the literature. 
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TABLES 

Table 1. Permissible proportion of exhaust air in supply air. Literature survey. 

the efficiency tests. 

Table 2 .  Panel members' assessments of odour acceptability. 

Acceptability 1 Onion 1 mn%sion 
Yes Do not No 



Table 3. Permissible proportion of exhaust air in supply air w i n g  herring). 

Table 4 .  Permissible proportion of exhaust air in supply air (laboratory tests). 

Exhaust 
air flow 

20 

20 

45 

Permissible 
Cooking Odour concentration proportion 
situation (P50) max 

Boiling cabbage 

Frying onion 

Making pancakes 

Test site 

Laboratory 

Single-family home 

Single-family home 

Odour 
concentration 

o.u.lm3 

168 

54 

43 

Permissible 
proportion 

% 

0,6 

1 9  

2 3  



FIGURES 

Air flow measurement 

Figure I .  Arrangement for the laboratory tests. 

V = before cooking 
reference sample 

Time, min 

Figure 2 .  Odour threshold values of exhaust air during the cooking of common 
foods. 
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Synopsis 

A humidity controlled exhaust fan have been tested during the winter 
season 1991/92. The test have been carried out in a detached one sto- 
rey house with a flat roof. The relative (RH) have been mea- 
sured in the following modes: 

* natural ventilation only 

wall mounted fan, setpoint 70 % RH, and natural ventilation 

4+ fan in the exhaust dud, setpoint 70 % RH. 

The relative humidity levels have been monitored in the shower room 
and in the other part of the dwelling. The temperatures have been mea- 
sured in the exhaust duct and in four places in the dwelling. 

It is concluded that a wall mounted fan can keep the relative 
close to 50% RH, causes backdraught in the exhaust duct, and usually 
has to be switched off manually. A fan mounted in the exhaust duct 
gives a higher average RH than natural ventilation only. 

Background 

In Sweden as well as  in many other countries attention has been paid 
to a too high indoor relative humidity (RH). The risks are: 

House dust mites can grow if the RH is kept on a level over 
55 % RH during longer periods, more than a month. 

d Mould groth in the shower-room or bathroom (wet room) if the 
RH is kept above 75 % RH. This gives a "safety fador" not to 
exceed 80 - 90 % RH at the surface in colder corners in the wet 
room. 

Condensation on double glazed dows during wintertime 
causing higher maintenance cost and inconveniences. 

d The risk for interstitial condensation because of innperfeetness 
in the water vapour barrier. 

The moisture production in a dwelling is very much dependent on the 
occupants' activities. The nunaber of people and Weir age may give an 
indication of the probability of having a high RH indoors. About 3/4 of 
all single f a d y  houses in Sweden have natural ventilation. Local 
exhaust is normally installed in the kitchen as a &hen hood above 
the stove and only used when p r e p a ~ n g  food. 



the shower-room. No bath in  the tub takes place and there is a 
separate laundry-room. 

As the air supply through leakage was not sufficient extra supply air 
devices were installed in the bedrooms and the living room. The devi- 
ces are closable. 

The fan installed starts or stops a t  the setpoints, which is said to be 
either at 55 or 70 % RH. The power is 15 W and with a capacity of 
22.2 l/s (80 m3/h). The sensing element is a 1 mm thin triangular piece 
of wood (beech, Fagus Silvatiea) glued on a copperplate. The water 
vapour absorbed in the wood gives a mechanical action and a t  the set- 
point the fan is switched on. 

From the beginning the intention was to test a t  both setpoints, but at 
the setpoint of 55 % RH the fan never stopped and caused to much 
noise. This mode was than excluded from the test. Even at  70 % RH 
the running time tended to be very long. To give the occupants the 
possibility to have a silent home a manual switch also was installed. 

The tests have been c ed out in the following modes: 

1. Natural ventilation, as constructed from the beginning 
2. The fan mounted in the exhaust duct, setpoint 70 % RH 
3. The fan mounted on the inside of the external wall, setpoint 

70 % RH, and the original natural ventilation. 

An automatic mo~tor ing  system has been used in the house. The 
sampled values have been collected as hourly mean values. The indoor 
temperature is the mean value of four termistor sensors located in four 
rooms, see Figure 1. The outdoor temperature is measured a t  a house 
200 m away. The data collected is sent by the telephone net every 
working day to a central computer. The hourly values are the basis of 
the analysis. 

The RH is monitored by capacative sensors (Lee-Integer CH 15) 
located in the shower-room and in the kitchen, see Figure 1. The sen- 
sor located in the kitchen represents the average value of the house as 
it is central in the house, not directly affected by opened entrance 
doors, and not to close to the stove. 

The m e a s u ~ g  faults according to the manufacturers are estimated 
to be: 

* for m e a s u ~ n g  RH - +-2 % 
g temperature - +-0.2 % 



The overall purpose with the project was to use electricity more 
efficient in single family houses heated with electrical radiant panels. 
About V4 of all the electricity used in Sweden is consumed in the 
1.8 million single family houses. Saving electricity should not lead to 
indoor air quality problems. An acceptable level have to be maintained. 

Test set up 

The objective with this test of a RH controlled fan was to exhaust the 
air from the shower-room in order not to allow the warm moisture air 
to go back into the other parts of the dwelling. 

The test house is situated in a suburb to Stockholm and selected in a 
group of 90 similar houses constructed 1972. In Figure 1 is given a 
short description of the studied house. In the main project this house 
together with five others were inspected and the insulation quality 
checked by thermography method, the air tightness and air change 
rate b-'3 measured according to Swedish standard. The measured air 
change rate was 0.19 h-' giving an air flow rate of about 17 Us. 

Shower-room Living space 129 m2 

in the exhaust 

1-storey woodfkame 
Flat roof 
Double glazed windows 
Natural ventilation with 
kitchen hood fan 
Air tightness 
1150 6.9 achlh 
Air change rate: 

Test House 0.19 he' 
Mean for 6 houses 0.24 h-' 
Range 0.19 - 0.30 h-' 

The family has lived in 
the house since 1978. 
A 4 person - family 
Children: 2 girls 10 and 
15 years old 

Figure 1. Short description of the test house. 

The chosen were an ordinary with both parents working outside 
the home and two children in school 5 days a week. The husband is an 
engineer and the wife a teacher. All the body cleaning takes place in 



Results 

As the main interest was to keep the RH close to 50 % on a long term 
perspective and to avoid condensation on windows the results are 
given in mean values for weeks. In Table 1 can be seen that the RH in 
the kitchen always is higher than in the shower-room. 

Table 1 Weekly mean RH 

The winter season 1991/92 was very mild resulting in one of the 
mildest ever registered. The mean indoor temperature, about 22"C, is 
slightly above the Swedish single ly home average which is 21°C. 
In Table 2 is given the temperatures as weekly mean values. 

Table 2 Weekly mean temperatures ("C) 

Mode Exhaust 
duct from 

slmw!Fm 

Natural ventilation 
Fan in exhaust duct 
Fan on wall + natural ventilation Dec 

11 

g Jan w 1 
.w2 

( 7 7 3  

Mean room Outdoors 

During a period of 3 weeks there we$e 16 reliable indications on taking 
showers. If it was one person or more taking a shower is not possible to 
conclude, as the measurement gives hourly mean values. In addition 
there were 7 indications that may be a result of a very short shower 
giving a RH not higher than in the kitchen. 

The indoor temperature range d g a three week period is 
21.5 - 22.3. This gives the opportunity to make the approximation and 
use the RH difference between the shower-room and the average in the 
house measured in the kitchen. In Figure 2 is shown the decay of the 
RH in those cases when only natural ventilation was used. As can be 
seen the t h e  to reach normal level takes from 6 h to 10 h. It can be 
observed that when the fan in the dud is not in operation, the decay 



period is longer than for the case with solely natural ventilation. From 
Figure 3 can be seen that if a fan is used the average RH-level in the 
house is reached within 2 h. With a fan in the duct the time is even 
less. 

average o 

indoor RH 

---- . . . . fan in duct not working 

Figure 2. The decay of water vapout with natural ventilation 

-10 I 
1 2 0 

Figure 3. The decay of water vapour with a humidity controlled fan 

ARH% 40 

When the fan is mounted on the wall there is a risk to perceive the 
cold air as  a backdraught from the duct in the shower-room. However, 
this backdraught was not reported to be of any inconvenience a t  all to 
the occupants. The temperatme drop measured was from a few 'C to 
10 "C or more, as can be seen in Table 3. This is of course dependent on 
the outdoor temperature and the 

- 

fan on wall 

. . . . fan in duct 



Table 3. Examples of RH-differences between peak and mean values 
at Werent temperature drops in the exhaust duct and 
ruaning time of the fan. 

In Figure 4 is given the water vapour content of the air in the kitchen, 
the shower-room, and outdoors during a period of three weeks. As can 
be seen the kitchen has the higher level during most of the time, but at 
the end of the period it is the same. This coincides with less use of the 
fan in the shower-room. 

g ~ z 0 l m ~  air 

Figure 4. Water vapour content during a three week period with the 
fan mounted on the wall 

In Figure 5 is given an example of the measured values during a week. 
It can be observed that there are shower-periods with and without the 
use off the fan in the wall. 



Temperatures c"C] 
Indoors 21.9 
Duct 22.0 
Outdoors -0.8 

RH[%] 
Kitchen 52 
Shower-room 49 
Outdoors 77 

Figure 5. Fan on wall, one-week-example of measured values on 
temperatures and RH 

Discussion 

When comparing the mean room temperature and the temperature in 
the duet from the shower-room, it is observed that sometimes the tem- 
perature is higher in the duct sometimes lower. When counting the 
peaks and the running times of the fan it can be eoneluded that the 
backdraught caused by the fan in operation decreases the temperature 
to be below the room average. It is also an indication of the use of the 
fan as it can be manually switched off. At weeks with lower RH-peaks 
and frequency of showering the use of the fan is lower giving a higher 
temperature in the duct. 

When only natural ventilation is used the temperature in the exhaust 
duct seems to be slightly higher, less than 0.8 "C, compared to the me- 
an room temperature. This may be caused by the slightly higher 
temperature in the shower-room and that the house is not airtight 
enough to get backdraught when using the kitchen hood. 

The RH in the shower-room is always slightly lower than in the kit- 
chen as an average during a period of more than a day. It is only with 
the case of a fan installed ~YI the duct the RH goes up to the same level 
as for the kitchen. The level is also higher than for other cases during 



wintertime. In the case with a fan in the duct the natural ventilation 
can not work, thus causing more dity inconveniences than with 
solely natural ventilation. 

When comparing Figures 2 and 3 can be seen that the time with high 
humidity is considerably cut down when using a fan. Even if the 
natural ventilation doesn't work when the wall mounted fan is in 
operation the stack effect begins again after the fan is switched off. 
This gives a very short decay period, thus making a lower risk for 
condensation and mould growth. 

Even if the water vapour content in the air is higher than is wanted in 
order to avoid any growth at all of house dust mites, the RH-level is 
well below the range of 55-85 % RH when a greater population of 
house dust mites can be expected. To avoid it completely the water 
vapour content must be lower than 7.0 g water per kg dry air. The mar- 
gin is not very big but it seems that RH is kept just below the critical 
level for growing house dust mites especially when it is kept at a dryer 
level months February and Mareh. 

The temperature drop in  the exhaust duct can be more than 10°C with- 
in an hour. This can occur even if the outdoor temperature is around 
zero. However, this has not caused m y  draR problem to the occupants. 

As the main purpose was to get a better controlled indoor humidity in 
a longer perspective, a week for mould and a month for house 
dust mites, it was not necessary to have a sensor in the fan well cali- 
brated and excellent accuracy. However, the sensor doesn't seem to 
have any good accuracy a t  all as it was impossible to use it a t  the set 
point of 55 % RH and that it sLopped around 60 % RH at  the set point 
of 70 % RH. 

The tennperature rises i diately after that the fan on wall has s top  
ped. This implies that the natural ventilation works and that the RH 
is decreased to an average level of the house. In fact, a set point a t  the 
expected average RH may lead to a too low RH, thus wasting energy. 

The installed fan m m t e d  on the wall gJives the occupants a tool to con- 
. trol the indoor e n ~ o n m e n t  with respect to RH. At a level of slightly 

above 50% RH the y perceive connfort. At this level there is no con- 
densation on apid decrease of RH in the shower-room, the 
backdraught is not recognized, and the fan is easy to use. 

The aceuracy of the sensor in the fan is not very good and is the main 
reason why the lower set point of 55 % RH could not be used. But if the 
fan is mounted on wall it is not necessary to have the set point a t  



55 % RH because the natural ventilation can give this level even if the 
set point is chosen to be higher, a t  least a t  winter conditions. Which 
set point to be chosen is, however, dependent mainly on the 
Werence. 

When the fan is installed in the duct the RH is slightly higher 
compared to natural ventilation and a fan on wall mounted 
application. The inconveniences were greater with the fan mounted 
in the duct than with natural ventilation. 

The recommended solution is to have the fan mounted on the wall 
giving the occupants the best way to control the RH and allowing the 
natural ventilation to work when the fan is stopped. 

The work have been h d e d  by The Swedish Council for Building 
Research. 
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Summary 
Radon is the largest source of risk to human health caused by an indoor pollutant, at 

least in the industrial countries. Subslab Ventilation (SSV) is one of the most effective and 
common methods of reducing indoor Rn concentrations in houses with a basement. 

In this paper, we first quantify the impact of this technique on the air exchange rate, 
through numerical modeling of a prototype house with basement for a range of permeabilities 
of soil and subslab aggregate and various sizes of the cracks in the basement floor. We show 
that a SSV system can increase the air exchange rate by as much as a factor of 4.5 

We then compare the energy and capital costs of a Subslab Depressurisation (SSD) 
system to those of direct ventilation of the basement as required to lower the indoor radon 
concentration to an acceptable level, for a Chicago climate. We show that 1) an exhaust 
ventilation cannot reduce efficiently the indoor radon concentration and may even increase it; 
2) a balanced ventilation with heat recovery is only efficient for low premitigation radon 
concentrations. However, both SSV and balanced ventilation systems are too expensive to be 
used in low premitigation level houses. A SSD system is the most cost effective technique for 
reduction of high radon concentrations. 

Introduction 
Within the United States, exposure to the radioactive decay products of radon (222Rn) 

in buildings is the most important source of human exposure to environmental radiation and 
also one of the largest sources of risk to human health caused by an indoor pollutant [I]. In 
houses with elevated indoor Rn concentrations, the primary source of Rn is usually the 
surrounding soil where Rn is generated by the radioactive decay of trace amounts of radium. 
The predominant process of Rn entry into houses with a concrete basement is pressure driven 
flow of high-Rn soil gas into the basement through small cracks, joints, and holes in its 
concrete envelope [2]. 

Subslab ventilation (SSV) is one of the most effective and common methods of 
reducing indoor Rn concentrations in houses with basements. There are two basic methods of 
SSV. In subslab depressurisation (SSD), a fan exhausts soil gas from beneath the slab floor to 
the outside. The fan usually draws air through one or more plastic pipes that penetrate the slab 
floor. This process decreases the pressure beneath the floor and, therefore, reverses the 
pressure difference that normally causes soil gas and Rn to flow into the structure. In subslab 
pressurisation (SSP), outdoor air is forced beneath the slab using a fan (i.e., the direction of air 
flow is reversed compared to that in a SSD system). SSP ventilates the soil beneath the slab 
floor, thus reducing radon concentrations within the soil near the slab. Soil gas entry into the 
structure continues but the concentration of Rn in the entering soil gas is decreased. 

Approach 
We used a previously tested numerical model [3] to assess the impact of SSV systems 

on building air exchange rate. The numerical code called Non-Darcy STAR (Non-Darcy 
Steady State Transport of Air and Radon ) is a fully three-dimensional finite difference model, 
using the Semi Implicit Method for Pressure Linked Equations (SIMPLE) and the Alternate 
Direction Implicit (ADI) method to solve the Darcy-Forchheimer law (equation 1) together 
with the continuity equation (2) assuming incompressible gas: 

9.c = o  (2) 
where p is the disturbance pressure (i.e., pressure change due to the depressurized basement 
and/or operation of a SSV system), v the soil-gas bulk velocity, k the permeability of the 
porous media, p the dynamic viscosity of the fluid, and c the Forchheimer term. 

Once pressure and velocity fields are computed we use the model "Ra-Trans" (Radon- 
Transport) to solve the radon mass balance equation : 

a. (D~C,) - 9. ( fcRN) + E(S - aRN) = 0  (3) 
where D is the bulk diffusivity of radon in bulk soil, CRN is the radon concentration in the soil- 
gas, S is the production rate of radon into the soil-gas per cubic meter of bulk soil, hRN is the 
radon decay constant, and E is the porosity of the media. 



Lastly, we compute the radon entry rate and the indoor radon concentration. We 
assume a typical house geometry consisting of a one story building with a basement and a 
garage on its side (see figure l).The pressure, velocity and concentration fields are computed 
in a soil block of about 27 m x 27 m in an area centered on the basement of the house, and 
12.5 m deep below the soil surface. Thanks to a plane of symmetry, only half of this domain is 
to be modeled. The models assume that 1) each material (i.e. ; soil, backfill and aggregate) is 
homogeneous and isotropic; 2) the concrete is perfectly impenneable except for cracks; 3) the 
effect of buoyancy in the soil-gas flow field is negligible; and 4) diffusive transport of radon 
through concrete and inside the cracks is negligible. The garage is modeled as an impermeable 
surface. A L-shaped crack is uniformly distributed at all wall/footer/slab joints. The basement 
is assumed to be depressurized by 10 Pa. 

Z 

Ba 

Plane of I I Cross section A-A 

I 

Figure 1: Schematic reprcscntation of the typical housc as modclcd by Non-Darcy STAR . 

Impact of SSV systems on building air exchange rate. 
We conducted a parametric study on SSV systems. Parameters are soil and gravel 

penneabilities, mode (SSD or SSP), crack width, and applied pressure. We describe here the 
effect of SSV systems on the air exchange rate of the building when operating with different 
parameter values. 

The mode of operation, SSD or SSP, has a minor effect on the added air exchange rate. 
Air is extracted from the basement through the cracks in the slab by a SSD system instead of 
being blown into the basement through the cracks in the slab by a SSP system. Differences in 
the flow extracted from and blown into the basement are mainly due to the differences in the 
pressure gradient between the pit and the basement, e.g.: -60 Pa to -10 Pa for a SSD system 
versus +60 Pa to -10 Pa for a SSP system. As a consequence, the impact on the building air 
exchange rate of a SSP system is higher than the one of a SSD system for the same absolute 
value of applied pressure at the SSV system pit. However, for high values of applied pressure 
(k250 Pa) and tight soils (configuration leading to high impacts of the SSV system on the 
building air exchange rate) flows blown into the basement by a SSP system and flows 
extracted from the basement by a SSD system differed by less than 10 %. We will only present 
here results for a SSD system, which is the most common. 

Gravel permeabilities and Forchheimer terms used in the numerical simulations were 
previously measured in a laboratory test [3] and are given in Table 1. Soil permeabilities were 
chosen in the very top of their reported range. With low permeabilities, the soil acts like a 
perfectly impermeable media. In addition, models using similar hypothesis than non-Darcy 
STAR tend to under predict flows in the soil by as much as a factor of eight 141, probably 
because the effectivz permeability of soils around houses is greater than the average of several 
point measurements. 



Permeability [m2] 1 2 lo-s I 1 lo-7 I 3 lo-7 
Fnrchhcimer tcnn Islrnl I h 13 20 1 

Soil permeability [m2] 

Figure 2: Predicted flows of air in the SSD system and flows of air cxtractcd from thc basement 
- through the cracks in the slab. Basement dcpressurisation is -10 Pa. Applied prcssure at the system pit 

is -60 Pa. A 1 mm L-Shaped crack is uniformly distributed at all wall/footer/slab joints. 

We show (Figure 2) that for high soil permeability most of the flow originates from the 
top soil surface, while for low permeability soils, most of the flow extracted by the SSD 
system originates from the basement. The flow through the SSD system for a given 
depressurisation at the pit increases with increasing soil permeabilities and increasing gravel 
permeabilities. The flow extracted from the basement by the SSD system increases with 
decreasing soil permeabilities and increasing gravel permeabilities. 

Increasing the depressurisation from -60 Pa to -250 Pa at the system pit doesn't affect 
much the partition of the flows (originating from the top soil surface or from the basement), 
only their magnitude is increased. The flow extracted from the basement by a SSD system 
operating at -250 Pa in a 10-11 m2 permeability soil and a 3 x 10-7 m2 permeability gravel, is 
0.06 m3/s (1.8 ACH). The air exchange rate is [S] :  

where Rot is the total building air exchange rate, Rlyp. is the typical air exchange rate (0.4 
ACH 161) and Radd is the additional air exchange rate due to SSV operation (i.e. , the flow 
from the basement to the gravel). 

The air exchange rate of the building can be increased by as much as a factor of 4.5. 
Figure 3 shows that the ratio of air extracted from the basement to total SSV flow increases 
rapidly with decreasing soil permeabilities : from 0 % to 100 % in 2 orders of magnitude of 
soil permeability. Sealing the cracks can only modify this ratio for high soil permeabilities. 
However, by increasing the resistance to flow of the cracks, sealing will lower the SSD system 
flow. 
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Figure 3: Percent of flow in the SSD system exhaust pipe originating from the basement for various 
soil permeabilities and crack widths. The gravel permeability is 3.10-~ m2* and the basement 
depressurisation is -10 Pa. 

Cost effectiveness of a SSD system compared to an exhaust ventilation and to a balanced 
ventilation with heat recovery as a radon mitigation technique. 

We used the previously described geometry with a 1 mm L-Shaped crack, soil 
permeabilities of 10-lO m2 and 10-1 1 m2 and gravel no 2. We computed the indoor radon 
concentration assuming a single zone well mixed building resulting from combinations of 
three deep soil radon concentrations (30,000 I3q/m3, 90,000 Bq/rn3 and 180,000 Bq/m3) and 
three different winter conditions: A) Tout = -10 T; B) Tout = 0 " C) Tout = +10 T, with a 
constant wind speed of 3 m/s. 

We made this comparison study on the part of the building modeled. Two SSD systems 
would be used in our typical building, and we assumed that similarly, up to two exhaust fans 
or two balanced ventilation systems (or twice as expensive) would be installed as each part of 
the building would be treated separately. The part of the building considered, has an ELA 
(Effective Leakage Area) of 0.015 in2 uniformly distributed on its sides. Its volume is 122.5 
m3. 

Case 1: No Mitigation System. 
Assuming natural ventilation and no mitigation system, the depressurisation at the basement 
floor level of the building is given by [7]: 

A P f  = fk +AP, 
where the depressurisation due to the stack effect is: 

Lip, = p g m z  f - z, ) I T,, (6) 
and zf-zn , the difference of elevation between the pressure neutral point and the basement 

floor level is 3.75 m., ApW= 0.6 Pa for a wind speed of 3 m/s.[7], p is the density of air, g the 
acceleration of gravity, A T  the indoor - outdoor temperature difference and Tint the indoor 
temperature. 

The resulting indoor radon concentrations are calculated by: 

g ~ o r  

where C R N , ~ ~ ~ ~ ~ ~  is the indoor radon concentration, C R N , ~ ~ ~ ~ ~ ~ ~  is the outdoor radon 
concentration equal to 9 ~ ~ / m 3 ,  Entry is the radon entry rate normalised by the deep soil 



radon concentration, Coo, and Qrot is the total flow of air between the building and its 
surrounding (including the soil). 

Table 2 gives the results from this first set of simulations which constitute the base 
case for the comparison. 

Case 2: With a SSD svstem 
A SSD system is installed and operated with a -150 Pa depressurisation at the system 

pit. The new depressurisation in the basement is determined by iterating the following process: 
1) computation with non-Darcy STAR of the flow exhausted from the basement by the SSD 
system for a given basement depressurisation, 2) calculation of the depressurisation in the 
basement integrating the depressurisation associated to the flow extracted from the basement 
by the SSD system (equations 8 & 9). If the depressurisation is different than the one used in 
Non-Darcy STAR return to step one with the newly calculated depressurisation. 

where: Qstack, Qwind are the flows due to the stack effect and the wind effect, Qext is the flow 
extracted by the system from the basement, and Apext is the depressurisation induced by the 
Qex t. 

Table 3: Basement depressurisations and building air exchange rates when a SSD system is operated with a- 

In each case, the SSD is fully successful : no soil gas is entering the basement as the 
depressurisation in the gravel is lower than the depressurisation in the basement. As a result 
the indoor radon concentration is equal to the outdoor radon concentration (Table 3, col. 8). 
However, we see (Table 3, col. 3) that depressurisation induced in the basement by SSD 
system operation is substantial. This could cause backdrafting of the exhaust fumes of the 
furnace or other appliances into the house. The ventilation rate of the house is also increased 
greatly. 



We computed the required air exchange rate to reduce the indoor radon concentration 
given in Table 2 to either the EPA action limit guideline of 150 Bq/m3 or either 37 BqIrn3. 
From quation 7, 

Rm = [el Entry * C, 
CRN.indoor - CRN.owdoor 

Where: Vol is the volume of the building considered. 

Then, we computed the depressurisation induced by the exhaust ventilation at the 
basement floor level (equation 9) and we used non-Darcy STAR with the new basement 
depressurisation to compute the actual indoor radon concentration when the exhaust 
ventilation is operated. 

Exhaust ventilation flow [m3/s] 
Figure 4: Indoor radon concenmtion when an exhaust ventilation is operated. The depressurisation 
in the basement induced by the exhaust ventilation is given in between parenthesis. 

For elevated premitigation radon concentration levels, flows required in the exhaust 
ventilation are unrealistic (up to 6 ACH) When a small reduction of the indoor radon 
concentration is required, the depressurisation induced by the exhaust ventilation increases the 
radon entry rate, and the desired indoor radon concentration level is not obtained. We iterated 
the process : calculation of the required air exchange rate with the latest radon entry rate, 
calculation of the induced depressurisation and computation of the obtained indoor radon 
concentration. Figure 4 shows that after a first small decrease in the indoor radon 
concentration for low exhaust ventilation flows, higher flows may increase the indoor radon 
concentration. An Exhaust Ventilation shouldn't be used for radon mitigation purposes. 

A balanced ventilation system doesn't affect the building pressure profile. The building 
air change rate and then the flow in the balanced ventilation are calculated so that the indoor 
radon concentration does not exceed 1) 10 Bq/m3 (= outdoor radon concentration), 2) 37 
~q/m3,  and 3) 150 Bqlm3. (EPA guideline). Air exchange rates are given by equation 11, 
flows in the balanced ventilation are given by : 

Q ,  = Q,, - d- 
where Qbal is the flow in the balanced ventilation system. 

The maximum flow handled by a practical balanced ventilation is around 0.1 m3/s. As 
a consequence, only premitigation levels lower than 16 Bq/m3 could be reduce to 10 Bq/m3. 



Similarly only premitigation levels lower than 210 BqIm3 and 1030 Bq/m3 could be reduced 
to 37 BqIm3 and 150 BqIm3, respectively. 

Attaining an acceptable indoor radon concentration, (but not to the outdoor radon 
concentration) with a balanced ventilation is only possible if the premitigation concentration is 
low or moderate. Our simulations show a perfectly working SSD system, however we remind 
the reader that the geometry of the typical house is design for best performances of a SSD 
system. Nonetheless, SSD system have shown very good performances in field studies and is 
the most efficient technique to mitigate houses with high radon concentration premitigation 
levels. 

Cost comparison. 
For this cost comparison, we considered the "moderate"c1imate of Chicago. To 

compute the heating penalty associated with an additional air change rate, we used the bin 
method as described in Fisk et al. [9]. We use the weather data from the US-Air Force manual 
[lo]. The indoor temperature is 20°C, the building balanced point is 15.6 OC, and the heating 
season for Chicago is from October to April. The heating load imposed by ventilation is given 
by: 

Where E is the heating load, Cp is the specific heat at constant pressure of air, Tj is the outdoor 
temperature at the midpoint of the bin j, Bj is the number of hours the outdoor temperature falls 
within the temperature bin j. 

The electricity cost in 1992 is $0.0786 KW/h and the projected real escalation rate for 
the next 10 years is + 0.12 %" . We assumed a 3% real discount rate for money. The net 
present cost of a system over the next 10 years is then given by: 

i 
' 

NPC = cc + O P C ~  
lo [%I i l l  

(13) 

where NPC is the net present cost, CC is the capital cost, OPC is the operating cost, f is the 
real price escalation rate, and d is the real discount rate. 

The installation cost of a SSD system is = $1100. [ll]. The SSD operating cost 
comprises the fan energy consumption : (50 W) $35 for 1992, and the heating load. The fan 
energy is lost as the fan is placed in the stream. Maintenance is done by the homeowner at no 
cost. The building air change rate when the SSD system is operating, is about 1 ACH (Table 3) 
compared to about 0.4 ACH in absence of the SSD (Table 2). The heating load of a 0.6 ACH 
added air change rate is 7.9 GJ (from equation 12) which leads to an additional $172.5 
operating cost in 1992. The net present net cost over 10 years of the SSD system is $2880 . 

The installation cost of a balanced ventilation is: $1700.. . Maintenance is done by the 
homeowner at no cost. The flow in the balanced ventilation is supposed to be fixed over the 
year at either the value computed for a -lO°C outdoor temperature which means that the indoor 
radon concentration will be lower than the goal concentration 94 % of the time, or either for a 
O°C outdoor temperature which means that the indoor radon concentration will be lower than 
the goal concentration 65 % of the time, but higher 35% of the time. 

The effective sensible recovery efficiency of the system is 65 %**. This figure accounts 
for fan energy consumption and the part of this energy recovered by the building. During the 
heating season, the operating cost of the balanced ventilation is then equal to the energy cost 
of the heating load of 35% of the air change rate induced by the balanced ventilation. For the 
rest of the year, the operating cost of the system is equal to the cost of the fan energy 
consumption. 

* Electricity price and projected real escalation rate from Energy Information Agency, Annual Energy 
Outlook 1992, p. 66 ** 

Source: Conservation Energy Systems Inc, vanEE, Mineapolis, USA 



Table 5 give the net present cost of the balanced ventilation for the different 
combinations. We see that for small reductions of the indoor radon concentration (1250 
~ s / m ~ ) ,  a balanced ventilation system could be cheaper than a SSD system. However the cost 
of both systems is probably too high for most homeowners to be used for such a purpose. New 
techniques (passive techniques ?) that do not substantially increase energy use are needed to 
deal with low premitigation level houses. 

Conclusion 
Our numerical model shows that with low permeability soils a SSD system can have a 

great impact on the building air exchange rate, as for tight soil all of the flow in the SSD 
system comes from the basement. Sealing the cracks in the basement floor will reduce the flow 
in the SSV system and the amount of increased ventilation in the house. 

An exhaust ventilation cannot reduce the indoor radon concentration efficiently and 
may even increase it. A balanced ventilation with heat recovery could be a cheaper alternative 
to a SSD system for small required radon concentration reductions (2 250 ~ q l m ~ ) .  However, 
both system are too probably expensive to be recommended at such low premitigation levels. 

For elevated premitigation radon levels, a SSD system is the most efficient and cost 
effective technique. 
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Due b the complexity in desuibii the simuftaneous &e& of a mmbes of factors that idhence the climate 
of en attic space it bas proven to be difEcult to malce sinnrlations of it. 

This report deals with the p m b h  of using difkent computer programs for ventilaaor~, heat and moisture 
way so that a proper description of the attic climate can be achieved. 

A overview of attic space chwke and the faders affecting it will be given and it will be described 
how the simulation w e t  works;. R~~ fi-om a sinnrlcation will be given and eomrnerrted upon. 

2 A*c space climate 

2.1 General 

The most impo-t parametas for desmibiig the auic climate as fm as the hygm-thermal behnviour of the 
attic space is concerned are relative humidity values and res for the air in the &c space itself and at 
the d a c e  of mataids exposed to the attic space. Knowing these p and their vari&ions quite a I d  
of d u s i w s  can be drawn r e p a w t h e  expeded perf- etc. 

ThRdcspace is by a of factom such as on raie, outdoor climate, 
misture e x h g e  by convection between the part of the building, inrmlllaim 
degree of the d c  floor, solar radiation on the in the attic space, 
moisture and other propeities of materials used etc. 

2.2 Ventilation 

The purposes of v d a t i n g  an d c  spspaee is to remove moisture and to decrease the temperature in the attic 
space. In most cases purpse provided ventihtion devices are imtalied m order to v d a t e  tfie attic space 
natudy, by meaxis of wind and s o s n c t k s  stirck forces. Thr: most sinpie and o most common 
way to provide h e  v a t  devices is to leave a slat 
the ventilation of the attic pace is wind conditions around the building. 

moisture conditions of an cdtic space must involve a calculation or d 
flow, otherwise ca lcuMm cannot be und 

The most severe problem in calculating or vdMm is to d wMthewindclmto 
the building really is like (speed and there is a problem to select reliable 
pressure &cierrts for the intake and you must know the geometry of the 
flow paths ofthe ventilation 

Ttre *-driven on of the attic atso irdluences the pressure d 
part ofthe building thus affecting fhe comedive moisture e 



2.3 Heat balance 

Thehestl>alanctl ofthe atticspace is g o v d  by a large number of factors such as the mtdoor climate 
(inctuding solar radiation), the the climate and the thelation level of the attic floor, comedive heai 
exchange; radiative heat etc and the ve~lfid&oa If condtpgatim 1 ontakesplaceat 
some surhce(~} this will also infhence the heat CO&OI~S. 

The moisture w ~ o n s  of an anic spere are g o v d  by the outdoor climate, the convective moishw 
b e e n  tbae attic d the heated part of the building and the moighve exchange between the attic 

and the materials in it, (absorption or desorption). Ifthe relative humidity should be considered, also the 
oftheaiiandat~mstbetakenidoaccount. 

3.1 General layout 

and the moisture balance with an dgoritbm for the 
velocity and direction. fcw the 

amvective moisture ;iod h3.t betweem the attic and the heated part of the b u i l d i  

data file of outdoor climatic clata is used 
1971 - a widely used year for energy calculations in Sweden). 

program, describing dl the convective paris of the 
d calculation on heat trans%= due to 

conduction arid radiation 

into accounl sorption and 

Weentheatticandtheheirted 
part of the building. 

The calculations are for d ofthe walls ofthe b u i l w  and the bottom 
Boar in the attic. The calculation results f i  are shown in figma 
3.2.l.a - 3.2.l.f For all the calmlati- the wind velocity used is the local wind velocity at roof top level. 
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DEROB or Dynamic E m g y  Reqome of Buildings is a computer progratn in Standard-Fortntn with 
gmaabd algorithms for the calcuiatson of bmpmhms and energy m ~~y desijjd buildings. The 
prognun was originally M o p e d  by F.N. Arumi at the S h l  of Architecture, University of Texas, Austin, 
US, (Arumi & Wysocki, 1979 d Arurni, 1979). The work with the development of the progam was started 

;97;- && L&== faah- k v - d ~  & ae of Building Sa- Lund University. 
The version used for the calcullltions is called DEROB-LTH. 

Moisture absorption and daorption ~d sudices exposed to the attic atmosphere is calculatecl by using the 
moisture transfa equation 

* 
8 = density of moisture flow rate 
delta =vlapourpameability 
v = vapow co?lcdmbon 

and the boundary condition 

where 
beta = &e coefficient of vapow t rader 
vsur =vatmalaM's&e 
vadtic =v in the su r rou~a t t i c a i r  

The surface the various building elemen& surrounding the attic are .taken h n  the DEROB 
simulation. re distribution between the &es is considered hear, thus disregarding al l  
eBectSofheatcapacity. 

To cafry out the calculations it is necessary to lamw the vapour dity as a finction of the moisture 
content and the hygroscopic sorption curve (reidon between moisture content and dative humidity}. 

A simple fmard diffknce is used to solve the equations and for each time step the evaporation &om 
thi? smmuMfing surfaces @map) tn the attic is calculated. 

For each* step a new attic vapour c w d m  is then calculate& 

where 
vadti- =new onintheatsic air 
vattic,old = 01dvapourconcarh.atminthe atticair 



Raut =airflowtotheatticfiamtheoutside 
Rin -airflowtoiheldticfiomtheinside 
dt =timestep 
v -a t t ic~~hlme 
Vovt = outdoor air vapour c d m  
vin = indoor air vapour umanhtion 

map = ~ o f ~ m f l o w r a t e  

Simulation application 

4.1 General input data 

TIE cslculaticms h e  been perf- for a building by the size of 7.4 m * 7.2 m with a height to tbe eaves of 
2.5 m. The buildiw bas a roof with a ridge height of 0.75 aa 

The roof of the house consists of a 22 mm thick wooden panel and a roof feft. The roofis s'upporkd by trusses 
(45 rmn * 145 mm). The &tic floor is iosulratad with 200 mm of mineral wool (lambda = 0.04 WImK). Tbe 
indoor moisture s r y  (in tfie part of the building) is 0.003 Wm3. 

The wind pressure c o & d  used are shown in figure 4.1.a 

Wind pressure mfficient 

Surface Windactingrm Windadiogon 
long side. (dir A) gable side (dir 8) 

1 0.3 -0.3 
2 0.4 -0.3 
3 -0.5 -0.3 
4 -0.5 -0.3 
5 -0.3 0.3 
6 -0.3 0.4 
7 -0.3 -0.3 
8 -0.3 -0.3 
9 0.4 -0.4 

10 0.4 -0.3 
11 -0.5 -0.4 
12 -0.5 -0.3 

Figure 4.1.a Wind ptes~ure used in the s.iOrmlations 

on ofthe Bhtic space k p v i d e d  by a 20 nun wide slot at & roof eave dong the longer side of 
the building. 



The results of the and convection calculations pedbrmed by aeans of the MLNBS program were 
ed for introduction as a1 in the DEROB-BKL and the PIVIND in the following 

way 

Ye&&n of affie space with occailoor air 

For wind direction perpendicular to the eaves (0 deg} 

where 
q = ventilation flow rate (&/s) 
u = vviod velocity at roof top (mi$ 

For wind direction diLvlar to the gables (90 deg) 

G o n v e d i o n ~  &osI%ive) or fo (nebhe)  
fke hcdedparl. of&e building ~ol f iorn  the a r f f i c  space 

LS0 = 3 m31mzh @mnidf airtightness) 

Far 0 &g q = 0.0060 - 0.0014 u 
For 90 &gq= 0.0014 + 0.0010 u 

For 0 deg q = 0.0060 - 0.0020 u 
For 90 &g q = 0.0014 + 0.0020 u 

4.2 Output data h t h  comments 

Inthissectimresuft.:Grorna 
hw the possibilities o  

t h i s ~ b e a r n ~ w i t h m o u t d ~  the mokbre levels in the 
lrttic space. 

lartot8e eaves &ringthe whol 
4. 1). The 0UtdOOT CO&OnS 
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Figure 4.2.a 

The figure shows the air outdoors and in the attic space. It can be seen that the attic air 
-re always exceeds the outdoor air . Thedifference canbeuptoarcrund lO&gC, 
probably CmfllnnY days- 
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outdoors and intheattic space, as wellasthediffirenebetween 
behaviour of tbe vapuur ccmwntndon in the attic space can be 

wtdoo~conditi~~ ThisismoreeasiIyseeninthegraphfor 
I l l a i n r e a s a n f o r t h e s e d 0 l l ~ i s ~ 1 y t f t e ~ ~  
the attic air. This could be studied more specifically in figure 

4.2.d 
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Figure 4.2.c 

The figure shows the ventilation with outdoor air of the attic space as well as the convective exchange 
between the attic and the heated part of the buiIdkgFirst of all it can be s e a  that, compared to the 
~ o n , t h e c o n v e c i i v e ~ i s s m a l l .  -is probably duetothefitctthatthesimulatedcaseisthe 
most Ykvourable' ( m d  airtightness of the attic floor and wind hitting the 1 o n g - m  of the house; see 
d o n  4.1 for details!). The vedhtion rate however vark cmidembly due to difbeat wind velocities 
duringtheperiod. Fortheperiodsludiedthereseemstoka@~inon~duriog The attichas 
a volume of 40 m3 so the ventilation rate of 0.2 m3h e.g c- to 0.2*3600/40 = 18 ach. This seems 
1- L - r- .- P.. . . I. - .  

Figure 4.2.d 

Moisture exchange 
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The figure shows the moisture excbge  h e e n  the difEkrent parts of the envelope of the attic and the attic 
air. Most surfaces seem to have a relatively modest exrhange (close to 0 g/s) while others give relatively large 
contributions (Roof W, roof E and the etusses especially). By campating this figure with figure 4.2.a it can be 
seen thst largP: desorptimf moisture is closely connected to sunny days, whiIe,on the opposite, sorption takes 
place on cold nights. 

I 

! 



The figure h the global moisture exchange foll the attic space as a whole, both momentarity and 
acumul&edforthewholemonth. Thepeaksfortheaomendariycase, alsoseenmthelestpichue,arestill 
there. The acaurmladion graph shows that during this inonth there is a drying out ofthe attic with appr. 7 kg 
water, with variations m accumulation between 30 kg and - 15 kg 

The figure is a XY-plot of relative humidity at a surface (roof W) again& surfke temperature. As can be seen 
there s e e m  to be a conm&&on of dots around appr 15 degC and RH around 60 per cent The variations 
am however large. There is a predicting the risk for mould growth on 

afticgntcesince cornbi~la#ions of and RH represent differeott risk levels for 
( ' d m  & Elxnmmq 1991). 



5 Literature 

Ammi, F.N.& Wysocki, M. (1979,). The DEROB System Volume I, User's manual for the DEROB System. 
N~~merical Sirnulation Laboratory, School of Architectwe, University of Texas, Austin, Texas, US. 

Arumi, F.N. (1979). The DEMB System Volume II, Ezplanatory Notes and Theory. Numerical Simulation 
Ialwmtory, School of Architecture, University of Texss, Austin, Texas, US. 

Fredlu4 B. & 8tblad, K (1985). WkX*DRBBMrI-FX: (Irrtemal document}. Departmeat of Building 
Science, Lund Miute of T&logy&W University, Lund, Sweden. 

Liddament, MiW. (1 986). Air Infilfratron Calculation Technrqites - An ,4ppkcafions Qutde. Air lnfihdon 
and Vdhtion Centre, Warwick, UK. 

Nevander, L.E. & E b s o n ,  B. (1991). Mozsture Deszgn for Wooden Constmctrons, -4 Rzsk AnaLysrs 
Scheme, (En Swedish). (Report R38: 1991). Svensk Byggtjlinst, S o b ,  Sweden. 

Walton, G.N. (1982). A Computer Program for Estimating Infiltratron and Infer Room Arr Flows. @lBS 
Repart NBSIR 83-2635). Natiooai Wlreau of S t a d i d ,  LTS. 





Ventilation for Energy Efficiency and Optimum 
lndoor Air Quality 

13th AlVC Conference, Nice, France 
15-1 8 September 1992 

Poster 12 

Ventilation Requirements In Modern Buildings. 

F. Steimle and J. R6ben 

Universitat Essen, Angewandte Thermodynamik 
und Klimatechnik, UniversitStsstr.15, VV4300 
Essen 1, Germany 



Ventilation requirements in modern buildings 

Synopsis 

Besides the hygienic aspect, also the aspect of energy saving of heating 
residential buildings is very important. This is only possible by mechanical 
ventilation with heat recovery. This paper describes a part of the large 
variety of systems, which are nowadays available on the market. The main 

difference of these systems are: 

-single room unitldecentral unit and 
-central unit for one dwelling or a single family building 

For the heat recovery are used: 

-only a plate heat exchanger (return air/supply air) 
-only a heat pump (return air/supply air or return airlheating water) or 
-a plate heat exchanger combined with a heat pump (return air/supply air) 

As heat source for the heat recovery are used: 

-only the return air 
-the return air mixed with the flue gas by using a gas heating system. 

List of symbols 

k overall heat transfer coefficient [W/m2~] 

km average of the overall heat transfer coefficient [W/m2~] 

 tot total heat requirement [kWh/m2a] 

4 ventilation heat requirement [kWh/m2a] 

4 transmission heat requirement [km/m2a] 

t temperature ["C] 



1. Introduction 

Due to the energy savings the buildings are more tightly joined today and 
the basic ventilation is not longer guaranteed. A simple solution to extract 
the pollutants and moisture is the ventilation through the windows. The 
comfort for the inhabitants is very often impaired and the heat loss is not 
irrelevant. 

However, if in the future the new regulations of energy demand for 
buildings is given by law, the buildings must be changed in their 
construction (walls, windows, insulation) and their ventilation. The demand 
to save the greatest possible part of energy is justifies a mechanical 
ventilation system. This kind of system allows a controlled ventilation and 
in combination with a heat recovery system is it possible to reduce the 
expenditure of energy. The following paper describes ventilation systems 
recently introduced in Germany to reach a maximum of comfort with low 
energy demand. 

2. Ventilation of residential buildings 

As everyone knows, the function of the ventilation of residential buildings is 
to create comfortable indoor air quality. As far as "comfort" is concerned, 
we always talk about the thermal comfort, the temperature and the air 
velocity, and forget that there are also other important parameters. The 
heat trader from the occupants is radiation, convection, and also 
evaporation of moisture. The latter is mainly due to breathing, but 
occasionally also occurs through the skin. Approximately 20 - 22% of heat 
loss from a person doing regular activity is evaporation of moisture. We 
produce water vapour and this inevitably leads to uncomfortable indoor air 
quality. 

3. Improvement in the window areas 

Frequently, there are discussions to improve the insulation of the buildings 
by increasing the layers of insulation material on the walls. In the next few 
years it is necessary to improve the thermal quality of windows. There are 
already many different kinds of windows on the market and research will 
help to improve the particular window constructions currently available. 

An easy way to improve the windows is to use multiple glass with thermal 
insulated roller shutters. Radiopacity or radiopaque foils can be partitioned 



between the glass of the \Kindow to trap the energy of the sunlight during 
the day and the longwave themal energy of the building during the night. 
This idea is, at the moment, in development and prototypes are on the 
market and currently being tested. 

As for the W o r  surface temperature in which we are interested at the 
moment, we can reach a k-value of less than 1.0 w / ~ ~ K  in the window 
area. We should not insulate the walls repeatedly but rather do something 
in the window area in order to get a symmetrical indoor surface 
temperature to meet the demand of comfort and humidity. It should be 
clear where the thermal insulation has to be placed because the k-value is 
only one parameter and the storage the other. An old rule of 

cs is that we have to install the thermal insulation always on 
the cold face, but that means in buildings, in winter on the outside and in 

r on the inside. 

4, Ventilation heat requirements 

Figasre 4.1 illustrates the percentage of the ventilation heat requirements to 
the total heat requirements -according to the kind of insulation against loss 
of heat of the building- compared to the transmission heat requirements. 

It is possible to decrease the transmission heat requirements with certain 
insulation measures on all parts of the building covering, but the ventilation 
heat requirements as a rule does not change. There is, regardless of the way 
of ventilation, a certain amount of energy necessary to heat the supply air 
from the outdoor temperature up to room temperature. As better the 
insulation of a building, as higher is the percentage of the ventilation heat 
requirements to the total heat requirements. 

The left beam in Bgasre 41 shows the annual expenditure of energy of a 
single family dwelling. This building, built before 1978, needed 
approximatly 290 km/m2a, which means nearly a fuel consumption of 28 1 
fuel oil /m2a. The right beam illustrate the expenditure of energy by using a 
m e c h a ~ c d  ventilation system with heat recovery. 

Since 1982 a regulations of energy demand for buildings is given by law. 
me second beam shows the conditions of the present situation in Germany. 
The result shows the reduction of the transmission heat requirements 
clealy. rial meam, ahat the losses, due to the uncontrolled ventilation 



have a main share in the total expenditwe of energy. The inset of a heat 
recovery system leads to improvements by nearly 15% related to the total 
expenditure of energy. 

300 11 heat 1 

before 1978 since 1982 in future I in future II 
k,ca. 1,15 k,ca. 0,62 k,ca, 0,45 k,ca. 0,3l 
6" ca. 25% ih. cs. 25% 6, ca. 36% d, ca. 44% 

Fjig~lre 4.1: Relationship ventilation- jtransnaission heat requirements 

By intensifying the regulations of energy demand in buildings (k-value 
reduced to 30%), only a slight increae of eneru saving is possible. To 
obtain values of about 60 to 70 kw/m2a  is only possible with a heat 
recovery system. Without using the heat of the return air - ~ t h o u t  the inset 
of a heat recovery system-, the k-values m s t  be I rmi~~zed .  In this case we 
have to ask for the cost effectivemss. 

By using a ventilation system vvith heat recovery it is possible to save 35% 
of the total filament energy demand for one single-fannily dwelling. 
Furthermore, the C02-emission of for example a fuel heating system goes 
d o m  to 113 approximately. 

5. Heat reea~veq in residential buildings 

We have different ways to use a heat recovePy system in residential 
buildings. The best way is to extract the air from the Etchen, the bathoom 
and the toilet, because these are the room ~ t h  the highest pollution. The 



supply air is corning into the bedrooms and the living rooms. It is also 
possible to change it over during the night to have more supply air in the 
bedroom and during daytime more in the living room. All air is going 
through a heat exchanger. 

The following describes ventilation systems with heat recovery, which are 
most common in Germany at the moment. Table 5.1 explains the 
components and the symbols for the skeleton sketch of the ventilation 
system in figures 5.1 - 5.4. 

supply air 

Table 5.1: Components and symbols for a ventilation system 

Figure 5.1 shows a mechanical ventilation system for single rooms with a 
plate heat exchanger. This system is used for single rooms if there are 
moisture problems (decentral unit). The supply air temperature is lower 
than the room air temperature, therefore a special installation is necessary 
to avoid draughts. It is also possible to install an extra heater before the 
supply air gets into the room. The supply- and the exhaust air fan are both 
on the same shaft with one driving motor. This system is independent from 
the heating system and it saves a part of the energy by a plate heat 
exchanger. 



return air return air 

Figure 5.1: Ventilation system for single rooms 

air distribution 
in the building 

Figure 5.2: Ventilation system for one dwelling or one single family 
building 



A sianple system for dwellings or single buildings is illustrated in 
6wre 52 .  It concerns a central ulait ~ t h  a heat exchanger, and a reheater 
for the supply air. The position and the m e  of construction of this 
ventilation unit can be done for the dwefing h different ways. For example, 
hoPizontal in the loft, vertical in the dwelling or hmging combined with a 
hood in the kitchen or from the ceiling in the area of the hall. This system is 
independent from the heating system and the reheating of the supply air is 
made by an electrical heater or by an airlwater heat exchanger, which is 
combined with the heating system. 

A 
outdoor air 

Figanre 5,3: Ventilation system with heat exchanger and heat pump 

Figure 53  shows a ventilation system vvith heat exchanger and heat pump. 
The applicaeion of this system is also in dwellings or single 
and the position and the type of eomtmction is the same as in the system in 
figure 52. Tbe heat recovery is made by a plat heat exchanger and a heat 
pump, which is added. The heating capaciv is larger than the ventilation 
heat requirements, that the transmission heat requirements can be covered 
pa~ly.  Additional heat capacit~r is in a hi& insdated building only 
necessaq if the outdoor temperature t is lower than 0 - 5°C. 



If there is a gas heating system in the dwelling or single family building it is 
possible to use a ventilation system, which is illustrated in 1Giere 5.4. The 
central ventilation unit should be installed near the rotate water heater. 

W e n  the flue gas is mixed with the exhaust air the regulations of eYs 
for the exhaust air ducts has to be considered. In this part of the 
ductnetwork negative pressure must be garameed. For this reason the 
exhaust air fan must be installed near the external covering of the building. 
The reheating of the supply air by a heat exchanger is integrated in the 
heating system. The control device is installed separately in the supply air 
with a themstat  valve. In this system, the heating capaciv is larger than 
the ventilation heat requirements, that the transmission heat requirements 
is covered partly. 

air distribution 

Figure 5.4: Ventilation system combined with the heating vstem 





Ventilation for Energy Efficiency and Optimum 
Indoor Air Quality 

13th AlVC Conference, Nice, France 
15-1 8 September 1992 

Poster 11 

Interaction of Heat Load and Air Supply in GAV 
Systems. 

J.L.M. Hensen 

Eindhoven University of Technology, Group FAGO, 
HG 11 37 ,  P O Box 51 3,5600 MB Eindhoven, The 
Netherlands 



SYNOPSIS 
By means of parametric analyses, the paper describes how the "constantness" of a Con- 
stant Air Volume system is affected by temperature differences resulting from heat load 
variations or otherwise. Several design related parameters are considered. 
The paper starts with the background, then an outline of the (simulation based) 
approach, and how calculations were performed. Results are shown with respect to 
consequences for volume flow rates and for energy consumption. 
The paper finishes with some conclusions, indicating there is a "flaw" in current ventila- 
tion standards, that it is hard to make real constant volume system, some preliminary 
conclusions with respect to energy consumption consequences, and that this type of 
problem really needs an integral (simulation) approach of building and systems. 

To minimize the energy consumption related to the distribution of air, a W A C  system 
could be dimensioned based on constant (and preferably as low as possible) air flows. 
In such a Constant Air Volume (CAV) design the fresh air flows to the various building 
zones are supposed to match the fresh air demands. In practice the latter is dictated by 
governing ventilation standards. 
When designing a CAV system, it is common practice to assume constant air tempera- 
tures (ie fluid derisities). In reality this is not so since the outdoor temperature varies 
and because the heating or cooling power of a CAV system is controlled by changing 
the supply air temperatures. Due to buoyancy forces and other density related effects, 
the air distribution to the various spaces will therefore vary with time. 
In order to give some qualitative and quantitative information of the consequences - for 
flow rates and energy consumption - due to this "constant air temperatures" assumption, 
parametric studies were carried out based on simulations for a reference CAV HVAC 
system. These simulations were performed with a modelling environment, which sup- 
ports analysis of coupled heat and fluid flow. 
This paper now continues with a brief outline of the calculation method, a description 
of the reference CAV system and the results of the parametric studies. It finishes with 
some conclusions in terms of ventilation standards, flows, energy consumption, design 
decisions and future work. 

In earlier publications a N1 account has been given of the internal workings of the 
d simulation environment both with respect to energy simulation in general (Clarke 
1985) and with respect to simultaneous heat and mass flow simulation (Clarke and Hen- 
sen 1991, Hensen 1991). An outline of the approach which is used could be: during 
each simulation time step, the mass transfer problem is constrained to the steady flow 
(possibly bi-directional) of an incompressible fluid along the connections which 
represent the building1 plant mass flow paths network when subjected to certain boun- 
dary conditions regarding (wind) pressures and/ or flows. The problem reduces therefore 
to the calculation of fluid flow through these connections with the internal nodes of the 
network representing certain unknown pressures. A solution is achieved by an iterative 



mass balance technique in which the unknown nodal pressures are adjusted until the 
mass residual of each internal node satisfies some user-specified criterion. 
Each node is assigned a node reference height and a temperature (corresponding to a 
boundary condition, building zone temperature or plant component temperature). These 
are then used for the calculation of buoyancy driven flows (or stack effect) which are 
obviously of importance in the current context. Since the approach for buoyancy calcu- 
lations has already been described in an earlier paper (Clarke and Hensen 1991), this 
will not be repeated here. 
The in ESpR incorporated flow simulation module mfs offers many different flow com- 
ponent types. In the mmnt context, only the flow conduit (duct), flow inducer (fan) and 
common orifice flow (opening) were employed. follows is a brief descrip- 
tion of these specific component types, in order to show how fluid densities are taken 
into account. For a full description of all available flow component bypes, the reader is 
referred elsewhere (Hensen 1991). 
For fluid flow through a conduit (ie. a duct or a pipe) with (a) uniform cross-sectional 
area, (b) no pressure gain due to fan or pump, and (c) steady-state conditions, the sum 
of all friction and dynamic losses AP is found from: 

where f is the friction factor (-), L is the conduit length (m), Dh is the hydraulic diam- 
eter (m), V is the average velocity (mls), and Ci is the local loss factor due to fitting i 
(-1. 
The local loss factols represent dynamic losses resulting from flow disturbances caused 
by for example: entries, exits, elbows, bends, obstructions, etc. Numerical values for 
the local loss factors can be found in literature. 
The friction factor depends on the type of flow, which can be characterized by the 
Reynolds-number: Re = ir Dhlv (-) where v is the kinematic viscosity (m2/ s ). 
In E S P ~  distinction is made between three regions: for Re S 2300 laminar flow is 
assumed, for 2300 e Re e 3500 a transition region is assumed, and for Re > 3500 the 
flow is assumed to be turbulent. In the current context we only deal with the latter case. 
For turbulent flow the friction factor is calculated from an explicit approximati 
implicit Colebrook-White equation, which is sufficient accurate for most technical pur- 
poses: 

where k is the absolute wall material roughness (m). 
The mass flow rate through eg a duct can now be calculated from a "lknown" pressure 
difference by: 

where A is the cross-sectional area (m2). Because, effectively, we have an implicit for- 
mulation for T, calculation of k involves an iterative solution method (fixed point in 
this case). 
Due to practical reasons (ie. lack of detailed data) fan performance modelling is usually 
based on an empirical approach. According to Wright and Hanby (1988), for system 
simulation studies an empirical model of fan performance is most appropriate. Fan per- 
formance is usually characterized by a curve such as shown in Figure 1, which relates 
the total pressure rise to the volume flow rate for a given fanlpump speed and fluid 



density. 

Figure 1 Schematic fan performance curve 
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As suggested by Figure 1, it is not uncommon for a performance curve to contain 
points of contrafiecture, with up to three different flow rates possible at certain values 
of fan pressure. This causes difficulty in solving for the flow rate. In practice however, 
it is usually recommended that the fan operates in the region away from the 
contraflecture points. Therefore, the flow characteristic may be modeled with a perfor- 
mance curve that does not include the contraflecture as long as it is checked that the fan 
does indeed operate inside the valid region (if during the simulation the flow rate is out- 
side this region, a warning is issued). 
In E S P ~ ,  fan performance is represented by a cubic polynomial: 

and 

m 
qmin I - 5 q,,, (m3/s) 

Pact 
where AP is the total pressure rise across the component (Pa), act denotes the actual 
conditions, norm denotes normalized conditions for which the ai fit coefficients 
(fi/(m3/s)'), the 4- lower validity, and the q,, upper validity limit of the polyno- 
mial (m3/s) have been derived. 
The term p,/pmrm follows from the so-called fan law (stating 
Mat = pa,/pmm AP,,,) and comcl  for air densities which differ from "standard 
air" conditions (usually dry air, 101.325 kPa and 20 OC; ie p,,, = 1.20 kg/ m3). 
The equation above requires an iterative approach to determine the mass flow rate for a 
given pressure difference. In this case, a fail-safe combination is used of bisection 
method (slow but safe) and Newton-Raphson method (simple and fast). 
A basic expression for turbulent flow through relatively large openings (e.g. a pur- 
posely provided vent or a restriction in a duct), is the common orifice flow equation. If 
expressed as mass flow rate this is given by: 

m = c ~ A ~  (kgls) (5) 

where Cd is the discharge factor (-), and A is the opening area (m2). 



In the equations above the fluid density and the fluid viscosity depend on the direction 
of flow, ie. the temperature of the sending node. 

3 RESULTS 

Figure 2 Schematic system lay-out 

The present study started from a simplified - part of a - CAV system as schematically 
shown in Figure 2. The system may be used for fresh air supply and heating or cool- 
ing> and comprises a fan (backward-curved blades) - with a performance characteristic 
quite like Figure 1 - operating at a fixed rotational speed, delivering maximum 360 
m3/h at zero pressure rise, respectively maximum 125 Pa pressure rise at zero flow (ie 
coefficients a0 to a 3  in equation 3: 125.0, O., -12500., 0.); a .I25 m circular duct (wall 
roughness .15 mm) with a local loss factors sum of 5 (-); an inlet grille specified as an 
opening of -006 m2, and an opening from the room to outside of .02 m2. At the fan 
outlet, heat is injected or extracted - resulting in a certain supply air temperature - in 
order to heat or cool the mom. There is no heat loss or gain in the duct. The windspeed 
is assumed to be zero; ie only system and stack effects are considered. Variables of 
interest here are height H ,  duct length L ,  outdoor air temperature T,, and supply air 
temperature T,. Obviously the latter is related to the building heat load; ie. in a CAV 
system the supply air temperature will have to increase when the heat load becomes 
larger. 

3.1 Air Flow Rates 

For this CAV system, simulations were performed in order to predict the influence of 
the various variables. The results with respect to flow rates are presented in the follow- 
ing. For clarity, only one variable is varied at a time; all other variables are kept at 
"base case" values, ie: H = L = 6 m ; T, = 6 "C (close to average Dutch heating 

t 
In heating or cooling mode the air flows would probably be larger than those employed in the 
present examples. However since these additional flows consist of recirculated air (entering the 
system at a "constant" temperature) these would only introduce a constant offset in the present 
calculations and are therefore left out of consideration. 



season value); and Ts = 50 OC . 

T outside T outside 

Figure 3 Absolute and relative infiuence of outdoor temperature; 
forH = L  = 6 m  andTs =50°C 

Influenee of outdoor tempemture lnfluenoe of outdoor temperature: fbw ~ktive to flow at 20C 

Figure 3 shows the influence of outdoor temperature variations on mass and volume 
flow through the fan, and on both the actual and normalized (ie standard air) room sup- 
ply flow rate. The right hand side figure also shows the flows but now relative to those 
in case all air temperatures would be 20 OC; ie resulting when density differences 
would not be taken into account. 
It is clear that the flow through this system is affected, although the fan law states that 
volume flow rate through a fan is independent of density. The latter holds only if the 
density is constant. The fan volume flow rate variations in the current system are caused 
by density differences throughout the system. The heat input to the air supply (resulting 
in T, = SO OC) has two opposite effects: (1) a stack effect which has a positive 
influence on the fan volume flow which increases linear with increasing T,-Te ; and (2) 
results in a higher volume flow in the duct (and thus velocity and pressure loss AP 
according to equation 1) relative to the situation where the air temperature and densities 
are constant. This has a negative influence on the fan volume flow rate, but this effect 
increases quadratic with increasing T,-Te. As shown in Figure 3 the net result for the 
current configuration is that fan volume flow decreases when the outside temperature 
drops. 
In terms of room air supply this still results in higher flow rates when the outside tem- 
perature decreases (7% higher when Te = -16 "C instead of 20 OC). Not surprisingly 
the room supply flow is = 10% higher in reality (ie at 50 OC) than when expressed in 
terms of standard air (20 OC). It is surprising however that in most ventilation standards 
(eg ASWRAE 1989) there is no mentioning whatsoever that required flows are (not ?) 
expressed in terms of standardized conditions. 
Figure 4 shows the absolute and relative (again to the all 20 OC case) influence of sup- 
ply air temperature on the normalized room supply flow rate for various outdoor tem- 
peratures (ranging from heating to cooling conditions). Also shown is the case where 
Ts= T, , ie as in mechanical ventilation. In that case the fan flow rate will be indepen- 
dent of outdoor temperature, which is obviously not true for the normalized supply 
flows (which are - 293 / T, * fan volume flow). 
For a given outdoor temperature, the room supply flow decreases with increasing supply 
temperature. When the system is designed such that the flow rates match flow demands 
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Figure 4 Absolute and relative influence of supply temperature; 
for H = L = 6 rn and various outdoor temperatures T, 

- assuming all air temperatures are 20 OC say - the actual flows will be up to - 8% too 
high depending on outdoor and supply temperatures.* In heating conditions the situation 
"improves" (ie flows closer to design values) when the supply temperature increases; in 
cooling conditions when the supply temperature decreases. 
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Figure 5 Absolute and relative influence of outdoor temperature for 
T, = 50 "C, various heights H (L = abs(H)) and various sums of local 
factors (denoted S K )  

Obviously the influence of density differences in the system, is affected by system 
parameters like height, duct length and dynamic losses due to fittings etc. Some indica- 
tions are given in Figure 5 which shows the absolute and relative (to a l l  20 O C  case) 
influence of outdoor temperature assuming a fixed supply temperature and various 

i 
Note that outdoor and supply temperature do not necessarily conelate. High temporary heat 
loads (and thus high supply temperatures) may also occur after a thermostat set back period. 
Also, if the heat input is on/off controlled (as opposed to modulating control), the total heat in- 
put period - and not the supply temperature - will correlate with outdoor temperature. 



values for the parameters above. Note that the duct length is equal to the height 
difference. When plotted against changing supply temperature, comparable results 
would be found since the density difference is the governing parameter. A positive 
increase of height H has two opposite effects: (1) both duct length and pressure loss 
increase, but (2) stack pressure (negative for +ve height) decreases. For the given 
configuration and supply temperature, these two effects almost balance out. Since for 
negative heights (fan above the room) stack pressure increases, these two effects 
enhance each other in that case. This is clear from Figure 5, which also shows that the 
relative influence of outdoor temperature variation (ie the slope of the line) becomes 
smaller as height becomes more negative. This suggests that in the current configuration 
it is better to locate the fan and heat supply above the room. We may expect the oppo- 
site for cooling conditions (ie locate fan and heat "extractor" below the room). Obvi- 
ously in case of system location on an intermediate level (servicing spaces above and 
below; as is common in high rise buildings) at least some of the serviced spaces will be 
affected all the time (depending on whether in cooling or heating mode the rooms 
below or above). 
Figure 5 also shows the influence of local loss factors. Apart from the obvious decreas- 
ing flow rate, an increase in local losses also results in a lesser dependency on outside 
temperature. But of course, this also results in additional energy consumption of the fan 
for an equal flow. 

Energy Consumption 

In terms of energy consumption, it is obvious that fresh air supply in excess of demand 
will result in increased energy consumption in case of heating conditions and in case 
cooling is needed and outdoor temperature is above room temperature. Only when cool- 
ing is needed and with outdoor temperature below room temperature, fresh air supply in 
excess of demand is favourable. 
As elaborated in the previous paragraph the actual supply flow rate at any time during 
the heating / cooling season depends on a number of inter-related factors l i e :  outside 
temperature, supply temperature, system flow characteristics, system lay-out, etc. The 
supply temperature depends on the heat load which in turn depends on outside tempera- 
ture, occupancy pattern, and system control. 
It may be clear that in the current context, a detailed performance evaluation of a panic- 
ular building and HVAC system configuration in terms of energy consumption can only 
be achieved through an integral building 1 systems (simulation) approach. At present, 
work is in progress to evaluate energy consumption related aspects of various CAV 
NVAC systems when used in domestic or small commercial buildings. Due to time and 
space constraints this work is not further described in the current paper. 
To give some quantitative indication of the additional energy consumption due to exces- 
sive fresh air supply: in Dutch low-energy houses and small commercial buildings, 
approximately 50% of the fuel consumption for space heating is due to ventilation. So if 
the ventilation would be on average 10% higher than actual demands, the total fuel con- 
sumption would be =: 5% higher than strictly necessary. This may not seem much, but 
starting from a low-energy building it is very hard to make some additional savings and 
a feasible saving will usually be of the same order of magnitude (ie a few percent). 



CONCLUSIONS 

Since the volume flow of air is strongly affected by temperature it is at least surprising 
that in many ventilation standards there is no mentioning whatsoever that required flows 
are (not ?) - supposed to be - expressed in terms of standardized conditions. Here it was 
assumed that in fact "standard air conditions" are implied. 
By parametric analyses, it was demonstrated that a real Constant Air Volume system is 
almost impossible to achieve in practice. During the majority of time, a CAV system 
will either provide too much fresh air which implies waist of energy, or too little fresh 
air which may have consequences for the indoor air quality. 
The relative influence of temperature variations becomes less when the system is above 
the serviced rooms in case of heating mode. The opposite is true for a system in cool- 
ing mode. The relative influence of temperature variations also becomes less when the 
pressure loss in the (duct) system increases. This will increase fan power consumption 
however. 
Energy conservation by eliminating excessive (ie supstandard) fresh air supply caused 
by temperature effects in CAV heating and ventilating systems, may be expected to be 
in the order of 5% annually in case of low-energy domestic and small commercial 
buildings in The Netherlands. 

Although the results are for an imaginary (but realistic) system the trends are expected 
to be valid for many CAV systems. The actual air supply rates and energy consumption 
consequences for a particular building configuration will be the result of many compli- 
cated interactions with opposite effects. This makes it extremely difficult - if not impos- 
sible - to create simplified design-aids for this purpose. Detailed building performance 
evaluation can only be achieved through an integral building 1 systems (simulation) 
approach. 
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OPERlsTION OF PASSIVE STACK SYSTEMS IN S 

The ventilation rate in a building depends on many things, one of 
which is the air temperature. The air temperature in turn depends 
in part on the ventilation rate. The effects of this relationship 
are generally overlooked in both thermal and ventilation models. 

To study this effect a model has been developed which integrates 
the models GAINE and SILONA developed at CSTB. This allows the 
prediction of the natural ventilation rates caused by the actual 
temperatures in the building. 

It has been used for predicting summertime temperatures and 
ventilation rates for a range of different ventilation and 
thermal parameters. In particular the difference between night 
and daytime ventilation rates and pollutant levels has been 
examined. The extract flow is found to be more stable at night 
than in the day. 

There has been a lot of work done on the ventilation of dwellings 
in winter. In those conditions there is a need to balance air 
quality against the desire to minimise heat losses. 

In the summer the problems are different. The need for good air 
quality in all rooms remains, but there is often a problem of 
overheating. Problems to be overcome include the failure of wind 
dependent systems in calm weather and occupants concerns about 
leaving windows open. 

For these reasons a study of the effectiveness of natural 
ventilation in summer was necessary. A system based on a vertical 
duct or passive stack from the living space was investigated 
using a computer code. This type of ventilation works by the 
stack effect which drives ventilation because of the difference 
in temperature between the air inside and outside the building. 
It can help to serve rooms which are otherwise hard to ventilate. 

The model was produced by linking two existing models developed 
at CSTB. These were models of the ventilation and thermal 
performance of a building in isolation from each other. Results 
are presented for a range of building parameters, to give the 
significance of each one. The analysis concentrates on the value 
of extract flow predicted. 

2) THE COMP MODEL 

MTV is a computer model which combines a ventilation model, 
GAINE, with a thermal model, SILONA. These two models are 
representations of different aspects of a building, and both were 
written at CSTB. 



2.1) Description of GAINE 

GAINE is a model of ventilation in multi-storey dwellings. Each 
level is treated as a separate zone, but each is linked to a 
common ventilation shaft. The model calculates the pressure in 
every level of the building and the duct, using iterative methods 
to balance the mass flows in and out of each level. 

The equations used in the model are described elsewhere [I], but 
the model will be described briefly here. It is a normal 'mass 
balance' model, which assumes the following: 

(a) A homogeneous air temperature in each room, perfect mixing 
(b) That air is incompressible 
(c) Steady state conditions 
(d) The air inlet and extract opening are at the same level 
(e) Infiltration can be represented by a single opening 

Since GAINE did not include open windows I have introduced the 
equations for flow through a 1arge.opening from the model SIREN 
[ I ] ,  which are the same as those used in the Building Research 
Establishment's model BREVENT [ 2 ] .  

2.2) Description of SILONA 

SILONA 131 calculates the changes in temperature of a building 
with time, assuming a simple, fixed ventilation rate. It is a 
tool for studying heat transfer, but it is incomplete if there is 
much variation in ventilation rate with temperature. 

It models the hear exchange between a single zone house and the 
outside world, using an electrical analogue to represent walls 
and windows by resistances and capacitances. Temperatures in the 
system are represented by voltages in the electrical model. 

Heat exchange between inside and out by conduction, radiation and 
convection are included. The external temperature, solar gain and 
internal heat gains are needed for each hour. The model steps 
through time, recalculating the resultant and air temperatures 
each hour, using the Crank Nicholson scheme to approximate the 
governing differential equation. Because the thermal mass is 
represented by a capacitance, the model includes the delay in the 
temperature change of the building as compared to the air in it. 

2.3) Descriptiqn of MTV 

Because of the interaction between ventilation rate and air 
temperature both of the above models are seen to be inadequate 
under some conditions. This is most clear when the ventilation 
rate is dominated by the stack effect, when there is a direct 
relationship between the air temperature and the flow produced. 

The basic modelling method used is the following, known as the 
'ping-pong' method. Each model is called in turn for each hour of 
each day. GAINE calculates the ventilation rate for the current 
temperatures, wind speed and direction. Then SILONA is called 
with the current ventilation rate and solar gain information, to 
predict the internal temperature. Then GAINE is called again with 



this newly calculated temperature, and recalculates the 
ventilation rate. This is then used as input for another call to 
SILONA and so on until the results are consistent. 

For this study both models were called three times for each 
timestep, to ensure that a consistent pair of air temperature and 
ventilation rate had been calculated. It will be necessary to add 
a check on convergence to the model for future work. No problems 
with convergence were observed ih this study. In using this 
method it is assumed that changes in the system,will be small for 
any period of one hour modelled. 

Using Meteorological Data 

There are data available for a number of sites in France 141, 
which allow modelling to be done with real rather than assumed 
data. From the full data set, data have been extracted, for every 
hour of the test year, for external temperature, wind speed and 
direction, and solar radiation on a.horizonta1 surface. While the 
temperature and wind speed are fed directly to the models the 
other data require some manipulation to be used in the model. 

The wind direction affects the pressures on the surfaces of a 
building. Data from wind tunnel tests [ 5 ,  61 are used to set 
pressure coefficients on the surfaces, according to the wind 
direction. For values between those actually measured the model 
interpolates linearly on the known data. 

The solar input data is given for a horizontal surface and must 
be converted to give the input to the walls of the house. This 
depends on the orientation of the wall, the date, time, and 
latitude of the site. The equations used for this were found in, 
for example, [ 7 ] .  

Calculating a pollutant level 

For low ventilation rates it is not meaningful to compare 
arithmetic average values of the ventilation rate. This is 
because a large value for one hour may distort the result. A 
better idea of the effectiveness of a ventilation system can be 
seen from the calculation of a pollutant level. 

In this model a constant rate of production of pollutant, R 
(gh-l), is assumed. Assuming perfect mixing, and knowing the air 
change rate, A (h-l), the total mass, m (g), of pollutant in the 
room is defined by: 

If A and R are constant for one hour, and Mo is the mass at the 
start of the hour, then at a time t (hours): 

This model is used in MTV to calculate a total mass of pollutant 
in the room for each hour, assuming a constant production rate. 



3)  RESULTS FROM THE MODEL 

3.1) The standard data for a one storey, three room 
building, of floor area 60 m2. 

Data for GAINE 

2.5, Height of ceiling (m) 
4, Length of duct (m) 
90 9 Flow through air inlet under 10 Pa (m3h-l) 
150, Flow into air outlet under 10 Pa (m3h-l) 
30, Envelope leakage flow under 1 Pa (m3h-l) 
0.12, Diameter of duct (m) 
0.2, Cowl suction coefficient ()  

Data for SILONA 

120, Inertia of the room (kgmT3) 
150.0, Volume of room (m3 ) 
12.0, 3.0 Area of North wall, window respectively (m2 ) 
10.0, 5.0 Area of South wall, window (m2 ) 
0.5, 5.8 K value for wall, window (W~-~K-') 
0.1, 0.2 Solar factor for wall, window, ()  

The K (or U) value is the normal insulation factor for a building 
component. The solar factor is the proportion of heat from the 
sun getting through to the room. It is set low for the windows, 
0.2, assuming that shutters or blinds would be closed in the day 
if the windows are left closed. Only the North and South faces of 
the building are considered in this model. 

As well as the solar gains there are additional gains due to the 
activity of the people in the house. These have peaks at 13 and 
20 hours, which correspond to typical peak cooking times. 

3.2) Results for the standard data 

The standard data as above was used to describe a dwelling, taken 
to be in Carpentras, In the south of France. The model was run 
for five months, May-September, to predict whole summer averages. 
These are shown below, with results predicted from GAINE assuming 
a constant internal temperature. The average external temperature 
was 22.8 OC for the day, and 15.0 OC for the night. 

Fixed 
Internal 
Temperature 

Table 1: Results for the standard case 

Day 
Night 

Day 
Night 

Day 

Extract i~ollutant 1 

Night 

Tin 
(OC) 

28.2 
27.7 

20.0 
20.0 

28.0 

Flow (m3h-l) 

31.8 
36.0 

AC 
(ach) 

0.30 
0.27 

0.24 
0.21 

0.30 

Level (g) 

39.2 1 
38.3 1 

28.0 

17.9 1 57.6 
24.7 

31.0 
0.28 1 36.2 

I 

56.9 

40.0 1 
39.1 I 



The considerable differences between the results for an assumed 
temperature of 20 O C  and the full calculation show the value of 
the model. The average values predicted for a fixed 28 O C  are 
close to the MTV results, but day by day results would be wrong. 

The night pollutant level is slightly better than the day value, 
although the average air change rate is slightly less at night. 
This shows there is a difference between the averaging methods, 
and that night ventilation is more stable than day ventilation. 

Figure 1 gives the distribution of the predicted extract flows. 
It shows that the day has a wider spread of values than the 
night. This is due to the wind speed having both greater 
variation and higher average values during the day. 

Standard Data: Histogram of Extract Flows 

fl Night rl 

30  45 

Extract Flow (m3Ihl 

FIGURE 1 

However the average of the night extract flows values is higher. 
This is because the stack effect occurring at night is larger 
than during the day, due to the lower external temperature. In 
this case the difference in stack effects is greater than the 
effect due to the higher daytime wind speeds. 

3.3) Sensitivity analysis 

The model was run a number of times, changing one parameter at a 
time to investigate the effect of each. The results are given in 
table 2. Night is defined as hours 21 to 08, day as 9 to 20. 

(a) Inertia 

By halving the building's inertia (using 60 (Kgm-3) instead of 
120) and hence the thermal mass, the response time of the 
building temperature is reduced. This results in bigger swings in 
the internal temperature, but little change in the average 
temperatures and ventilation rates. In spite of this it is 



important for thermal comfort because of it's effect on peak 
temperatures. The inertia would have a bigger effect on the 
average results ih cases where the ventilation rate was better 
controlled, as for example in g) below. 

I Day/Night 
I 
Standard 128.2/27.7 

(a) Inertia 1 28.4i27.5 
(b) Solar  actor 133.5b32.2 

I 

(c) Cowl Coeff 128.3/27.3 

AC Extract ( Pollutant 
(ach) / Plow (m3h-' ) ; Level (g) 

I 

I ( f ) Geographical Location of building 

l(d)AIVCpcfs 

I (e) Wind Shield 

La Rochelle, Average External temperature 19.2/15.4 OC 
I 1 I 

Standard 125.6/25.3 10.42/0.371 47/42 1 27/29 
I I I 

Trappes , Average External temperature 18.0/13.0 OC 
I 

Standard 124.U23.8 10.33/0.29/ 38/38 / 35/38 
I I I I .  

(g) Results for windows open part of the time 
I I I I 

Open Day 126.8/26.6 15.82/0.271 42/35 1 4/29 

Open Night 123.4/21.8 10.27/3.261 24/37 1 33/ 6 

Occupant control 124.5/23.2 13.24I1.90 1 31/36 1 16/15 

28.2/27.6 10.31/0.281 40/39 1 39/39 1 
28.6/28.1 10.19/0.24 1 24/34 1 52/46 1 

Table 2: Results for the sensitivity analysis 

(b) Solar factor 

Increasing the solar factor for the windows from 0.2 to 0.6 
causes a large increase in the predicted internal temperature (of 
order 5OC). The solar factor is the proportion of solar energy 
getting into the building. The use of blinds, shutters or other 
protection reduces this factor and the temperature considerably. 

(c)  Effect of different cowls 

By modelling a cowl with a coefficient of 0.7, instead of the 
value of 0.2 taken as standard, the effect of a better cowl 
design can be assessed. As expected the extract rate is increased 
by this change. The effect of this is larger for daytime, (+30%), 
than at night, (+lo%), because of the higher average wind speeds 
during the day. 



(d) Choice of pressure coefficient data 

The standard run used pressure coefficient data from CSTB tests. 
A comparison was made with data from the AIVC for a similar 
building [ 6 ] .  The only significant difference is in the predicted 
extract flows, which are higher for the AIVC data. The overall 
ventilation rate is nearly the same, so differences in other 
flows must balance these increases in extract flow. 

(e) Location of house 1: Wind Shielding 

The wind speeds used come from exposed sites, so to describe a 
different site the speed used is multiplied by a wind shield 
factor. Using a value of 0.5 halves the wind speeds and results 
in much lower daytime extract flows and ventilation rates. This 
effect is smaller at night, when the stack effect dominates. 

(f) Location of house 2: Geographical 

To show the effect of different weather types the standard 
results were compared with those predicted from data for two 
other sites. These were La Rochelle, on the Atlantic coast, and 
Trappes, near Paris [ 4 ] .  For La Rochelle the wind speeds are 
higher than for the other sites further inland. As a result the 
extract flows and ventilation rates are higher and the wind 
effect dominates the stack effect, with the day extract rate 
higher than the night value. The results for Trappes show little 
difference between day and night, suggesting a near balance 
between wind and stack effects. As the location is less windy 
than La Rochelle and cooler than Carpentras, the result would be 
expected to fall between those two. 

(g) Open Windows 

Because of the high internal temperatures being predicted it is 
necessary to consider the effect on the ventilation caused by 
different window opening patterns* 

(i) Windows open during the day 

Opening windows for the day only results in more ventilation but 
only slightly lower temperatures, so is not ideal.. 

(ii) Windows open at night 

In hot climates it is not unusual to maximise the ventilation at 
night, and then minimise it in the day, to keep the internal 
temperature down. This works because the cooler night air removes 
heat from the thermal mass, which retains this coolness the 
following day. This is seen to work well, giving a reduction of 5 
to 6 OC, as compared to the standard case. 

(iii) Occupant controlled window opening 

In an attempt to model window opening behaviour, the following 
system was used; open for Ti, > 25 OC, close for Ti, < 20 OC. 
This method results in a reduction in temperature, but is not as 
effective as simple night time opening. 



4) CONCLUSION 

A model has been produced which provides a link between a thermal 
and a ventilation model. It introduces into each of these models 
the effect of the other, producing a tool for studying natural 
ventilation in summer. 

The importance of introducing a thermal model into a ventilation 
model has been shown by the better information given by the new 
model, as compared to a model with a fixed indoor temperature. 

A sensitivity analysis for the model has shown that: 

. The inertia of the building and the choice of the source of 
pressure coefficient data does not greatly affect the results. . The solar factor issa key parameter for the internal 
temperature, and must therefore be chosen carefully. 
. The choice of cowl coefficient and the level of wind shielding 
used have a significant effect on the ventilation rate when it is 
dominated by the wind. . The geographical location of the building is jmportant. 

Day flow rates have been seen to vary more than night flows, 
reflecting the larger variation and average size of wind speeds 
occurring. Apart from at La Rochelle, where the \rind speeds are 
high, the night time ventilation rate is dominated by the stack 
effect. As a result, ventilation by vertical duct is seen to be 
more effective at night than during the day. 
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Synopsis 

This report presents the results from the registration throughout a month of relative humi- 
dity, temperature and outdoor air exchange as well as the concentration of carbon dioxide 
in each room of an inhabited single family house, in which all rooms are ventilated by a 
mechanical balanced ventilation system with variable air volume. The outdoor air rate is 
controlled by the relative humidity, which is kept on a value adequate to reduce the living 
conditions for house dust mites and prevent condensation on the indoor surfaces of the 
building. 

Due to the demand controlled ventilation of each individual room a higher efficiency for 
reducing water vapors in the dwelling as a whole is likely to be achieved. The results show 
that it was possible in the context of Danish outdoor climate to maintain humidity con- 
ditions that is anticipated to reduce the number of house dust mites in all rooms of a 
dwelling during more than five months of the year. In all the months the mean daily me- 
chanical ventilation rate is estimated to be 39 % below the level recommended by the 
N ~ r d i c  Comittee on Building Regulations and in the Danish Building Code. At the same 
time indoor condensation was avoided on poorly insulated surfaces of the building. The 
concentration of carbon dioxide was below the level recommended in national ventilation 
standards. 

Synopsis 

Ce rapport prCsente les resultats de l'enregistrement pendant un mois de l'humiditC rela- 
tive de l'air, des tempkratures, du renouvellement d'air de l'extkrieur ainsi que de la con- 
centration de dioxyde de carbonique dans chaque chambre d'une maison individuelle habi- 
tCe, les chambres Ctant ventilees par un systkme d'akration mechanique et balance avec un 
volume d'air variC. Le volume d'air de renouvellement est rCgle par l'humiditC relative, qui 
est maintenue B un niveau suffisant B rCduire les conditions d'existence des mites de pous- 
sikre de maison et B Cviter la condensation aux surfaces intkrieures de la maison. 

Grfice B la ventilation reglee selon les besoins dans chaque chambre de la maison, une 
meilleure efficacitC de ventilation est prCvue quant B la reduction d'humiditC dans la mai- 
son enti5re. Les rCsultats dkmontraeint la posibilitk, dans le contexte du climat extkrieur 
danois, de maintenir des conditions d7humiditC qui r6duisent le nombre de mites de pous- 
sibre dans toutes les chambres d'une maison individuelle pendant plus que cinq mois de 
l'annbe. Pendant toute cette pCriode, le volume moyen d'air de renouvellement a CtC jug6 
Ctre 39 % au-dessous du niveau recommand6 dans le rbglement danois de bfitiment. En 
mCme temps la condensation intCrieure B 6tC CvitCe aux surfaces ma1 isolCes de la maison. 
La concentration de dioxyde de carbonique 6tC inferieure au niveau recommand6 dans les 
normes nationales de ventilation. 



1. Introduction 

A high concentration of humidity in the indoor air of a building forms growing conditions 
for house dust mites and mould. Both house dust mites and mould can cause allergy with 
human beings. In addition, rot and mould may seriously damage the construction of the 
building. The criteria in building codes and ventilation standards for mechanical ventilation 
of dwellings have the primary aim of securing the exhaust of humidity from the indoor air, 
and thus avoiding the disadvantages of too high humidity concentrations. The use of me- 
chanical ventilation guarantees a minimum level of ventilation in dwellings. However, if 
the ventilation has the same air volume regardless of the ventilation need, the outdoor air 
exchange and the use of energy for heating may in certain periods be unnecessarily high. 
Therefore, it is obvious to attempt to regulate the ventilation rate by humidity and only 
ventilate where and when humidity occurs. This can be done through a ventilation system 
which has individual control of air volumes for each room of a dwelling. For instance, 
humidity in the indoor air can be kept on a level which is just sufficient to prevent con- 
densation on indoor surfaces of the building and below 45% of relative humidity which is 
the limit necessary to reduce the growth of house dust mites (1,2). 

The research results are further described in (7). 

2. Purpose 

The purpose of the above project was to examine if demand controlled mechanical ven- 
tilation with humidity as a regulator can assure: 

- The maintenance of an indoor climate with satisfactory physical health conditions, i.e. 
conditions that reduce the occurrence of house dust mites and fungus spore to a 
minimum in all rooms of a dwelling. 

- The avoidance of condensation on indoor surfaces of the building. 
- A reduction of the ventilation needs throughout the majority of the year compared to 

those recommended by the Nordic Comittee on Building Regulations (2) and in the 
Danish Building Code (3). 

- The elimination of the need to adjust the mechanical ventilation system 
during and after installation. 

3. Method 

3.1 The dwelling and its inhabitants 
A mechanical ventilation system controlled by humidity was installed in a new, 3 room 
single-family house with a net area of 68 square metres. The house has two inhabitants 
who are both retired. Once a week during the registration period both inhabitants filled in 
a questionnaire concerning their indoor activities susceptible of affecting the amount of 
indoor air humidity. 

3.2 The ventilation system 
The ventilation system has variable regulation of the air volume and injects air into all 
rooms including kitchen and bathroom. The system exhausts air from the bathroom and 
the scullery. The scullery is connected to the kitchen. A regulating damper in the inlet 
ventilating duct for each room regulates the air volume. The inlet and exhaust performan- 
ce of the ventilation system is regulated in accordance with the opening or closing of the 



five regulating dampers. The ventilation system and the regulating dampers receive their 
regulating signal from humidity and temperature sensors placed in each room and in the 
inlet ventilation duct. In the kitchen there is also a manually controlled cooker hood which 
is not connected to the ventilation system. 

3.3 Principles of regulation 
The ventilation need for each room is determined by indoor and outdoor air humidity and 
temperature. The relative humidity in a room should be kept below 45%. In addition, the 
outdoor air supply must be sufficient to avoid condensation on indoor surfaces. The ven- 
tilation system was preset to a performance that will prevent condensation on windows 
with 2 layers of glass. 

The regulations in building codes also aim at removing indoor air pollution. However, if 
the sources of pollution do not at the same time emanate humidity, the ventilation rate for 
the tested ventilation system can be insufficient. That is why a minimum ventilation rate of 
10 l/s is maintained regardless of the humidity control indicating a lower acceptable air 
volume. 

To ensure that the ventilation rate is not unnecessarily high in the case that the outdoor 
air already has a high humidity and thus poor or no dehumidification potential, the ven- 
tilation rate is set to a maximum of 35 l/s, as recommended in (2,3). A high outdoor air 
humidity is defined as when the inlet air at room temperature has a relative humidity of 
more than 40%. 

3.4 Control and registrations 
Every one minute the ventilation system controller records the temperature and the relati- 
ve humidity in each room and in the inlet ventilating duct. On the basis of these humidity 
registrations, the settings of the regulating dampers and later on the ventilation rates are 
gradually modified in order to meet the indoor ventilation rate control criteria. 

As a basis for estimating the indoor air humidity and indoor air quality as well as the 
regulation possibilities of the ventilation system, the following registrations have been 
made every 10 minute during more than one month of winter: 

- temperatures and relative humidity in each room and in the inlet of the ventilating duct 
- carbon dioxide concentrations in each room 
- air supply to each room 
- total exhaust air volume 

The time constant of the humidity and temperature sensors was less than 10 seconds. 

4. Results 

4.1 Registration period 
Since the winter during which the registrations were made was exceptionally warm, only 
the six coldest nights and the six coldest days have been used for the analysis of indoor 
humidity and carbon dioxide conditions. During the above registration days and nights, the 
mean outdoor temperature was 4.2" C and the mean outdoor air humidity was 3.69 g va- 
pour/kg dry air. 

For the analysis of the ventilation rate the registrations for more than one month have 
been used. 



4.2 Activities of the inhabitants 
On an average, the inhabitants occupied the house for more than 21 out of 24 hours. They 
felt no need for airing and never opened the windows. Twice a day pillows and eiderdowns 
were shaken out of the front door for about five minutes. Clothes was washed in a wash- 
ing machine and dried by hanging in the bathroom and the scullery. During the test period 
the average cooker hood exhaust was 0.06 l/s. 

4.3 Outdoor air supply 
The maximum performance of the ventilation plant is registered to be 58.9 l/s, when all 
regulating dampers are open. This corresponds to an air exchange of 1.3 h-'. If only one 
regulating damper is open, the maximum possible air exchange in one room can be from 
1.4 h-' in the living room to 7.7 h-' in the bathroom. 
The infiltration of outdoor air into the building has been registered in a summer period 

at different wind velocities to be between 0.06 he' and 0.12 h-'. During the winter registra- 
tion period of this project, the infiltration of outdoor air is estimated to be 0.15 - 0.20 h-'. 

Because of the ventilation being controlled by individual demands it was not necessary to 
adjust the ventilation system after installation. 

4.4 Humidity and temperature 
During the six days and nights for which humidity conditions have been analysed the mean 
indoor temperature varied between 20.5" C in the bedroom and 23.7" C in the living room. 
The cumulative relative frequency of relative humidity in the kitchen, the bathroom, and 
the bedroom is shown in figure 1. 

30 40 50 60 70 80 

Relativ Humidity (%) 

Figure 1. The cumulative relative frequency of relative humidity in the kitchen 
(I), the bathroom (2), the bedroom (3). 

The limit of 45% of relative humidity which is the criterion of preventing the growth of 
house dust mites has been exceeded in the bedroom and the bathroom for about 10% of 
the registrations. At a relative humidity of 47% the limit is only exceeded in 1% of the 
registrations as regards the bathroom and 5% as regards the bedroom. 



Condensation on the indoor surfaces of a building occurs first on the surfaces having the 
lowest temperature. In relatively new Danish buildings these surfaces are the windows and 
the window frames. Figure 2 shows the limiting cases for the bathroom when condensation 
is about to occur on thermo windows with two layers of glass having a 12 mm air filled 
space between the layers. 

Outdoor Air Temperature ("C) 

Figure 2. The limit of the occurrence of condensation in the middle of a 1 meter 
tall window when a curtain has been drawn (--) and when a curtain does not 
over the window (--), as well as at the lower edge of the window (...) when a cur- 
tain does not cover the window. 

The limit of the occurrence of condensation is based on a calculation of the heat transmis- 
sion of a 1 meter tall window. The heat radiation and the heat convection have been cal- 
culated individually and apply for the average glass surface. 

Only in a few cases the limits of the occurrence of condensation are exceeded in the 
middle of the glass surface when the curtain has been drawn, and only two times when the 
curtain does not cover the window. At an outdoor temperature of about 0°C this curve 
crosses the ordinate axis of relative humidity at 45%. At an outdoor temperature of less 
than 0°C the ventilation system must be controlled uniquely by the criterion of conden- 
sation, if condensation is to be avoided in the middle of the glass surface with curtains 
drawn. It was not possible to test the ventilation system controlled by humidity at lower 
outdoor temperatures than 0" C. 

For the other four rooms similar comparisons of limits of the occurrence of condensation 
and registrations of relative humidity have been made. In these rooms the excesses of the 
limits of the occurrence of condensation have been even fewer than shown for the bath- 
room. The inhabitants did not observe condensation on the indoor window surfaces during 
the test period. 

The total amount of humidity developed in the air of the dwelling is calculated to be 
12 1 of water per 24 hours on an average. 



4.5 Carbon dioxide 
Interviews with the inhabitants show that they do the same things at approximately the 
same time every day and night, i.e. they rise, have breakfast, lunch, and dinner, rest, watch 
television etc. at the same time of day. So it was possible to predict in which room the 
inhabitants would be at which time. Knowing the concentration of carbon dioxide at dif- 

, ferent times in each room, it was possible to assess the amount of carbon dioxide that the 
inhabitants were exposed to during six days and nights. In less than 12% of the time the 
concentration exceeds 1000 ppm and in less than 2% of the time it exceeds 1200 ppm. 

5. Discussion 

5.1 Humidity 
The criteria that aim at keeping the relative humidity of the indoor air below 45% an at 
preventing condensation are met in the test building at mean outdoor temperatures below 
59°C. In Denmark, the mean outdoor temperature is below 59°C during 44% of the 
year. It has not been analysed whether the indoor humidity criteria will be met at mean 
outdoor temperatures of 59°C and above. 

In a new study (4), the difference between the absolute outdoor and indoor humidity was 
registered in 36 single-family houses with constant mechanical exhaust. In 97% of the 
houses the difference between the absolute outdoor and indoor humidity was below that 
registered for the present project's test dwelling. In 53% of the houses the total outdoor 
air volume was below the outdoor air volume of about 30 l/s registered in the test dwel- 
ling. At a lower mean inlet air volume more humidity per ma air was removed from the 
test dwelling than from the single-family houses on an average. Therefore, the tested ven- 
tilation system seems to give a more efficient exhaust of humidity than a ventilation sys- 
tem with a constant ventilation rate. 

In (4) the development of humidity per 24 hours was found on the basis of humidity 
registrations in each of the 36 single-family houses. The indoor humidity was registered in 
the living room. A similar registration for the test dwelling shows that the total develop- 
ment of humidity is 11.5 litres of water per 24 hours. Only 20% of the houses in (4) are 
above this level. Therefore, the amount of humidity developed in the test dwelling can be 
considered sufficient to test the regulation possibilities of the ventilation system. 

The analyses in the present test project show that the emanence of humidity from the 
building construction can be removed through the building infiltration. Therefore, humidity 
emanating from the building does not affect this project. 

The two inhabitants were both retired, but still physically active. However, if the house 
was inhabited by a family with teenage children, the ventilation need may be higher. 

5.2 Carbon dioxide 
The registered concentrations of carbon dioxide are generally below the recommendations 
of 1000 - 1500 ppm found in national ventilation standards (8). 

5.3 Outdoor air supply 
In dwellings having mechanical ventilation with a constant ventilation rate, the exhaust air 
volume from kitchen and bathroom must be at least a constant of 35 l/s according to the 
standards in (2, 3). 

In (5) and in (6), 38.9 l/s and 33.3 11s respectively are the recommended values for the 
mechanical air volume in a dwelling having the size of the test building. 

In the present project the possibilities of reducing the mechanical ventilation have been 
estimated according to the standards and recommendations in (2,3) and the defined regu- 



lation criteria. In (3) an outdoor air exchange of 0.5 hml is considered to be necessary as a 
basic ventilation rate in dwellings. This is also part of the estimation. Table 1 shows the 
estimated reduction of air volumes and air exchange and the period of reduction within 
the context of Danish outdoor climate. 

Standards of Are reduced to Reduction in Period of 
comparison percentage reduction 
...................................................................................... 
35 11s 21.4 l/s 39% 6 months 
0.5 h“ 0.36 h-l 27% 4 months 

Table 1. Reduction of air volumes and air exchange 

Since an air exchange of 0.5 h-' does not correspond to an air volume of 35 l/s, the two 
periods differ. 

In general, the reduction of air volumes and air exchange in a building will substantially 
depend of the number of family members and their habits. 

5.4 Other pollutions 
In the present project the humidity of the air has been used as the parametre of regula- 
tion. However, if the pollution for which we are ventilating is for instance gases emanating 
from furniture and building materials or radon rather than humidity, mechanical ven- 
tilation with humidity as the regulation parametre may not be sufficient. 

Relatively new results of research indicate that the amount of gases which emanates 
from furniture and building materials differs considerably. Therefore, a bad choice of 
furniture and building materials can set the parametre of regulation of air volumes in 
dwellings with mechanical ventilation. In such cases the ventilation rate obtained by a 
ventilation system controlled by humidity can be insufficient. This can be avoided by in- 
creasing the minimum ventilation rate. Only that means that the reduction obtained of air 
volumes and air exchange will be less. 

5.5 Consumption of electricity 
The present project does not involve registrations nor considerations concerning the pos- 
sibility of saving electricity obtained through the reduction of mechanical ventilation. 

6, Conclusion 

By the use of a mechanical ventilation system controlled by humidity in all rooms of a 
dwelling it has been possible to achieve humidity conditions which in the context of Danish 
outdoor climate can prevent the growth of house dust mites for more than five months of 
the year. Throughout this period the outdoor air volume supplied by the mechanical ven- 
tilation was estimated to be 39% less than stated in the standards and recommendations 
of (2,3). At the same time, damages to buildings caused by condensation on poorly isola- 
ted surfaces are avoided, and the concentration of carbon dioxide in the indoor air is 
below the maximum level recommended in national ventilation standards. 

It has not been taken into consideration whether the demand controlled ventilation sy- 
stem will be profitable and generally applicable. 



7. Perspectives of the project 

The present project will be followed by an analysis that includes the investigation of me- 
chanical ventilation in 32 flats. Half of the flats will have a ventilation system controlled by 
humidity, and the other half will have constant ventilation. Comparative studies of the two 
types of mechanical ventilation will be carried out regarding humidity, outdoor air supply 
by mechanical ventilation and infiltration, consumption of electricity by the mechanical 
ventilation system, and the use of energy for heating. 

The mechanical ventilation controlled by humidity will only be used in bathrooms and 
kitchens, and each exhaust ventilator will cover several flats. An internal control of dif- 
ferences in pressure in the ventilation system will regulate the distribution of the exhaust 
air volume among the flats. In each room there will be a venthole for the supply of out- 
door air. The venthole openings and the ventilation rate are regulated simultaneously. The 
criteria of humidity control will remain the same. 

8. Collaboration 

The project has been made in collaboration with Danfoss System Controls and with 
the engineering company Esbensen F.R.I. and is financed by the Danish Ministry of Hou- 
sing, National Building and Housing Agency. 
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Draughts due to air inlets are one of the problems to be solved for 
improving the global performance of mechanical ventilation systems. The 
CSTB full scale test cell "EREDIS" has been used to quantify draughts 
risks due to air inlets by measuring air temperatures and velocities with 
known boundaries of wall temperatures and fkesh air. The results allow to 
improve the design of these inlets and to give advices for a better use in 
residential buildings. Works are now going on for comparing the 
experimental results to the ones calculated with a CFD code. 

Ventilation systems in residential buildings are primarily intended to 
insure adequate indoor air quality. They must comply with additional 
requirements : to limit energy consumptions and to provide a thermally 
comfortable indoor climate. 

In practice, cold draughts due to air inlets may occur in the ventilated 
rooms. In the rooms where there are draught problems, the occupants 
often plug up the air inlets or stop the ventilation system and this will 
decrease the indoor air quality. The occupants too may increase the air 
temperature to counteract the draught and this will increase the energy 
consumptions. Therefore cold draughts prevention is a major requirement 
of air inlets. 

Several studies have been conducted in the field of air flow within rooms 
and a few specific draught studies are available [ I-  51. 

The present paper deals with air velocities and temperatures 
measurements carried out in a testroom a t  CSTB in order to assess the 
behaviour of the air jet discharged fkom a self-regulated air inlet. 

At Marne-la-VallBe, CSTB has a test enclosure, called EREDIS (Enceinte 
de Recherche sur la Diffusion de Fair et les Interactions Syst&me- 
enveloppe), devoted to the study and analysis of thermoconvective 
phenomena inside rooms [61[71. EREDIS is a full scale test enclosure with 
lightweight walls or simulated walls made of water circulation pannels, 
enabling to bring to steady-state conditions in relatively short delays. I t  
has two original characteristics : variable geometry and monitoring of the 
walls in temperature or in flux. 

The three dimensions of the test enclosure can be modified thanks to the 
movable suspended ceiling and the three movable inside partitions (see 
figure 1). The ranges for varying the dimensions of the enclosure enable 



the reproduction of a large number of possible room geometries with a 
single fa~ade, from a small bedroom (L x W x H = 2.7 x 2.7 x 2.5 m) to a 
large office (Lx W x H  = 7.2 x4.5 x 3.0 m). 

The inside partitions are adiabatic : they are cavity walls framed with 
plasterboards insulated outside by 10 cm of polystyrene. The fapde 
consists of chilled water circulation panels, insulated outside. Their inside 
face can be covered with an appropriate thickness of insulation, 
simulating the unglazed part of the fapde. All glazing geometries can be 
provided. Outside temperature simulation is by displaying the 
temperature of the glazing and by supply air at temperature equal to the 
outside temperature. 

In this study, the test enclosure represents a dwelling room with 
dimensions of 3.6 x 3.6 x 2.5 m equipped with floor heating, uniformly 
distributed, providing an inside temperature a t  the centre of the room of 
20°C. With a such heating method, the vertical air temperatures 
differences are minimized. Therefore the air flow patterns due only to the 
air inlet can more easily be assess. The fresh air is introduced at  a 
temperature of 0°C through a self-regulated air inlet placed above a 
glazed bay (W x H = 2.0 x 1.4 m), (see figure 2). The surface temperature 
of the glazed bay is kept at  7°C so that it can simulate an outside 
temperature of 0°C. The air flow rate of the air inlet is 30 m3/h which 
corresponds to an air change rate of the room of about 1 ach. Two 
rectangular exhaust openings are symmetrically located in the sidewalls, 
at the floor level, far from the air inlet so as not to disturb the air flow in 
the room. 

3 - EXPERIMENTAL PROCEDURE 

The fields of air velocities and temperatures were explored by the shifiing 
of a measurement frame in the area of the supply air jet. This exploration 
method has made it possible to indicate a possible penetration of the cold 
air stream in the occupied zone. The measurements were carried out in 
the vertical symmetry plane through the air inlet. 

Air temperatures were measured by a platinum resistance sensor. Air 
velocities were recorded with an constant temperature anemometer DISA 
55M01/55M10 provided with an omnidirectional thin-film probe 
DISA 55R.49. 

The DISA 551349 probe using a spherical sensor of small dimensions 
operated at  low sensor temperature it is possible to measure velocities 
down to 5 cm/s without significants errors from free convection flows 
created by the sensor itself [B].  Therefore this probe is well suited for 
measurements air movements in M-scale models of air-conditioned 
rooms. 



: Outside view of the test enclosure. In this photo, we can make 
out the lightweight partitions, the suspended ceiling and the 
supply air network 

: Sketch of the test enclosure 



As the velocity probe is non-temperature compensated and non linearized 
the real velocity was calculated from the measured temperature and from 
the measured voltage according to a calibration curve. 

The probe was calibrated by using the DISA 55D90 calibration 
equipement. This equipement produces a variable-velocity low-turbulence 
free air jet in which the anemometer probe to be calibrated is placed. The 
relationship between anemometer voltage and air velocity was 
determinated on the basis of twelve calibration points in the range 
0 - 1 mls. 

200 velocity measurements were collected at  each point, the average of 
these instantaneous values being used to characterize the velocity at this 
point. As the temperature change in time was not important, the 
temperature was not measured at  the same rate as air velocity : only one 
measurement was collected to characterize the temperature at  a point. 
This value was used to accomplish the temperature compensation of the 
anemometer voltage. 

4 - TESTS 

In order to assess the risks of cold draughts due to  a self-regulated air 
inlets, tests were performed in the EREDIS enclosure. Various types of 
self-regulated air inlets marketed in France were tested and the effect of 
the location of the air inlet on the air flow patterns was analysed. 

The way of working of a self-regulated air inlet is the progressive 
modification of the air passage section of the inlet according to the 
pressure difference on either side of the inlet. The change in section i s  as 
that the air flow rate may be kept constant in a wide range of pressure 
difference. 

The self-regulated air inlets use various air flow control devices : the 
moving component of the inlet may be either a plastic film shutter or a L 
profile shutter or a setting stick shutter (see figure 3). 



Sketch of various self-regulated air inlet 

: Self-regulated air d e t  devices 



Figure 4 depicts a typical flow rate curve of a self-regulated air inlet. 
These inlets which are in widespread use for more than fifteen years help 
to prevent uncomfortable draughts when the wind pressure is too high. 
Also, they contribute to  lower heat losses due to cross ventilation. 

air flow rate (m3/h) 

pressure difference (Pa) 

: Self-regulated air inlet characteristic curve 

Two sets of tests were performed. In the first, the air inlet was placed in 
the facade in a vertical position near the ceiling (horizontal air jet). 
Various distances between the ceiling and the air inlet were chosen : 5 cm, 
15 em, 25 cm. In the second set, the air inlet was installed in the 
horizontal part of a rolling shutter housing (vertical air jet). The opening 
is located at 30 cm below the ceiling. 



5 - RESULTS 

5.1 - Horizontal air iet 

The jet issued from the inlet is inclined to stick to the ceiling because the 
inlet is equipped with a deflector that points the jet upwards. 

In addition, since the air inlet is located close to the ceiling there is a 
tendency for the jet to cling to the ceiling. This effect, called Coanda effect 
[91, also reduces the influence of temperature differences which normally 
cause the trajectory of a cold air jet to curve downwards. 

The tests have shown that whatever the type of air inlet, when it is 
located in a vertical wall fairly close to the ceiling, the jet is strongly 
drawn toward the ceiling and the risk of penetration into the occupied 
zone is non-existent. 

Figure 5 depicts the air jet behaviour issued from a self-regulated air inlet 
located close to the ceiling. It shows iso-velocity and isothermal maps. The 
isothermal lines indicates the difference between the air temperature at 
the centre of the enclosure (20°C) and the local air temperature in the 
stream. 

The air jet behaviour is the result of the combining of the both 
antagonistic effects : 

- thermal forces that incline the jet to curve downwards 
- Coanda effect that incline the jet to curve upwards 

Figure 5a shows the air jet split up into two parts : the one slightly curves 
downwards (free jet), the other clings to the ceiling (wall-jet). 

Tests were carried out with a self-regulated air inlet either equipped with 
a deflector or not. The results have shown the air jet behave like a wall jet 
running along the cold glazing. When the inlet device is not equipped with 
a deflector the cross-sectional area of the air jet increases so that the air 
stream comes into the occupied area (see figure 6). 

When the air inlet is intalled in the horizontal part of a rolling shutter 
housing, it is necessary to deflect the air jet towards the fa~ade ; in all the 
other cases, the discomfort appears locally near the facade. 



: Iso-velocity map 

2501' Cm 

: Isothermal map AT = ti - tx 
ti = air temperature at the centre of the room 
tx = local air temperature 

: Air jet behaviour f2om self-regulated inlet set over a window in 
vertical position 



Figure 6a : 
Iso-velocity map 

n ern. 

Figure 6b : 
Isothermal map 
AT = ti - tx 
ti = air temperature 
at the centre of the room 
tx = local air temperature 

: Air jet behaviour from self-regulated inlet set over a window 
in horizontal position 



In a heated room where the heating provides the thermal comfort of the 
occupants at the centre of the room, the presence of a ventilation air inlet 
can d e c t  the comfort conditions at  certain points of the occupied area and 
risk of cold draughts can occurs. 

Cold draught prevention is based on an adequate air diffusion in order to 
avoid the penetration of the air jet into the occupied area. The reduction 
in velocity and temperature difference must be executed outside this area. 

When the air inlet is located in the fiqade so that jet is horizontally 
discharged, the air jet must be pointed towards the ceiling. The efficient 
way to avoid draught is the use of a deflector. 

When the air inlet is underneath a rolling shutter housing so that jet is 
vertically discharged, the air jet must be pointed towards the fa~ade ; 
therefore an air inlet with a deflector must be used. Result without 
deflector is hardly acceptable. 

Thus, this study has shown that experiments in testroom may help to 
improve the design of air inlet device and their location in room. Also, it 
has been shown the self-regulated air inlet does not cause uncomfortable 
draughts if the installation of the inlet device is executed with a few 
precautions. 

Research work is needed to establish correlation between jet 
characteristics and temperature and velocity field in the room. 
Nevertheless, the number of experiments to be undertaken to achieve this 
goal is very high. This is why recourse to numerical approach can enable a 
faster progress in understanding heat and mass transfer within rooms. 
Works are now going on for comparing the experimental results to the 
ones calculated with a Computational Fluid Dynamics code. 
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ENERGY RECOVERY IN VENTILATION SYSTEMS 
A WORLDWIDE ENERGY SAVING AND 
ENVIRONMENTAL PROTECTION TECHNOLOGY 

1.0 Enerqv Recovery 

For more than 20 years, energy recovery systems have 
been operated successfully in European countries in 
comfort and industrial ventilation systems in order to 
reduce the heating and cooling capacity as well as to 
reduce the annual energy consumption for the treatment 
of supply air. By 1991 the total heating capacity of all 
installed energy recovery systems in Europe was about 
60.000 MW and the equivalent of the annual energy 
savings was about 10 million tons of oil. This very 
impressive result of an energy saving technology also 
includes the annual reduction of emissions of all 
environmental polluting products: 10 million tons of 
annual oil savings are corresponding with the reduction 
of about 50.000 tons of SO2 and 40 million tons of C02 
Apart from being an important economic factor both at 
the private and the national level, energy recovery 
systems thus also make an important contribution to 
energy conservation and environmental protection [I]. 

As shown in Fig. 1, energy recovery in HVAC systems 
wants the use of sensible as well as latent energy 
contained in the exhaust air for outdoor air treatment 
to the greatest possible extent. Therefore the main 
advantages of energy kecovery systems are: 
- Reduction of the heating and humidification load 
demand, which in turn reduces the necessary size and 
thereby the capital costs of heating plants (boiler, 
piping, etc.) 

- Reduction of the heating energy demand, which reduces 
operating expenses 

- Reduction of the cooling and dehumidification .load 
which reduces the necessary size and thereby the 
capital costs of the cooling equipment (such as 
compressor, cooling tower, etc.) 

- Reduction of electric energy for refrigeration 
- Reduction of air and water pollution due to reduced 
energy consumption needed for heating and cooling 

Fig. 1: Air Conditioning System with Energy Recovery 



AS the exhaust air conditions hardly change during the 
annual operation time of a HVAC system it is in general 
the outdoor air which governs the design, operation and 
economic efficiency of this energy saving technology. 
Worldwide there are three different climate regions 
suitable for the application of energy recovery: 
moderate climate (wet or semi-dry summers, subpolar), 
desert climate (dry) and tropical climate (permanent 
high humidity). 

In the past 20 years high energy prices together with 
high dependence on imported fuel required efficient use 
of energy, and this in turn resulted in highly developed 
engineering of ventilation and air-conditioning systems 
in two parts of the world: Europe - especially in the 
German-speaking countries and Scandinavia - and the Far 
East, i.e. Japan [2]. The common feature of these 
regions is, that these are highly industrialised 
countries, with their dynamic business-life depending 
largely on the import of primary energies such as crude 
oil, natural gas and coal. 
As energy prices in the USA and Canada are still 
comparatively low, the importance of efficient energy 
utilisation has not yet been fully recognised in these 
countries, and this is the reason why fewer heat 
recovery devices are used compared to Europe and Japan. 

Heat recovery devices can be applicated in the following 
fields [3]: 
- High comfort buildings (office buildings, schools, 
hospitals, hotels, department stores etc.) 

- Industrial buildings (production halls and workshops 
in various industrial branches, e.g. automobile 
industry, electronic industry, pharmaceutical 
industry, etc. ) 

- Process air handling systems (paint-spraying booths, 
driers and extraction facilities, etc.) 

It is necessary for all applications to operate with a 
high outdoor air rate in order to meet the problems of 
indoor air quality caused by internally generated 
pollutions, known as "Sick Building Syndrome" [4]. 

In accordance with Eurovent 10/lstandard[Slheat recovery 
devices in Europe are divided into 3 categories (Fig.2): 

Fig. 2: Types of Energy Recovery Systems 



- Recuperators with plates or tubes, preferably for very 
small systems and process air handling systems with 
sensible energy recovery only 

- Closed circuit systems with finned heat exchangers 
connected by pipes, used primarily for modification 
and retrofit of existing buildings with sensible 
energy recovery only 

- Regenerators with rotary heat storing matrix and 
combined transfer of heat and humidity, for all fields 
of application with total energy recovery 

The matrix is fabricated in a honeycomb structure of 
corrugated aluminum or ceramic fiber material with 
hygroscopic or non-hygroscopic surface. 

Based on the experience acquired during many years in 
regions of moderate climate, and as a result from a 
growing demand for energy saving HVAC systems, a trend 
is now noticed towards exporting energy recovery systems 
from Europe and Japan into countries where different 
conditions prevail. These are d e s e r t c o u n t r i e s [ 6 ] a n d t h e  
tropics in particular. It has to be mentioned in this 
context, that the buildings with the lowest specific 
energy consumption values worldwide are located in 
Europe and Japan: The office buildings of the NMB Bank 
in Amsterdam and the Ohbayashi Corporation in Tokyo with 
a remarkable 110 k ~ h / m 2 - a  energy consumption for 
heating, cooling and electric energy supply. In both 
buildings energy recovery with rotating total energy 
exchangers, solar energy application and computer 
control operation are the most important energy saving 
technologies. The average energy consump~on of office 
buildings today is around 300 to 350 k~h/m. a [7][8]. 

Facts and Fiqures 

In the following, the result of energy recovery in an 
office building application is calculated for four 
typical locations worldwide. According to the 
psychrometric chart and the annual energy consumption 
diagramm, all reduction of capacities, annual energy 
consumptions, investment costs and the environmental 
pollutions are derived. As operation time is 8760 hours 
per year for shorter operation time, equivalent results 
can be calculated individually. For the environmental 
pollution the specific figures of a German study on 
environmental protection [9] are used according to Fig.3 
Fig. 3: Specific emissions K ~ / M W ~  final energy 

Dust 

Oil fired Boiler 014 0,31 0,Ol 370 
Gas fired Boiler 0,03 0,16 -- 272 
Coal fired Boiler 2,82 0,38 0,31 547 
Electricity (Oil) Of6 0,58 -- 630 
Electricity (Coal) 0,75 0,71 0,09 929 



Enerqy Recovery in ~erlinl~ermany 

Climate Conditions: Moderate Climate 

3 2 Outdoor Air Rate (50m /h Person; 10m /person) 5 m3/h m2 

Energy Supply for Buildinqs: 60% Oil, 30% Gas, 10% Coal 

Enerqy Recovery (Total Heat Exchanger, 75% Eff.) 
Heating Period 5 mths 
Cooling Period 2,5 mths 
Reduction Boiler Capacity 75% 
Reduction Chiller Capacity 30% 
Annual Heating Energy Recovery 190 kwh/m2 a 
Reduction of Annual Heating Energy 90% 
Annual Cooling Energy Recovery 5 kwh/m2 a 
Reduction of Annual Cooling Energy 15% 

C0,-Reduction 
C0"-~eduction Heating 2 CO -Reduction Cooling 
~oeal C02 -Reduction 

Reduction Energy Recovery Investment Costs 

Red. Boiler Capacity (200,- US$ per kW) 
Red. Chiller Capacity (400,- US$ per kWj 
Invest. Energy Recovery (1,40 US$ per m /h) 
Total Investment Reduction 



Enerqy Recovery in Tokyo/~apan 

Climate Conditions: Moderate Climate, wet and humid 
summer season 

3 2 Outdoor Air Rate (50m /h Person; 10m /person) : 5 m3/h,m 2 

Enerqy Supply for Buildinqs: 70% Oil, 30% Gas 

Enerqy Recovery (Total Heat Exchanger, 75% Eff.) 
Heating Period 4 mths 
Cooling Period 5 mths 
Reduction Boiler Capacity 100% 
Reduction Chiller Capacity 250% 
Annual Heating Energy Recovery 160 k~h/m 8 a 
Reduction of Annual Heating Energy 290% 
Annual Cooling Energy Recovery 25 k~h/m - a 
Reduction of Annual Cooling Energy 35% 

C0,-Reduction 
~o:-~eduction Heating 
~0~-~eduction cooling 
Togal C02-Reduction 

Reduction Enercry Recovery Investment Costs 

Red. Boiler Capacity (200,- US$ per kW) 15,- $/m2 2 
Red. Chiller Capacity (400,- US$ per kWj 
Invest. Energy Recovery (1,40 US$ per m /h) 

13,- $ / a  
7,-$/m2 

Total Investment Reduction 21,- S/m 



Enerqy Recovery in ~iyadh/~audi Arabia 

Climate Conditions: Desert climate, dry and little rain, 
daily and annual extreme differences of outdoor air 
temperature 

3 2 3 Outdoor Air Rate (50m /h Person; 10m /person): 5 m /hem 2 

Energy Supply for Buildinqs: 100% Oil 

Enerqy Recovery (Total Heat Exchanger, 75% Eff.) 
Heatinq Period 1,5 mths 
cooling Period 
Reduction Boiler Capacity 
Reduction Chiller Capacity 
Annual Heating Energy Recovery 
Reduction of Annual Heating Energy 
Annual Cooling Energy Recovery 
Reduction of Annual Cooling Energy 

C0,-Reduction 
~0;-~eduction Heating 
CO -Reduction Cooling 
~o6al CO -Reduction 2 

7 mths 
100% 
250% 

60 kwh/m * a 
290% 

30 kwh/m a 
25% 

Reduction Enerqy Recovery Investment Costs 

Red. Boiler Capacity (200,- US$ per kW) 2 
11,- S/m2 

Red. Chiller Capacity (400,- US$ per kW4 Is,- $ / ~ p  
Invest. Energy Recovery (1,40 US$ per m /h) 7,- $/m 
Total Investment Reduction 19,- S/m 

2 



Enerqy Recovery in Sinqapore 

Climate Conditions: Tropic climate, permanemt high 
humidity, only little difference of temperature and 
humidity 

3 2 3 Outdoor Air Rate (50m /h Person; 10m /person): 5 m /hem 2 

Enerqy Supply for Buildinqs: 100% Oil 

Enerqy Recovery (Total Heat Exchanger, 75% Eff.) 
Heating Period - mths 
Cooling Period 12 mths 
Reduction Boiler Capacity - % 
Reduction Chiller Capacity 250% 
Annual Heating Energy Recovery - k~h/m * a 
Reduction of Annual Heating Energy - % 
Annual Cooling Energy Recovery 130 kwh/m2* a 
Reduction of Annual Cooling Energy 35% 

C0,-Reduction 
COZ-~eduction Heatinq 
CO~-~eduction cooling 
~oeal C02-Reduction 

Reduction Enerqy Recovery Investment Costs 

Red. Boiler Capacity (200,- US$ per kW) 
Red. Chiller Capacity (400,- US$ per kWj 

$ /m; 

Invest. Energy Recovery (1,40 US$ per m /h) 
13,-  $/y 
7,- $ /m2 

Total Investment Reduction 6,- $/m 

Fig. 7: Energy Recovery in Singapore 



3.0 New Development of Total Heat Recovery Wheel 

When using rotating heat exchangers to recover both 
sensible and latent heat in countries with high relative 
humidity of outdoor air one has to be aware that those 
types of heat exchangers are so effective because they 
adsorb the moisture of outdoor air with high efficiency. 
The surface of the heat exchanger is therefore made 
hygroscopic, either by a special treatment of the 
aluminum material to aluminum oxide or by covering the 
surface with desgicants like silica gel or zeolite 
powder. Generally, all these adsorbants have a very good 
adsorption capacity for moisture, but can also adsorb 
odourous chemicals of outdoor or indoor air at the same 
time. This effect can cause cross contamination of 
odours from return air to supply air, especially when 
the relative humidity of outdoor air increases rapidly 
during the rainy seasons or a downpour. The moisture 
purges out the odourous chemicals which have been 
adsorbed and accumulated in the pores of the adsorbants 
by pore condensation. Thus, purged odours would be mixed 
into the supply air and delivered into the inside of the 
room. By selecting a special type of silica gel with a 
defined pore diameter, the pore condensation can be 
prevented and no odour transfer [lo] will happen. This 
very new type of total heat exchanger has been developed 
in Japan and is now being applied with very good results 
without any odour transfer. So all the advantages of the 
rotating energy recovery systems can be used especially 
for the reduction of the latent and sensible cooling 
capacity without any restriction. As shown before in the 
psychrometric charts of the four locations, only a 
rotating energy recovery system can meet the 
requirements of total energy recovery. 

4.0 Desiccant Coolinq with Enerqy Recovery Wheels 

Due to the threat of an atmospheric ozone depletion 
leading to a "Greenhouse Effect" mainly caused by C02 
from burning fossile primary energies and the CFC-based 
refrigerants used as cooling vapour in compressor 
chillers [ll] new developments of cooling equipment have 
a realistic chance to enter the HVAC market and may 
force changes. The main strategy is to replace the 
standard refrigeration equipment by using the principle 
of desiccant cooling in order to eliminate the electric 
power generation in power plants. The desiccant cooling 
technology as described in Fig. 8 is now available with 
two rotating energy recovery wheels with extremely high 
efficiencies for adsorption and heat exchange [12]. 

The unit consists of three well-known air processors: a 
desiccant air dehumidifier, evaporative coolers and a 
rotating sensible heat exchanger. The individual 
function of these principal components is as following: 
the desiccant wheel "A" rotates within the outdoor air 



stream and removes the moisture from it. The rotor is 
fabricated of silica gel reinforced with inorganic 
fibres and formed into a honeycomb shape. Active silica 
gel is synthesized and combined in the honeycomb shape 
by chemical reaction. It has an excellent water 
adsorbing ability [ 1 3 ] [ 1 4 ] .  The adsorption of moisture 
on the silica gel causes the temperature of the air to 
rise. The heat generated during the drying step is 
removed from the air by a rotating heat recovery wheel 
ll B I$ with high efficiency. This heat recovery wheel is 
non-hygroscopic and fabricated of corrugated aluminum. 
The evaporative cooler "C"  humidifies the dried air to 
further reduce the dry bulb temperature of the supply 
air stream. 

For the reactivation cycle the return air is used by 
first reducing the dry bulb temperature in the 
evaporative cooler "D" . The heat originally generated 
during dehumidification of the supply air is then 
removed and transferred back into the reactivation cycle 
by the heat recovery wheel "B" . As an additional energy 
source any kind of solar, waste or fossile energy is 
used in the heat exchanger "E" to bring the reactivation 
air to the required temperature for desorbing the 
desiccant wheel. Due to the new synthesized silicaogel 
this temperature could be set at a minimum of 60 C ,  
which allows to use low level waste heat available from 
many heat processes especially in summer season. 

Numerous ~nstallations according to this desiccant 
cooling principle were realised during the last five 
years in the USA, Japan and Germany. 



5 . 0  Summary 

Energy Recovery is today routinely incorporated into the 
ventilation systems of office buildings, hospitals, 
schools, hotels, industrial processes etc. Because of 
high efficiency for both sensible and latent energy 
recovery the rotating heat exchangers are superior to 
the other types of heat exchangers. Therefore they are 
also very advantageous for the important growing 
application in the Third World Countries, where the 
energy consumption in the future is expected to grow 
dramatically. These countries have mainly desert or 
tropic climates. 

The benefits of energy recovery and related technolgies 
like desiccant cooling are: 
- Reduced investment costs due to smaller size of 
boilers and chillers 

- Reduced energy costs for heating energy ( 9 0 % )  and for 
cooling energy ( 3 0 % )  

- Reduced C02 emission due to reduced energy input 
- Additional cost reduction if taxes on energy 
consumption and/or C02 emission are introduced 

- Higher and more economic outdoor air rate possible to 
meet the indoor air quality problems 

- Reduced dependence on fuel imports 
- '"east Cost Planningq' technology for public utility 
services 
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SYNOPSIS 

The new building and HVAC technology was used when an EBES multistorey 
residential building was built in Helsinki. In the EBES system the building 
structures are used as an installation space for the heating, piping, ventilation 
and electrical systems. Building structures are also used as a storage for heating 
and cooling energy. The main objectives of the overall EBES system are to 
improve the indoor air quality and energy economy and at the same time to 
improve the quality of the construction process and reduce costs. 

The ventilation system is a mechanical supply and exhaust air system having 
efficient heat recovery. It is supported by an intelligent programmable 
controlling system. The ventilation system is designed so that no adjusting and 
balancing is required after installation. In thr EBES system it is possible to use 
complex demand-controlled ventilation systems if desired. In this building 
manual control by residents was used. In each room the indoor temperature is 
individually controlled and the resident may choose the temperature level 
desired. 

All the HVAC components were tested in the laboratory before installation. All 
phases of the construction were monitored and filmed by video. The field 
monitoring of the indoor climate, energy consumption and operation of the 
system are presently in progress. The project will continue up to the end of 
1992. 

The heating, piping, ventilation and electrical systems and structures of 
apartment buildings have generally been studied as separate parts independently 
of each other. A controlled indoor climate, good energy economy, good sound 
insulation and long service life of the structures can be achieved only through 
the controlled joint functioning of these parts. 

Need for development of an open EBES element building controlling the frame 
construction in Finnish apartment buildings and the need to develop the indoor 
climate, energy economy and living standard of apartments without raising the 
building and operating costs iniated the EBES research project "Energy 
economic building systems integrated in the heating and ventilation systems of 
buildings" 111. 

In the EBES system the building structures are used as an installation space for 
the heating, piping, ventilation and electrical systems. The building structures 
are also used as a storage for heating and cooling energy (Figure 1). 

Advanced EBES building and HVAC technology was used and tested in the 
experimental building (2-3 storey, building volume 2760 m3, floor area 842 m2, 
eight flats) in Helsinki. 



In this paper the results of the field monitoring on the indoor climate, energy 
consumption and operation of the system are discussed. 

Ventilation unit -, ,-Exhaust air duct 

Figure I .  EBES integrated W A C  and building system. 

DESCRIPTION OF THE EBES SYSTEM 

- Suitable methods for the distribution of air into the rooms. - A self adjusting air duct system. - Leading of supply and exhaust air into the hollow spaces of the 
concrete structures in the loaddbearing floor and wall 
structures. 

- Effective heat recovery. - The use of the building mass as energy storage for cooling and 
heating. - The installation of water and sewage pipes into the hollow 
spaces in the frame structures, - The installations of the building's electrical equipment, wiring 
and accessories in the hollow spaces. 



HEATING SYSTEM 

The basic heating system is an accumulating type of electrical heating. At night 
the heat is stored in the floor and ceiling structures by means of electrical 
heating cables. In the daytime the heat is transferred to the mom spaces. The 
room temperature control is managed by means of a room-based ventilation 
heating system that incorporates on accurate electronic thermostat. 

Combined radiation and warm air heating was found to be a suitable heating 
system with regard to the stability of the indoor temperature during heating 
breaks. Radiation heating feels pleasant even when the temperature drops a bit. 
During reheating, radiation heating is slow. With warm air heating the indoor 
temperature can rapidly be raised to the desired level if the design heating 
effect is sufficient. Although the temperature of the structures (Figure 2) may 
vary considerably, the room temperature is uniform. 

When electricity is used as the heating energy, the heating effect of the 
building can be controlled according to the loading of the power plant without 
causing abrupt changes in the indoor temperature during heating breaks. 

Thursday 5. - 9.12.1991 Time, days 

Figure 2 .  Measured temperatures of floor structures near the heating hollow 
during heating periods. 



The supply air that is led into the hollow core slabs must be preheated to such 
a high temperature that the surface temperature of the hollow core slab is never 
below +10 'C. The measured temperatures of supply air in a vertical hollow 
space during the winter period are shown in Figure 3. 

Thursday 5. - 9.12.1991 Time, days 

Figure 3.  Measured temperatures of supply air afer the ventilation central 
unit and after a vertical hollow (length 6 meters) on the Istfloor. 

3. VENTILATION SYSTEM 

The ventilation system is a mechanical supply and exhaust air system which 
embodies heat recovery, efficient filtering and preheating of the supply air. 
Hollow spaces of hollow core slabs are used as air ducts. Every flat has its 
own vertical supply and exhaust air hollow spaces. No air flow dampers and no 
adjusting and balancing of air flows are needed in the EBES system and 
cleaning of the hollow spaces is easy. Figure 4 shows how the ventilation 
central unit functions. Total air flows were practically constant. 

In each flat the ventilation rates may increased in the kitchen and toilet. 

The room-based air flows are preadjusted and measured to the desired values 
by means of silent and high-quality supply air devices. The resident can control 
the direction and length of the supply air to accomodate his furnishings so that 
there is no draught and noise. 



Thursday 5. - 9.12.1991 Time, days 

Figure 4 .  Measured temperatures of air flows in the ventilation central unit. 

4. OBJECTIVE VALUES FOR INDOOR CLIMATE AND VENTILATION 

The basis of both the heating and ventilation systems of an energy economic 
EBES block of flats is that the final goals of the indoor climate standard are 
clearly stated. In addition to thermal camfort and air quality, the noise of the 
equipment and the sound insulation of the structures must be taken into 
account. 

For residents, the key flexibility requirements of the techniques of controlling 
the indoor climate in apartment buildings are /4/,/5/, /6/, /7/: 

- an ideal and even temperature for each room 
- silent demand-controlled ventilation that eliminates draughts 
- the prevention of spreading of odours 
- good sound insulation. 

The objective values of the indoor climate of the EBES block of flats meet the 
recommended values in the compiled Finnish Building Code. The following 
values are higher: the indoor air temperature can be controlled to 21 f 2 "C, 
the air change is 0.65 - 1.0 Vh and the highest permissible sound level is 25 - 
30 dB(A). 



TECHNICAL PROPERTIES OF THE EBES-BUILDINGS 

The functional requirements of a mechanical supply and exhaust air ventilation 
system that provides sound attenuation and heat recovery - such as that used in 
the EBES block of flats - is that the outer building envelope (1150 c 0.5 l/h) 
and the floors ("50 < 0.1 dm3/sm2) in particular, are sufficiently airtight. At a 
test pressure of 200 Pa, the leakage air flow rate of the air ductwork may be a 
maximum of 0.1 dm3/s per square meter of the envelope surface of the air 
ductwork. To avoid the disturbances that change the air flows in the ducts and 
are caused by the thennal forces due to the temperature difference between the 
outdoor and indoor air as well as by the wind, the static pressure of the duct 
work must be at least 100 Pa when the building does not have more than seven 
storeys. The mechanical supply air flow is about 80 % of the exhaust air flow. 
Air change is continuous. 

Air ductwork according to the EBES system is simple to design and easy to 
adjust. Its features furthermore include technically stable air flow, sound control 
and the possibility of making changes in the air flows when the flow rates in 
the main ducts of sheet metal are a maximum of 4 m/s. The air flows in the 
mutual ducts (vertical hollows) are 3 m/s and those in the room ducts (vertical 
or horizontal hollows) are 2 m/s /2/,/3/. 

MEASURED TECHNICAL PROPERTIES OF EBES BUILDING 

- Leakage air flow rate of the building envelope 
(test pressure 50 Pa) 

- Normal ventilation rates of the flats - Temperature efficiency of the heat recovery 
- Accuracy of the preadjusted air flows - Leakage air flow rate of the air ductwork 

(test pressure 250 Pa) 
- Average sound levels 

bedrooms 
living room 
kitchens 

normal ventilation 
increased ventilation 

toilet 
normal ventilation 
increased ventilation 

bathroom 
saunas - Sound insulation between flats 



NEW PRODUCTS OF THE EBES SYSTEM 

- Sound attenuated, draughtless and air heating supply air 
devices. - A silent cooker hood capable of effective vapour collection and 
able to increase the air flow. - An exhaust air device capable of increasing the air flow. - A new type of ventilation central unit equipped with heat 
recovery. - A connection piece system for the hollow spaces of the hollow 
core slabs that are used as air ducts. - A control technique for the room-based heating effects of the 
heat accumulating building frame. 

The measured energy consumption of the EBES building is in Figure 5. Supply 
air heating energy is very small because the heat recovery is efficient (60 %). 
About 70 - 85 % of the electricity was low cost night electricity. 

TOTAL TOTAL ENERGY DISTR. (%) HEATING ENERGY DISTR. (%) 

June 1991 - May 1992 

Figure 5 .  Energy consumption of the EBES building ( I  year). Energy: kwh 
per building volume d. The mean outdoor temperature was 6 J OC, which was 
2 OC higher than the normal level in Helsinki. 



CONCLUSIONS 

The development of a heating, piping, ventilation, electrical and building 
system within the EBES research project has increased the possibilities of using 
an open EBES element building system to improve the standard of living and 
form a bases for the development of new integrated element building systems 
that offer all-round economy. 

In the EBES building the residents were very satisfied with the thermal indoor 
climate, the freshness of the indoor air and the controlled ventilation. All 
technical systems functioned well. Thanks to heat recovery and the use of 
hollow core slabs, the energy consumption of the supply air heating was only 
5 % of the total energy. 
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Synopsis 

Air extraction in the kitchen is an essential element in all ventilation strategies for dwellings. 
This can be done by natural ventilation or mechanical extraction. In practice, the use of 
mechanical kitchen hoods is very common in Belgium. 

As part of a research carried out for the Belgian IWONL/JRSIA, the laboratory for 
Hygrothermics and Indoor Climate of BBRI carried out measurements to evaluate the 
efficiency of kitchen hoods. 

The test procedure applied at BBRI is a mix-up of two existing standards. The major 
difference between the two standards is the use of an interference device to simulate 
occupants behaviour. Just this interference device seems to have a crucial influence on the 
collection efficiency of a kitchen hood. 

Besides the determination of the collection efficiency, a definition is given of a pollution 
index. This index evaluates the pollution level in the room when using a kitchen hood. 

Also a method is explained to design and to evaluate a kitchen hood installation taking into 
account air flow characteristics and collection efficiencies. 

List of S~mbols 

E : Collection efficiency index 
Pi : Pollution index 
C : Measured concentration of tracer gas [ppm] 
q : Tracer gas injection rate [m3/h] 
Q : Extraction air flow rate [m3/h] 
V : Volume of test chamber [m3] 
t : Time [h] 

1. Efficiency measi~rements 

1.1. Introduction 

The main function of a kitchen hood is to extract the pollution from cooking. Standards NF 
E 51-704 and SS433 05 01 describe a method to measure the collection efficiency of a 
kitchen hood. Based on both standards BBRI constructed in 1991 a test chamber for such 
kind of evaluations. For a technical description of the test chamber and the method, a 
reference is made to [I] and [2]. 

The produced pollution during a cooking process is simulated by a tracer gas. A known 
quantity is injected in a saucepan at a hot plate while the kitchen hood is working. After 
stopping the kitchen hood and the injection of tracer gas, the remaining concentration of 
tracer gas is tneasured in the test chamber. The collection efficiency index is determined 
based on this measured concentration. 



Figure 1 shows the BBRI test chamber. d 

Finure 1 : Schematic view of tlte BBRI test chamber 

1.2. Evaluation indices 

Both above mentioned standards express the collection efficiency using the following 
fonnula: 

The expression in the denominator of this equation is the concentration which should be 
found in case of perfect mixing, using the same injection and air flow rate as during the test. 
Perfect mixing lneans that the tracer gas is completely )nixed with the room air before 
extraction. An efficiency of 0.00 is found if the concentration inside the test chamber is the 
sane as in the case of perfect mixing. 
An efficiency of 80 % may be interpreted that 20 % of the pollution is corning into the 
kitchen before being extracted. The collection efficiency index expresses the effectiveness 
of the catching of pollutants by a kitchen hood. 

A drawback of the definition of the collection efficiency is that no infonnation is obtained 
about the resulting pollution in the kitchen. The collection efficiency is calculated 
coinparing a measured concentration and a concentration in case of perfect mixing for the 
same air flow rate. 



The effect of the air flow rate on the pollution in the occupied zone is eliminated. The 
collection efficiency index focuses on the indoor air quality for a given air flow and is an 
energy related performance index. 

It would be interesting to define another index which gives more information about the air 
quality in the occupied zone. Therefore, "the pollution index Pi" is defined at BBRI. 

The pollution index Pi is defined as the relative concentration in the occupied zone for a 
certain kitchen hood at a certain airflow by taking the situation of I00 d l h  extraction with 
perfect mixing as a reference. This reference situation corresponds with a pollution index 
1.00 . 

This comesponds with the following formula : 

The pollution index focusses more on the indoor air quality level in the room and is a 
quality performance index. One can probably come to other performance indices. 

2.1. Results 

For the moment, as well Belgian as Dutch kitchen hoods have been tested. 

All kitchen hoods are installed at a height of 650 mm above the level of the hot plate and 
tested at different air flows. 

Figure 3 to 4 illustrate the above defined performance indices of the tested hoods as function 
of the extraction air flows. Besides the results obtained for the kitchen hoods, the figures 
also give results of the performances of a ventilation grill. This is a ceiling extraction grill, 
mounted at the ceiling in the left corner of the test room at 50 cm from the rear and side 
wall. As expected the performances of this ceiling grille are much lower than for the 
kitchen hoods. 
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Finure 2 : Collection efficiency indices. 
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Fixure 3 : Pollution indices. 



2.2. Interpretation 

1) It is clear that the collection efficiency increases (and the pollution index decreases) as 
the air flow increases. Therefore, it is not possible to give one collection efficiency 
index for an extraction device. It is an air flow related index. 

2) Above figures shows that the behaviour of the efficiency index as function of the air 
flow is rather unpredictable. The curves of all hoods have different shapes. This can 
also be an indication of a rather large measurement error. 

3) The collection efficiency of an air extraction device is related to the air flow as well with 
the shape as with the distance between the pollution and the extraction device. When 
using an air extraction grille with a low air flow (eg. 25 m3/h in a toilet as mentioned 
in the Belgian standard NBN D 50-OOl), the assumption of perfect mixing seems to be 
realistic. When using such a device with an important air flow (> 150 m3/h), the 
efficiency increases a lot and the assumption of perfect mixing is not longer valid. 

4) The pollution index gives more information about the pollution level in the space. The 
pollution index decreases more then the efficiency index increases as function of the air 
flow. This can be explained by the difference in definition between the two indices. 
Even by an efficiency of 0.0, a certain amount of pollution is evacuated. 
The calculated pollution indices also illustrate that all kitchen hoods evacuate more 
efficient by 50 m3/h than in case of perfect mixing and 100 m3/h. This is an important 
remark with respect to energy consumption. 

5) All tests are carried out using the interference device. As will be explained in 53.3. this 
interference device has an not neglectible influence on the determination of the collection 
efficiency index. 

Table 1 : Sutntnary of collec&ion efficiency indices. 



Table 2 : Summary of pollution indices. 

7) One must remember that the test procedure at BBRI is not conform with the French or 
Swedish standard but a mix up of both standards. The test procedure, especially the 
starting up of the experiment, seems to be more logical than the one described in both 
standards. 

3. Sensitivity analyses 

3.1. Repeatability of tests 

As also mentioned above, the results are rather unpredictable. This can include a rather 
large uncertainty in the measurements. Table 3 represents the results of 4 measurements on 
the same installation evacuating an air flow of 300 mn3/h. 

1-11 

Table 3 : Repeatability of efficiency tests 

From these first results, one can conclude that the measurements are reliable. But due to 
the low number of comparative tests, following 95% confidence interval is obtained for the 
efficiency: = 72 f 2.6 [%I 



3.2. Influence of height of installation of the hood 

The influence of the height of the kitchen hood above the cooking plate doesn't seem to be 
neglectible. The following table gives the results of a kitchen hood installed at different 
heights. The test is done using an extraction device installed in a hood (width: 0.6 m, depth: 
0.55 m, height: 0.08 m). The mentioned height of installation is the distance between the 
hot plate and the hood. 

Figure 4 illustrates the effect of the placing of the kitchen hood on the collection efficiency. 

Figure 4 : Influence of installation height 

For the investigated height of this kitchen 
hood, the height has little effect on the 
pollution in the kitchen. The influence of 
the air flow on the pollution is much 
bigger. This conclusion can only be taken 
for the tested configuration : the hood 
installed between cupboards and a wall 
behind it. The influence of the height can 
be more important in other configurations 
e.g. cooking isles and if cross ventilation 
occurs in the kitchen. 

3.3. Influence of interference device 

As also reported in [2] ,  the interference device has a non neglectible influence on the 
extraction performances of a kitchen hood. This is in contradiction with the results reported 
in [5]. As mentioned in the Swedish Standard 58433 05 01 (May 81) a wooden plate 
(height: lm, width: 0.5 m) is used to simulate the occupants behaviour. The interference 
device is moving from one side wall to another with a speed of 0.5 ~n/s and a frequency of 
0.125 Hz. The purpose of the interference device is to simulate occupants behaviour. 

Figure 5 illustrates the 
performances of a kitchen 

l o o ,  hood without interference 
Legend 

mw'm 
Mannequin 

Wooden plate 

Alr now [m3ih] 

Figure 5 : Influence of interference device 

device, with a wooden plate as 
interference device and a non- 
dressed female mannequin as 
device. The interference 
device has a crucial influence 
on the pollution in the kitchen. 
The most important difference 
between above mentioned 
standards is the use of the 
interference device. With 
respect to standardisation, the 
choice of this interference 
device seems to be important. 



4. Evaluation and dimensioning of a kitchen hood installation. 

The main purpose of a kitchen hood is to evacuate pollution during cooking. The capability 
to perform this job depends mainly on : 

- the extracted air flow 
- the collection efficiency of the kitchen hood. 

Figure 6 illustrates a procedure to design a kitchen hood installation and to evaluate its 
performances taking into account both above mentioned parameters. 

Pinure 6 : Evaluation of tile ventilation performances of a kitchen Izood 

The six curves on the figure are : 
la) relation 'pressure difference across kitchen hood-air flow rate' for a kitchen hood and 

operating in stand m a .  
lb) relation 'pressure difference across kitchen hood-air flow rate' for a kitchen hood and 

operating in stand medium. 
lc) relation 'pressure difference across kitchen hood-air flow rate' for a kitchen hood and 

operating in stand minimum. 
2a) relation 'pressure difference across ductwork-air flow through ducts' for a certain 

. ductwork. 
2b) relation 'pressure difference across ductwork-air flow through ducts' for a another 

possible ductwork. 
3) relation 'air flow rate-kitchen hood pollution index' corresponding to the kitchen hood 

of curve 1 to 3. 

Curves lx) can be provided by the manufacturers of kitchen hoods, curves 2x) can be 
calculated when the flow characteristics of the used ducts are known. Curve 3 can be one 
general curve (see figure 3) representing the pollution index for kitchen hoods. 



Some examples : 
1) AQ1 at the figure gives an idea of the difference in air flow rate that will be extracted by 

the kitchen hood connected to a ductwork if different stands (max <-> min) will be used. 
2) Apil gives an idea of the difference in pollution index obtained by the same kitchen hood 

connected at a ductwork but using different stands. 
3) AQ2 gives an idea of the difference in extracted air flow rate by a kitchen hood operating 

in the same stand but connected at different ductworks. 
4) Api2 illustrates the difference in pollution index obtained by a kitchen hood operating in 

the same stand but connected to different ductworks. 

Above graphs allow to design an appropriate ductwork for a certain kitchen hood, to 
evaluate its evacuation performances and to investigate the performance differences using 
different fan speeds. 

Remark : 
Above approximations don't take into account the pressure drop in the kitchen due to 
airtightness. But this does not influence the idea behind this manner of designing and 
evaluating because the effect of airtightness can be included in the curve expressing the 
pressure drop in the ductwork. Therefore the philosophy remains the same. 

4. Conclusions 

1) Instead of only defining the collection efficiency index it seems to be interesting to define 
another performance index, more specific the pollution index, to evaluate the air quality 
performances of an extraction device. 

2) As proven in previous experiments the interference device has a big influence in the 
determination of the performance indices. Therefore, it is important to link the obtained 
results with the interference device. 

3) One must remember that the test procedure at BBRI is not conform with the French or 
Swedish standard but a mix up of both standards. The test procedure, especially the 
starting up of the experiment, seems to be more logical then the one described in both 
standards. 

4) When air flow characteristics are known of the used apparatus and also collection 
efficiencies, a theoretical evaluation of the system can be done. 
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Good indour air quality in buildings becomes such a major concern that new 
design recommandations emerge in many countries (USA, Nordic Countries, ...) 
Improvement of the interior environment should not be at the expense of higher 
energy amsumption. Heat recovery systems are one appropriate answer to this 
challenge. However, additionnal energy savings could be achieved by applying 
demand controfled vmtilation when the internal loads vary signifimtly. 

A C02 oonlrdled ventilation system has installed in a conference room with 
high variable occupancy in mid 91. In this we present the survey of 6 

e limits and the ben a system. We focus on the 
to offer the optimum air qudty and to integate the occupants 

and building owner's reqplirernents. 

The two story building is located in the su of a small town. Offices and 
exhibition hall benefit of a conventionnal exhaust ventilation system with a fixed 
flow rate. C02 m t r d l d  ventilation system has been installed in a 200 M2 room 
used for conferences, training , business meetings, reception ceremony 
as dl as parties. Internal loads can vary from an occupancy of 2 to 50 persons. 
This room has an independent VAV ventilation system. 

Figure I represents a sketch of the installation. A C02 meter is located on the 
at a 1.4 meters height above the 

he sensor delivers a linear 
dioxide concenb;ation in th 

ency inverter integates the se a two minute period. Diaqam 
input signal. The motor ajusts 
e exhaust flow rate 
00 M3H. Six low 

exhaust valves are uniformly distributed over the room ceiling. Fresh air is 
supplied ttK0ugh air inlet gilles evenly located on the facade. 

The C02 coatcentration and the total flow rate have 
months every 5 minutes. Occupnts filled up questionnaires. An agent visited the 
inMiation evey other months to &e& any potential problems. 

panty of the room varies geatly and exceeds sometimes the maximum 
number. It reflects the various uses of this room. The C02 concentration 
between 350 ppm to 850 ppm with a peak at 1100 ppm when the 

internal load was e~eme. The sensibility of the system can be appreciated with 
ion of events such as aperitifs. When the room is used after a period of 

, the dilution time is noticed. During a meeting, any variation in the 
internal load is perceived by the ensor and consequently the flow rate is 
adjustd. As already n o t i d  in other experiments [I], the C02 sensor can adjust 
the air flow much more quidcly than a temperature or enthdpy sensor. 



During the survey, the room was less used than expected. Therefore, the 
minimum ventilation rate was often encountered. Keeping the vmtilation to a 
minimum seems to gu the quality of the air, even at 8 a.m. the day after a 
high occupancy. The room is correctly purged of pdlutants. 

lntegation time of the frequency inverter should be long enough in order to avoid 
any pumping and acoustic effect in the du . The ce of integation time 
induces a mtineous variation of frequency and an erratic input to the fan motor. 

The C02 sensor does not integate all the pdldons. For exemple, after a party, 
the odor of wine and food is persistent. Even if some people may appreciate, it is 
not a e. Therefore, new systems integate a boost on within the 
room. can interfere on the functioning of the ventilatia 
when 

Dierent means of variable air volume exists but frequency inverters act 
the motor and therefore, the functioning point of 
curve. When the C02 m c e n M o n  decreases, 

proportlonaliy and the e also but to the square. No 
noise is generated whatever We working point is situated. 

In the design mge of any buiding, the profilw of cy as well as the 
density are key pmmeters which are rarely well appr A n o n l o f f o r a w  
level venti can induce a high energy consumptim and a poor indoor 
air quality the exhaust or supply air flow is not adapted to the needs. 
C02 vmtilation pady dves  this problem. 

3.2 0 perception 

Six questions were asked to the occupants: 
1. Are you satisfied of the air quality ? 
2. Do you notice a M m c e  with the others spaces? 
3. How do you judge the acoustic environmenr? 
4. Do you encounter a difference in the air quality over the m e  and the time? 
5. Do you notice a better indoor mvtonment in the pr ce of smdrers in 
c o m m m  with the Bther spaces? 
6.Do you know the type of ventilation system if any? 

The occupants were unanimous in their answers to questims 1,3,4. The air 
quality is qualified from gM>d to excellent within the entiere space and over the 
time. Special mentiwls and positive comments were related to the high quality of 
the acoustic environment. Far questions 2 and 5, occupants were either without 
opinion ar noticed an impvment with other space$. lnterwieved occupants did 
not know always the existence of a ventilation system and even less the type. 

In this building, and managers were deliated by the qudfiy of air and 
specially the a~oustic environment, the ease of operation and the energy benefit. 
C02 conb-dled ventilation with kewency Watim eaains this satisfaction. The 
cost rsduction of these two essential components: the sensor and the inverter 
should lead to a ts~es use of this ventilation grocsm. 
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Figure 1: Principle of the system 
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SYNOPSIS 

Experiments were carried out in four naturally 
ventilated offices to measure the indoor environmental 
parameters such as air velocity, turbulence intensity and 
air temperature at three vertical levels, Air change 
rates for various indoor and outdoor climates were 
detetmined. The concentration of carbon dioxide in the 
room was monitored. Subjective assessment was made to 
evaluate the thermal comfort and indoor air quality in 
the offices. The effect of opening windows and doors on 
the indoor comfort conditions was also investigated. 

Models were developed for assessing the indoor 
environment based on the field measurements. It was found 
that in real situations the occupants were more sensitive 
to the deviation of air temperature from neutrality than 
predicted using Fanger's comfort model. The indoor 
environment in the offices was found to be unsatisfactory 
and recommendations are given for its improvement. 

1. INTRODUCTION 

Thermal comfort is an important factor that 
influences occupants1 satisfaction with the room 
environment. Fangerl developed models for the prediction 
of indoor thermal comfort based on laboratory testing. 
However, a number of field studies have shown that these 
models could not accurately predict the occupants' 
thermal responses under working surroundings. For 
example, Schiller, et a1. found that optimum satisfaction 
with the thermal environment in office buildings was 
achieved at a lower temperature than that found under 
laboratory conditions. Moreover, these laboratory based 
models are derived from measured data which give an 
overall state of room environment but not the sensitivity 
of different parts of the body to the surroundings. A 
more reasonable model for comfort should be able to 
reflect these differences. 

Air quality in offices has been a major concern in 
recent years. Odour intensity is one of the indicators of 
indoor air quality and is often associated with the level 
of carbon dioxide. The results of indoor C02 measurements 
have been used to specify minimum ventilation rate 
requirements. However, Fanger, et a1 . 3  found that more 
than 30% of the subjects were dissatisfied with the 
indoor air quality in randomly selected office buildings 
and assembly halls even though the average ventilation 
rate was up to 25 l/s per occupant, which is far higher 
than the recommended value of 7-8 l/s per person referred 
to in the CIBSE ~ u i d e ~  and based on the maximum allowable 
CO, level of about 1000 ppm. This could have been 
attributed to the presence of other sources of pollution 
indoors as well as poor air distribution to the occupied 
zone. 



The objective of the present work is to evaluate the 
indoor environment in naturally ventilated offices using 
detailed field measurements of the environmental 
parameters and thence to develop models for assessing 
indoor thermal comfort and air quality based on the field 
measurements. - 

2 .  METHOD 

This investigation has been carried out by means of 
physical measurements combined with a subjective 
assessment of the indoor environment in four naturally 
ventilated office rooms (denoted as room A, room B, room 
C and room D). The offices are situated in the FURS 
building at the University of Reading. Rooms A and B are 
built of one concrete external wall and three concrete 
brick walls connected to other rooms, situated in the 
north wing of the building. They are both connected to 
the north corridor via hinged wooden doors. There are two 
small weatherstripped double-hung aluminium frame windows 
in the north face of room A and one large window in the 
north face of room B. Room C is located between the two 
corridors which connect the south and north wings. The 
walls separating the room and the corridors are glazed 
while the other walls are made of concrete bricks. There 
is a small axial fan in the north face near the ceiling 
for supplying air into the room. Room D has a similar 
structure to room A but is situated in the south wing and 
connected to the south corridor. All the offices are 
heated by hot water radiators in cold seasons. During hot 
days a portable propeller fan was used in some of the 
tests. The investigation lasted for eight months in the 
year 1991/92. In terms of seasons, tests were conducted 
in winter in room A, early spring in room B, late spring 
in room C and early summer in room D. 

2.1 Physical measurements 

During an experimental test the air velocity, 
turbulence intensity and air temperature were measured 
using thermal anemometers (DANTEC Multi-channel Flow 
Analyser type 54N10). Measurements were taken at points 
0.1 m (foot/ankle level), 0 . G  m (centre of gravity of a 
seated person) and 1.1 m (neck/head level of a seated 
person) above the floor. The plane radiant temperature 
and indoor air humidity were measured using an indoor 
climate analyser (Bruel & Kjaer type 1213). Thermal 
comfort indices (PMV and PPD) were measured using a 
comfort meter (Bruel & Kjaer type 1212). A C02 gas 
analyser was used for the measurement of indoor CO, 
concentrations. 

The air change rate was determined using the 
concentration decay method with an infra-red gas 
analyser. A portable fan was employed to ensure a good 
mixing of tracer gas (isobutane) and air in the room for 



a few minutes after injecting the gas. The wind speed was 
measured with three vane cup anemometers and the wind 
direction with a wind anemometer mounted on the top of 
the building (about 5 m above the roof). The outdoor air 
temperature and humidity were measured using a copper- 
constantan thermocouple (radiation shielded) and a hand- 
held humidity meter respectively. 

2.2 Subjective assessment 

A subjective assessment was made simultaneously with 
the physical measurements. The assessment of the thermal 
environment was based on the occupants1 vote on the 
thermal sensation and air movement in the offices under 
various outdoor and indoor conditions and different 
arrangements of window and door openings. This assessment 
was based on judgements at head and foot levels as well 
as for overall comfort. The indoor air quality was 
assessed according to the impressions of odour and 
freshness of air. A seven-point thermal sensation scale 
was used to evaluate thermal sensation and a five-point 
scale to rate the impressions of comfort with regard to 
air movement, odour intensity and air freshness. These 
rating scales are given in Table 1. 

Table 1. Rating scales for thermal sensation (TS) , air movement (AM) , 
odour intensity (01) and air freshness (AF) 

Rating TS AM 01 AF 

-3 cold 
-2 cool too draughty not detectable very fresh 
-1 slightly cool draughty slight fresh 
0 neutral acceptable moderate neutral 
1 slightly warm stagnant strong slightly stuffy 
2 warm very stagnant very strong stuffy 
3 hot 

3. RESULTS AND DISCUSSION 

A summary of the results for physical measurements 
of the environment in the four rooms is shown in Table 2. 
These results are discussed and compared with those 
obtained from subjective evaluation. 

3.1 Thermal sensation 

The mean thermal sensation was found to be on the 
warm side of the neutral point defined in Table 1. 
However, the measured PMV values, which were obtained 
using Fangerls comfort equation, were close to the 
neutral point for most of the test conditions. This 
suggests that Fanger's equation under-estimates the 
thermal impressions and is less sensitive to changes in 
the environmental and personal parameters. This may be 



Table 2.  Physical properties of room environment 

Room No. A B C D ABCD* 
Item 

Dimension (m) 
Length 
Width 
Height 

Effective volume+ (m3) 
Normal occupants 

Average air change rate (h-') 0 . 8 6  0 .86  7 . 6 0  
Average air supply rate 

(l/s per person) 7 .0  8.6 36.9  

Mean air velocity (m/s) 
Head level 
Foot level 
Overall 

Turbulence intensity ( % )  
Head level 
Foot level 
Overall 

Mean air temperature (OC) 
Head level 
Foot level 
Overall 

Difference between air temperature 
and radiant temperature (K) 0 . 6  0 . 7  -0.7 

Relative humidity ( % )  4 5 . 8  45.7  42.9  

Calculated neutral temperature (OC) 
Head level 22.4 22.4 23.2 
Foot level 2 1 . 4  20.4  2 1 . 1  
Overall 2 2 . 0  21.7  22.5  

Neutral temperature predicted 
from Fanger s equation ( OC) 22.8  22.8  22.3 

Difference in neutral temperature 
between measured and predicted (K) 

Head level 0 .4  0.4 -0 .9  
Foot level 1.4  2 .4  1.2 
Overall 0.8 1.1 -0.2 

Notes: * average of the data for rooms A, B, C and D; 
+ excluding the space occupied by obstacles. 

due to three main reasons. One is the assumption of 
steady state laboratory conditions used in the derivation 
of Fangerl s equation. Another is the approximation of the 
metabolic rates of the occupants (1 .2  met). The third 



reason is the sensitivity of PMV to clo values (thermal 
resistance of clothing). In a laboratory test the clo 
values are consistent whereas in field tests the clothing 
levels vary with occupants and time. 

From the data for the four rooms it was found that 
the thermal sensation is linearly related to the air 
temperature. The regression equations for the thermal 
sensation judgement at head level, foot level and overall 
against mean air temperature (T, O C )  (involving 133 data 
points) are as follows: 

head TS = 0.3915 T - 8.66 (r = 0.70) (1) 

foot TS = 0.4655 T - 9.78 (r = 0.72) (2) 

overall TS = 0.4586 T - 10.01 (r = 0.73) ( 3  

where r is the correlation coefficient. The correlations 
have confidence levels of 99.5%. 

Figure 1 shows the relationship between the 
occupant's thermal sensation response and mean air 
temperature. The PMV line predicted from Fanger8s 
equation is also presented for comparison (assuming a 
metabolic rate of 1.2 met and a clo value of 0.8 and 
using the average values of the measured air velocity and 
radiant temperature for the four rooms). From such 
equations or the corresponding plots in Figure 1 the 
neutral temperatures Tn corresponding to TS = 0 can be 
obtained. The neutral temperature predicted using 
Fangerls equation is the air temperature corresponding to 
PMV = 0. The calculated neutral temperatures from the 
correlated equations and from Fangerls equation together 
with the difference in neutral temperature between them 
are shown in Table 2. 

* Foot level 

1 6  18 2 0  2 2  2 4  2 6  2 8  3 0  3 2  

Air temperature (deg. C) 

Fig. 1 Effect of air temperature on thermal sensation responses 



It can be seen from Table 2 that Fangerls equation 
generally overpredicts the neutrality, which confirms the 
findings by  chiller, et a1 . 2  and ~ r a ~ e r ~ .  They found that 
the predicted neutral temperature was on average 2.4K 
higher than that measured for 304 workers in 1 0  
buildings. ~ahkonen~ also found that workers in offices 
estimated the thermal environment warmer than that 
calculated using Fanger's equation. Another important 
feature from the present investigation is that the 
correlated curves in Figure 1 are steeper than that given 
by Fanger's equation, suggesting the occupants are more 
sensitive to changes in air temperature. This fact was 
also observed by Fishman and pimbert7 whose field study 
showed that the gradient of the curve from the 
observations deviated from Fanger's equation particularly 
at temperatures above 24OC. In addition they found that 
Fangerls comfort equation over-predicted the neutral 
temperature by 0. GK compared with that from the field 
survey. This was attributed to the incorrect estimation 
of the subjects clothing. 

Fangerl defined the central three categories of the 
thermal sensation scale as an indication of an acceptable 
state for thermal comfort whereas the votes outside these 
central categories as dissatisfaction with the thermal 
state. According to this definition, the results suggest 
that one quarter to one half of the responses were 
dissatisfied with the thermal environment. Most of the 
dissatisfaction that occurred in rooms A and B when the 
windows and door were closed in cold seasons was caused 
by overheating, which could be avoided by controlling the 
heat output from the emitters if a thermostat was 
available or by window opening. For room C however these 
measures are not sufficient because the heater was turned 
off in the test period. One way to decrease the indoor 
temperature is to introduce air directly from the outside 
of the building rather than from the corridor (as it was 
the case during the tests) using the existing ventilating 
fan. Due to its location a comfortable thermal environ- 
ment for room D is difficult to achieve in hot sunny days 
during the summer unless it is air conditioned. 

3.2 Air movement 

The overall impression of the air movement in the 
rooms was on the side of being stagnant. Although the 
measured air velocity and turbulence intensity in rooms 
C and D were generally higher than those in room A, the 
proportion of votes on being stagnant or very stagnant 
was higher in these two rooms. This may be attributed to 
the higher air temperature in the rooms. For room A when 
a window and/or the door were partly opened, the 
impression of air movement shifted to being slightly 
draughty8. The main cause of the draught was attributed to 
the low temperature as the air velocity and turbulence 
intensity were not high. 



The correlations between the ratings for air movement 
(AM) and the indoor environmental parameters are as 
follows: 

head AM = 0.1258 T - 4.28 V - 2.35 
(r = 0.42) 

foot AM = 0.1579 T - 3.13 
(r = 0.42) 

Overall AM = 0.1401 T - 4.65 V - 0.0060 Tu - 2.31 
(r = 0.45) (6) 

where T is the air temperature (OC), V is the air velocity 
(m/s) and Tu is the turbulence intensity ( % ) .  

Defining a ncomfortablegl temperature for air 
movement as the air temperature corresponding to an 
acceptable air movement, such a temperature can be 
derived from Equations (4) to (6) for specified values of 
air velocity and turbulence intensity. Using the average 
values of air velocity and turbulence intensity for the 
four rooms, the calculated comfortable temperatures are 
21. 1°c, 19.8OC and 20.7OC for the head level, foot level 
and overall judgement respectively, which are about 1K 
lower than the corresponding neutral temperatures. It 
seems that the preferred indoor temperature for air 
movement is lower than that for thermal sensation. 
Therefore a compromise between the requirements for 
warmth and air movement may have to be made sometimes to 
achieve an acceptable thermal condition. 

3.3 Odour intensity 

In room A odour was detectable in most cases. The 
measurement of C02 levels during occupancy indicated that 
its concentration was normally well above the criterion 
of 1000 ppm at low air change rates when the windows and 
door were closed8. Even when the air change rate was 
higher than 10 l/s, the C02 level was not much lower, 
suggesting that some of the air infiltrated from the 
corridor was not fresh at all but rather contaminated air 
exhausted from other rooms. 

Although the air flow rate in room B was higher than 
in room A and the C02 level was usually below 1000 ppm, 
there was a higher proportion of complaints on the odour 
intensity than those experienced in other rooms. The 
following two causes may be attributed to the complaints. 
One is the occasional smoking by one of the occupants and 
the other is the old furnishings in the room. In 
contrast, a large proportion of votes in room C showed 
that odour was not detectable and there was no evidence 
of strong odour. This is consistent with the measured low 
C02 concentrations in the room because of the provision of 
the ventilating fan which maintained the indoor C02 at a 



similar level to that in the corridor of around 700 ppm 
(during the Easter vacation period). In room D there was 
an even distribution of odour intensity between 
undetectable and moderate except for a small fraction of 
votes for strong odour. The C02 level in this room with 
occupancy was normally above 1000 ppm and odour was 
detectable when the windows were shut and the odour level 
decreased when a window was partly open. 

In this investigation, no satisfactory correlation 
between odour intensity, C02  level and air change rate 
could be established. In some cases when the CO, level was 
low, or the air change rate was high, the odour was still 
perceivable while in other cases where the C0, level was 
higher than 1000 ppm the odour intensity was rated as not 
detectable. This seems to suggest that there were other 
pollution sources such as building materials or 
furnishings which could have been more significant than 
the COz emission from the occupants. Also, the judgement 
could have been affected by a fatigue of the olfactory 
sense of the occupants. 

3.4 Air freshness 

In rooms A, B and D the rating of air freshness was 
in general slightly stuffy and occasionally the air was 
rated as fresh when the air temperature was lower than 
the neutral temperature. In room C however there was no 
impression of very fresh air due to the predominantly 
high air temperature. 

Air freshness may be related to the air temperature, 
velocity and turbulence intensity in the following form: 

Thus, air freshness increases when the air temperature 
decreases; or when the air velocity or turbulence 
intensity increases. 

5 CONCLUSIONS 

Models for evaluating the thermal sensation, air 
movement and air freshness have been developed. These 
parameters are dependent on the air temperature, velocity 
and turbulence intensity under normal office conditions. 
When the indoor air temperature is substantially higher 
than that for neutrality, temperature is the predominant 
factor that decides the occupants' response to thermal 
comfort and air freshness. 

From the present investigation, it can be postulated 
that thermal models based on laboratory tests at steady 
state conditions can not accurately predict the real 
thermal environment where the climatic conditions are 
transient and where the occupants invariably change their 



activities or clothing especially beyond the comfort 
zone. For the cases investigated Fangerls equation for 
thermal comfort generally overpredicts the neutral 
temperature and under-predicts the comfort requirement 
when air temperature deviates from neutrality. 

To achieve a good indoor climate and air quality, 
fresh air should be introduced into rooms either by 
opening windows or by installing a suitable vent. The 
size of the vent opening should ideally be controllable, 
either manually or by an odour sensor so that the indoor 
air will be invigorated, the odour reduced or eliminated 
and the air freshness enhanced. Also, the heating costs 
in cold seasons can be reduced by adjusting the heat 
emission from radiators using, for example, a 
thermostatic valve or by a weather compensated room 
heating system. 
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During the last decade several surveys in Sweden have indicated that the indoor climate 
in existing schools is unsatisfactory, therefore a thorough project was carried out in 
V&jl). 

The indoor climate was investigated in three schools during 1989. Detailed measure- 
ments were made of ventilation (e.g. rates, air exchange efficiency), indoor air quality 
(e.g. CO,) and thermal comfort (e.g. air velocity). The main results were: high indoor 
temperatures, low air velocities and high concentration of CO,. Improvements were made 
in all three schools during 1990. One of the classrooms was rebuilt to have its own sepa- 
rate ventilation system with the possibility to use either ceiling diffusers or floor supply 
air terminal devices. 

After the improvements the measurements were repeated. The C02 concentration and the 
air temperature were measured at different locations within the classroom, at different air 
flow rates and at different supply air temperatures. The air exchange efficiency was de- 
termined for different air flow rates and different air supply systems. 

The following recommendations were made for the schools in order to obtain 

- an optimum indoor air quality: air flow rate 8 l/s and person, supply air temperature 18 
OC and four ceiling diffusers 

- a satisfactory thermal comfort: automatic exterior shading, circulation fan in the 
classroom, night cooling with outdoor air during fall and spring. 

The results of this project will be used to produce a manual "Indoor Climate in Schools". 

1. INTRODUCTION 

In Sweden there are many schools today which need to be rebuilt and replanned. The 
reason is changing demands regarding education, the age of the buildings, and problems 
with the indoor climate and the air quality. 

In V&j6 a project has been carried out, partly financed by the Swedish Council for 
Building Research. The project concerns the indoor climate in schools, and three schools 
of various types have been chosen. During the school year 89/90 measurements were 
made to clanfy the situation. During the summer and autumn -90 certain reconstructions 
were made. Measurements and evaluations were concluded in the summer 1992. 

The aim of this project is to clarify the influence of the W A C  systems on the indoor 
climate in the classrooms before and after the measures were taken. The purpose is to be 
able to come up with explicit proposals for systems and design guidelines for classrooms 
with principles for air flows, temperatures etc. 

The three schools are Bokelund (primary and middle school), built in 1968, Fagraback 
(high school), built in 1966, and Katedral (senior high school), built during 195811977. 
The schoolls have different building constructions and W A C  systems. 



Plan of classroom in Fagaback showing location and type of air terininal device, and 
location of measuring point for CO, and air temperature. 
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Figure 1. GO2-content at the neck of the pupil as a function of air flow (lfs and person) at 
different supply air temperatures. Each point corresponds to one set of measurements, i.e. 
one lesson. The dotted line is a theoretical calculation. Takdon = ceiling air terminal 
device. 

The figure shows very clearly the reduction of the CO2 content at an increasing flow. 
Furthermore, you can see that the supply air temperature has a noticeable influence on the 
CO2 content at flows lower than appr. 8-9 l/s per person. 



2. RESULTS BErnRE lMEASURES 

The most important results from the preliminary measurements (during the school year 
1989/90) are the following: 
- High indoor temperatures (winter +24 "C, summer +30 "C) 
- Low air velocities in the room (~0 .1  m/s) 
- Low contents of chemical substances in the air (tot. voc c 100 pg/m3) 
- High contents of carbon dioxide (only at Bokelund lower than 1000 ppm) 
- Low contents of formaldehyde (<40 mg/"C, m3) 
- Low contents of radon 
- No unnonnal presence of mould 
- High contents of cat's hair in dust 

The measurements proved that the most obvious problem is the high indoor 
temperatures. In order to reduce this problem the strategy was to install sun shading like 
sun-blinds and Venetian blinds, and cool night-air to cool the building. 

At Katedralskolan a questionnaire was added to the investigations. This questionnaire 
showed low values as to well-being and social status and. The conclusion was that 
improvements on the visual surroundings like colouring etc were motivated. 

3. mASURES OF REBUILDING CARRIED OUT 

The following measures have been taken during the autumn of 1990 in the school 
buildings: 

Bokelund 
A sun-blind has been installed as well as control equipment for night cooling. 

Fagraback 
In one class-room three different systems for supplying air have been installed. The class 
room has also been equipped with a fan and a sun-blind, and possibilities of inreasing the 
airflow. Most of the measurements will take place here. There are possibilities of varying 
a great number of parameters g comparisons. 

Katedral 
Three classrooms have been redecorated and the old windows habe been changed to new, 
tighter windows with blinds. The ventilation system has been cleaned and equipped with 
a control function for night cooling. 

4. m A S U R E m N T S  OF CARBON DIOXIDE AND TEMPERATURES 

Measurements were made during winter conditions in 1991. Figure 1 shows the contents 
of CO, by one pupil's neck in the classroom (at the end of the lesson) as a function of the 
specific flow (11s and person) when ceiling supply air terminal devices are being used. 
The ceiling supply air terminal devices consisted of four symmetrically located 
perforated supply air terminal devices. 
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Figure 4. COzcontent at different heights for different air flows. Supply air temperature 
+18 OC. The dot at 1.2 m above floor level represents the C,content at the neck. 
Lilgimpuls = low velocity. Golvlinjespridare = line floor supply. 

For the measurements shown in figure 3 and 4, the corresponding temperature gradients 
are shown in figure 5 and 6. Figure 5 and 6 show that the ceiling air terminal devices 
with greater flows (12 and 16.5 11s per person respectively) give an insignificant 
temperature gradient ( ~ 0 . 5  "C). Other alternatives (including ceiling air terminal devices 
with small flows) give a temperature gradient which is 1 - 2 "C, i. e. no temperature 
gradient of importance. 
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Figure 5. Temperature gradient for different air flows with ceiling air terminal devices. 
Supply air temperature +18 "C. 



The measurements show that you can meet the requirement on 1 000 ppm CO, by the 
neck with the four supply air terminal devices with a supply air temperature of 18 OC and 
flows of 6 - 7 l/s per person. The calculated content of CO, for complete mixing at these 
flows is about 1100 ppm. The results from the measurements with low velocity air 
terminal devices (two behind pupils) tbrowing the air in a bow and with a line low 
velocity air terminal device (appr. 6 m long) show at the lower flows somewhat higher 
(100 - 200 ppm) contents of CO, than the ceiling air terminal devices (see figure 2) 

C vsop ------ I 

Figure 2. C0,content at the neck of a pupil as a function of air flow (11s and person) at 
different supply air temperatures. The dotted line = theoretical calculation with complete 
mixing. TL = supply air. Ugimpuls = low velocity. Golvlinjespridare = line floor supply 

Figure 3 and 4 show the vertical gradient of the GO2 content with different air terminal 
devices and flows at 18 "C supply air temperaure. It apperars very clearly that ceiling air 
terminal devices give a lower gradient (a negligible divergence vertically) than the low 
velocity air terminal devices and the line floor supply air 1 device. It is also 
interesting to observe that the CO2 content at the neck is somewhat higher when using 
low velocity air terminal devices than at points measured in the aisle between the desks 
(the gradient). 
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Figwre 3. C0,content at Werent heights for different ceiling air teminal devices. 
Supply air temperature + 18 "C. The dot at 1.2 m above floor level represents the CO,- 
content at the neck. 



Furthermore, using night cooling is a simple and cheap way to cool the classroom during 
the night. It is well known that the surface temperature is as important as the air tempe- 
rature for the experienced temperature, and with night cooling you can lower the surface 
temperature of the room. 

Another circumstance effecting the experienced temperature is the air speed. When the 
speed increases, the experienced temperature is reduced. A ceiling fan, managed by 
teachers and pupils with a thyristor in the class-room, will get the air circulating, which 
leads to a feeling of the temperature being lower. The ceiling fan has been very much 
appreciated by the teachers and pupils, who have accepted astonishingly high air speeds 
(0.25 - 0.30 Ns). 

7. AIREXC E EFFICIENCY BEFORE MEASURES 

During August 1989 to March 1990 a series of different measurements was carried out 
regarding the air exchange efficiency in the different class-rooms. The measurements 
were made both with and without pupils. The results show that in most cases, regardless 
of the type of ventilation system, you will get close to a complete mixing ventilation 
when the class-rooms are being used (see figure 7). On the contrary, the result may be 
very varying when the class-rooms are empty, depending on the kind of ventilating 
system. During the measurements the airflow and supply temperatures have been kept 
constant. The reason for the mixing effect when pupils are present is the air movements 
caused by free convection from the pupils. 

Figure 7. Air exchange efficiency before measures. Supply air temperature 2-3 "C lower 
than room temperature. 

8. TWREE DIFFERENT SYSTEMS 

During the summer and autumn 1990 three different systems were installed in a class- 
room at Fagrabgck. Several measurements were made during January and February 1991, 
always with pupils in the class-room. 

There were some difficulties in achieving identical conditions during the different 
measurements, e.g. the same number of pupils, the same activity by the pupils The 
difference between measurements with identical boundary conditions is caused by small 
disturbances due to normal activity in the classroom, like opening and closing doors. The 
measurements show that there are big differences in air exchange efficiency mainly due 
to the supply air temperatures and flows being used, but also to some extent due to the 
ventilation system. 
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Figure 6. Temperature gradient for different air flows with low velocity supply air 
terminal devices and line supply air terminal devices. Lzlgimpuls = low velocity. 
Golvlinjespridare = line floor supply. 

The low velocity air terminal devices and the floor line supply air terminal device are 
rather large for the lower flows, which results in a low temperature gradient. 
The measurements described above were made during the winter season. 

5. CORRELATION BETPVlEEN VENTILATION AND C02 

The measurements during May have proved that both the low velocity air terminal 
devices and the floor line supply air terminal device give a lower content of C02 by the 
neck than the ceiling air terminal devices do. The level is between 100 to 200 ppm lower 
compared to ceiling air terminal devices at the flow 6 - 7 11s per person. The explanation 
why the low impulselfloor line supply air terminal device does not give better values than 
ceiling air terminal devices during winter may be that the temperature on the inside of the 
two-glass windows was low (appr. 10 "C lower than the indoor temperature) and also that 
the surface temperature of the walls is somewhat lower than the indoor temperature. 
These low surface temperatures cause free convection (the thermostatic valve on the 
radiator closed) which gives an airflow causing a stirring of the air around the room, thus 
disturbing the deplacing effect. This airflow, caused by free convection has been 
estimated to around 50 - 100 % of the ventilation flow. 

The measurements during May further showed that while the low velocity air terminal 
devicelfloor line supply air terminal device gave a better result by the pupil 's neck, the 
C02 content was considerably higher by the teacher standing up. This also caused 
complaints. 

6. WXGH TEMPERATURES 

We can conclude that an exterior sun shading (like a blind) is necessary in order to lower 
the indoor temperature. The blind should be automatically controlled by a solar radiation 
sensor so that it also goes down early in the morning and later when no people are in 
school. Our measurements showed that a classroom with windows facing east already is 
warmed up (to 25 - 27 "C) at 8 o'clock in the morning when the teachers and pupils 
arrive. After that it does not help to air the room all day long. 



A big airflow into the class-room makes the air whirl around, causing a mixing 
ventilation. This happens irrespective of what kind of ventilation system is being used. 
The supply temperature versus room temperature is not of any greater importance in this 
case (within the temperature range considered to be reasonable, i.e, somewhat below 
room temperature). 

A low flow into the class-room can give a tendency to short circuit. In this case however, 
the type of ventilation system and supply temperature are of great importance. 

In figure 8 you can see a tendency to piston flow for low air flows. This tendency appears 
both with ceiling air terminal devices and line floor supply air devices, at flows between 
6 and 10 11s per person. For low velocity air terminal devices there is a tendency towards 
piston flow at low air flows and loads. The inaccuracy in the measurement of the air 
exchange efficiency is estimated to be f 10 %. The local mean age of air was measured at 
nine different locations. The difference in local men age between different locations was 
negligable. 

Figure 8. Air exchange efficiency as a function of air flow and supply air system. 
Measured after measures were taken in Fagrabtlck. 

= ceiling air terminal device with a supply air temperature lower than room 
temperature (1 - 3 "C) 

8 = low velocity air terminal device with a suply air temerature lower than room 
temperature (1 - 3 "C) 

A = line flow air terminal device with a supply air ternerature lower than room 
temperature (0 - 1.5 OC) 

9. CONCLUSIONS 

Ceiling air terminal devices, correctly designed as to number and location, will meet the 
requirement within the breathing zone 1000 ppm carbon dioxide content , with low air 
speeds and a small temperature gradient at a flow of 6 to 8 l/s per person. To obtain 800 
ppm you will have to double the flow. 



The measurements show that during the winter (with warm radiators and cold double- 
pane windows) the low impulse devices and line floor supply air terminal devices will 
give a somewhat higher content of CO2 by the neck than the ceiling air terminal devices 
would at flows of 6 to 8 11s per person. At spring conditions (with the radiator and 
window temperature about the same as the room temperature) the low impulse device and 
line flobr supply air terminal will obtain 800 ppm CO2 content within the breathing 
zone, with the flow 6 to 8 l/s per person. 

The air speed at the feet of the pupils (close to the air terminal device) was appr. 0.2 m/s. 
In spite of this there has not been a single complaint of draught! The measurements also 
show that a teacher standing up will get a higher content of CO2 (>lo00 ppm) within the 
breathing zone with this solution, compared to ceiling air terminal devices. 

Exterior sun shading, tyristor controlled ceiling fan and night cooling together are an 
effective way of reducing the indoor temperature without using comfort cooling. 

The measurements of the air exchange efficiency and the mean age of air in the room 
show that even at relatively low flows you can achieve a moderate mean age compared to 
a higher airspeed. By a more effective airchange the flow can be kept down maintaining a 
low mean age. Relatively low flows (6 - 8 11s per person) give a good air exchange 
efficiency and an acceptable mean age, and there is no reason for using higher flows (>I0 
11s per person). 

There is also no reason for rebuilding ventilation systems with ceiling air terminal 
devices to low impulse devices. It is more important to see to that the ventilation system 
has the correct supply air flow compared to the number of persons, the correct supply air 
temperature, and that the flow is distributed from a sufficient number of ceiling air 
terminal devices. It is also important that thermostatic valves on the radiators are set to a 
maximum temperature, to avoid an unnecessary increase of the indoor temperature. 

Our recommendations are: 

Aimow: 8 l/s per person. Supply air: 18 OC (preferably lower in spring and autumn). 
Number of ceiling air terminal devices: 4 pcs. Max-reduction of thermostatic valve: 
closed at 20 "C. An automatic exterior shading, ceiling fan, and night cooling to reduce 
the indoor temperature. 

1. LARSSON, R. and OLSSON, S. 
"Indoor Climate in Schools". 
Swedish Council for Building Research 
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SYNOPSIS 

The study deals with the theoretical and experimental simulation of gas 
leaks in buildings. Such simulations may provide helpful information 
about the flow characteristics and dangerous concentrations as a function 
of the ventilation system (if any), the geometrical features and the 
thermal constraints on the room, and eventually about the positioning of 
gas monitoring devices. 
Theoretical simulations are performed using a three-dimensional, finite 
volume CFD package in order to provide the velocity, temperature and 
concentration fields in a room. Experimental simulations have been 
performed in the full-scale ventilation test room at the University of 
Basilicata. 

1. Introduction 

The paper is concerned with a particular case of contaminant diffusion 
indoors, related with natural gas leaks, the consequences of which may be 
dramatic if concentrations above 5-6 % are reached [I]. The correct 
positioning of gas leak detectors is of paramount importance, and 
requires a detailed knowledge of gas diffusion within the building. The 
influence on gas diffusion paths of ventilation systems, rooms geometry 
and thermal conditions on one side, and gas leak flow characteristics on 
the other side has to be thoroughly investigated. 
The philosophy of this study was to carry on both a theoretical and an 
experimental evaluation of the phenomenon. The experimental part of the 
study was performed using a full-scale test room, the so-called CVC 
(Controlled Ventilation Chamber) of the .University of Basilicata. In the 
CVC the experiments were performed using N20 and SF6, while CH4 is being 
used only recently. 
The theoretical simulations were carried on at Turin Polytechnic: among 
the growing number of computer codes existing in this research field [2], 
the Creare Inc. FLUENT package has been chosen, because of its 
reliability in predicting contaminant diffusion indoors and outdoors. A 
validation of FLUENT package has already been performed recently, with 
fair results (31. 
In a first phase of the work the code was used to simulate the non- 
uniform decay of concentration of a tracer gas, while more recently the 
concentration increase with time has been investigated. In both cases, 
the main parameter was assumed to be the ventilation strategy, in terms 
of number of air changes and positioning of inlets/outlets. 
Results were obtained in terms of both concentration and velocity fields, 
but particular attention has here been devoted to concentrations, 



2. The experimental apparatus 

The description of CVC was the aim of previous papers [4], [5], to which 
the reader is sent back for more information. 
The CVC has a volume of 17 m3 and allows balanced, immission or 
extraction ventilation, with air entering or being extracted from up to 
four grilles, located on two opposite vertical walls, and ventilation 
rate ranging between 0 and 10 ach. Instrumentation includes a three-cell 
Gas Analyzer (SF6, NO2, and CH4), six non-directional hot film 
anemometers working in the range from 0 to 0.5 m/s, a f lowmeter for the 
measurement of air flow rate to the CVC, and two computer driven, 
automatic systems, one for establishing the air sampling sequence across 
six ducts, and the second for moving the air sampling ducts and the 
velocity sensors around the test room. 

3. The main features of the CFP package 

A turbulent flow in isothermal conditions and in the presence of a 
pollutant source, as in this set of tests, can be modelled by the 
Reynolds-averaged equations for mass, momentum (Navier-Stokes equation), 
and concentration, and the state equation for the fluid. 
The above set of equations do not represent a closed system because the 
viscous stresses depend in their turn on the fluctuating components of 
the velocity vectors, which are unknown. 
The "closure" of the system requires the introduction of a suitable 
turbulence model, i e, to express the components of the Reynolds stress 
tensor as a function of known, equivalent time-averaged quantities. 
Different options exist for turbulence modelling: FLUENT package offers a 
two-equation k-E Model for high Reynolds number and an Algebraic Stress 
Model. 
The k-E Model is generally, but not universally believed to be the 
appropriate level of turbulence model for air flow in buildings. However, 
for certain situations the limitations due to assuming isotropic 
turbulence may prove to be inadequate: an Algebraic Stress Model may be 
adopted although the increased comnputing time may prove prohibitive. The 
computational overload of an Algebraic Stress Model is found to be 
approximately 100 %. 

The set of seven non-linear partial differential equations involved in 
the CFD model may be represented by the single prototype equation: 

where 
@ = main variable 
r@ = exchange coefficient 
S* = source term for the main variable 

The meaning of the generalized symbols for each equation is given in 
Table I. 

The values of the coefficients in the k-E model are standardized for most 
engineering flows, but are not universal constants for any turbulent 
flow. The present calculations are performed using the standard values 



which may be found in the literature [6]. 
The airflow model field equations in the FLUENT package are expressed in 
time-implicit and conservative finite difference form on a staggered 
grid, and solved using the SIMPLE pressure correction algorithm: two 
variants, namely the SIMPLEC and the PIS0 algorithms are also available. 
The variants are claimed to improve the rate of convergence. Selecting 
the PIS0 algorithm a slight increase in the size of the used computer 
memory appears. Underrelaxation is used to promote stability and 
convergence: the right selection of the underrelaxation parameters is of 
paramount importance for a correct solution. 
The SIMPLE scheme is strongly elliptic with unitary ellipticity measure, 
which characterizes the amplification of errors in the high wave number 
modes: energy cannot accumulate in the grid scale wave number component 
and the occurrence of the grid scale pressure oscillation is prevented. 
Additionally, the use of a finite volume discretization ensures the 
integrability of the SIMPLE scheme. 
Two differencing schemes are available, namely, a "hybrid" scheme and the 
Quadratic Up-Stream Interpolation for Convective Kinematics (QUICK). 
The mathematical model has to be completed with suitable initial and 
boundary conditions. For this specific problem the following conditions 
were assumed: 
- a t  the  i n l e t  c e l l s :  the distribution of air velocity, of turbulent 
kinetic energy, and of turbulent kinetic energy dissipation rate for the 
ventilation air and the leaking gas; 
- a t  the  o u t l e t  c e l l s :  the longitudinal component of the velocity vector, 
calculated making use of the equation of continuity; 
- a t  the  wa l l s :  the gradients of the main variable are assumed zero; 
suitable "wall functions" are used for the determination of the parallel 
components of velocity vectors. 
The initial turbulent kinetic energy has been calculated by means of the 
relation: 

where 
I = non-dimensional turbulence intensity, assumed equal to 0.15 
Uo = mean value of the velocity vector at the inlet 

The initial dissipation rate has been calculated by the following 
equation: 

where 
H = characteristic dimension of the system 
a = suitable numerical coefficient 

To the domain of calculation a non-uniform cartesian grid including 
22x44~8 cells has been superposed. The simulation has been performed in a 
three-dimensional domain and adopting a symmetry plane in longitudinal 
direction. It should be stressed that the solution is not grid- 
independent, while the adoption of different values of ko and eo does not 
seem to produce relevant variations in the calculations. 
Simulations have been performed on two PC IBM compatible 80386 and 80486, 
and a workstation HP 720 Apollo. The running time ranged from about 48 
hours for the 80386 to 8 hours for the Apollo. 



4. Comparison o f  theoretical and experimental results 

A complete scheme of the experimental tests performed both for the 
concentration decay and for the concentration growth with time is shown 
in Table 11. 
Theoretical simulations were mainly dealing with decay analysis using SF6 
and N20, and growth analysis using SF6 and CH4. 
The main problem in comparing the results is that the outputs are not 
homogeneous, that is : 
- while the numerical results are known at fixed time steps (usually of 
five minutes), the experimental results are continuous 
- while the numerical results are known at a number of locations varying 
between 15,500 and 50,000, the experimental data are collected only at 
five locations simultaneously, along a vertical rod, plus the exhaust. In 
order to multiply the number of points, measurements were repeated, 
trying to reproduce exactly the same experimental conditions, and moving 
the vertical rod around the CVC. Fig. 1 illustrates the position of 
measurement points on the CVC plan. 
In order to verify the repeatibility of experiments, the concentration at 
the exhaust was adopted as primary key. For example, for case B1, shown 
in Fig. 2, concentrations at the exhaust were confined within a band of 
10 - 20 ppm, corresponding to 5 - 10 %. On the same graph the computed 
value is shown: this appears underestimated during the first 15'' then 
falls beneath the band of measured values and appears slightly 
overestimated at the end of the 30' period. 
Fig. 3 reports the volume of tracer gas removed from the CVC with time, 
given by the integral of the concentration-volume air flow product. In 
this case the theoretical and experimental results are very close one to 
the other (3-4 % ) .  This parameter seems more reliable than instantaneous 
values, which are subject to random errors. 
The comparisons are carried on for the decay cases B1, 83, C3, and for 
the growth case B1, and will be shown in terms of concentration fields. 
The results are shown for some of the points on the plan of CVC shown in 
Fig. 1, adopting the height above the floor as a parameter. Fig. 4 and 5 
illustrate respectively the measured and computed values for case B1 at 
the room centre (point 0), as an example. Errors keep in a 10 % range at 
any time below 0.80 m and at the exhaust, but may rise to 80-90 % at 
points above 1.50 m, after the first 20'. 
Fig. 6 shows the ventilation efficiency for case B1, defined as the ratio 
between concentrations at the exhaust and at the considered point, 
calculated and measured at three different heights at point 1. 
Figs.. 7 and 8 show the concentration fields after 10' for cases 83 and 
C3. It should be observed that case C3 provides a much better result, 
without stagnancy situations as for case B3. 
Figs. 9 and 10 show the velocity fields for cases B3 and B1. They present 
an interesting phenomenon, which could not be easily predicted: in the 
first case the air creeps along the floor until it reaches the opposite 
wall, while in case B1, due to the low horizontal component of velocity 
and the density difference between clean air and air with tracer gas 
(SF6), it climbs along the wall where the outlet grille is positioned 
under the action of a sort of "stack effect". 
Finally, Figs., 11 and 12 show the measured and calculated "concentration 
growth" for case B1. It appears evident, from the comparison, that the 
actual distribution of concentration is, at least in the first 30', much 
more uniform than the calculated one. However, the concentrations at the 
exhaust - termed "sc" in both Figures - are quite similar and end with 



exactly the same value (120 ppm). After the first 30' the expected SF6 
stratification appears also in the experimental tresults. 

5. Conclusions and future developments 

Although the comparisons are limited to a small number of cases and the 
experimental procedure still needs some adjustment, some conclusions may 
already be drawn for the "decay" tests: 
- in general there is a fair qualitative agreement between measured and 
calculated concentration values both for space and time variations; 
- for the decay tests, the difference between measured and calculated 
data tends to increase with time, as could be expected, due to the 
uniformity of initial concentration. It also systematically increases 
with height. 
For the "growth" cases, the concentration time trends show a fair 
agreement, while the calculated space variations appear overestimated. 
Future developments include, in the experimental part of the work, the 
completion of measurement campaigns using CH4, and the execution of 
visualization tests by means of a reduced-scale physical model, already 
realized at the Department of Energetics. 
Future developments of the theoretical part of the work include the use 
of Algebraic Stress Models, and the adoption of Body Fitted Coordinate 
system in order to improve the meshing of the region at the supply 
opening. 
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Table I 
Meaning of the symbols in the prototype equation. 

- -  - 
Principal variable Exchange coemcient 'Source' term 

Equation 4 '-4 S, 

Momentum Ui Par 

Continuity 1 0 0 

Turbulence energy k k - K C ,  - P C  
b k  

E 5 Energy dissipation 
a 

Table I1 
List and features of experimental tests. 

Test Air changes Vent. strategy Conc./No.pnts, Vel./No.pnts. 

(1) 

Decay 

A1 1 A 5xl+exhaust No 
B 1 1 B 5xl2+exhaust No 
C1 1 C 5xl+exhaust No 
Dl 1 D 5xl+exhaust No 
El 1 E 5xl+exhaust No 
A1.5 1.5 A 5xl+exhaust No 
B1.5 1.5 B 5xl+exhaust No 
C1.5 1.5 C 5xl+exhaust No 
01.5 1.5 D 5xl+exhaust No 
E1.5 1.5 E 5xl+exhaust No 
A2 2 A 5xl+exhaust No 
82 2 B 5xl+exhaust No 
C2 2 C 5xl+exhaust No 
D2 2 D 5xl+exhaust No 
E2 2 E 5xl+exhaust No 
B 3 3 B 5~9+exhaust 6x30 
C3 3 C 5xl+exhaust 6x30 

Growth 

A1 1 A 5x3 No 
B 1 1 B 5x3 No 
C1 1 C 5x3 No 
D 1 1 D 5x3 No 
El 1 E 5x3 No 

(1) A = inlet down(D)/right(R), outlet D/left(L) 
B = inlet D/R, outlet up(U)/L 
C = inlet D/RI outlet U/R 
D = inlets D/R, outlets U/R + U/L 
E = inlets D/R + U/L, outlets D/L + U/R 



Fig. 1 - CVC Plan 
Measurement points 
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Fig. 2 - Concentration at the exhaust 
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avg - std avg + std ++ calc. 
Case B1 



Fig. 3 - Volume of removed tracer gas 
Calculated and measured values 
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Fig. 4 - Measured Concentration decay 
at point 0 
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Fig. 5 - Calculated Concentration decay 
at point 0 
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Fig. 6 - Meas. vs. calc. ventilation efficiency 



Fig. 7 - Calculated concentration field 8 - Calculated concentration field 





Fig. 11 - ~kasured concentration growth 
at point 7 
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Fig. 12 - Calculated concentration growth 
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ABSTRACT 

The present paper reports on tracer gas measurements performed in five large 
buildings during normal operating conditions. In all buildings air was supplied through ceiling 
diffusers and returned through a ceiling plenum. The measurements were taken during 
summer with the systems in cooling mode, i.e. the supply temperature was lower than the 
room temperature. 

The global air change effectiveness and the occupied zone average air change 
effectiveness were calculated based on the age-of-air concept. The local air change 
effectiveness i.e., for one point in the space, was calculated in two ways: (1) Age-of-air in the 
return duct divided by local age-of-air at breathing level, and (2) Age-of-air at return grille in 
ceiling divided by local age-of-air at breathing level. To measure age-of-air the tracer gas step- 
up method was used. 

The global air change effectiveness as well as the average air change effectiveness 
in the occupied zone for all systems indicated complete mixing. The local air change 
effectiveness showed, however, larger differences, indicating that the air in the occupied zone 
was not uniform mixed in all buildings. 

INTRODUCTION 

The cause for many cases of Sick Building Syndrome is often poor ventilation: either 
a low level of outdoor air coming into the building or poor distribution of the air in the system 
or in the occupied space. The distribution of the air influences both the thermal conditions and 
the indoor air quality in the space. Therefore, it is important to know how efficient the air is 
being distributed in the space. Also, from an indoor air quality standpoint, it is important to 
know how efficient contaminants are being removed from the occupied zone. These two factors 
are often described as air change effectiveness (efficiency of the air distribution) and 
contaminant removal effectiveness (Brouns 1991) (efficiency of contaminant removal). 

This paper presents measurements of air change effectiveness performed in several 
large buildings. The intention is to contribute to the knowledge about air change effectiveness 
in typical buildings during typical summer conditions, and not to study the influence of the type 
of building or system. Other studies that report data on the efficiency of the ventilation systems 
are, based on controlled laboratory measurements: Sandberg 1986, Mathisen and Skaaret 
1983, Qingyan 1988; or, based on field measurements: Fisk et al. 1988, 1989, 1991, Persily 
et al. 1985, 1986, 1990, 1991. 

AIR CHANGE EFFECTIVENESS AND CONTAMINANT REMOVAL EFFECTIVENESS 

The outdoor air requirements or the air change rates listed in existing standards and 
codes (e.g. ASHRAE 62-89, Table 2) assume perfect mixing of the air in the ventilated space. 
This assumption does not always apply. It is necessary, therefore to take into account how 
efficient the air is distributed in the occupied zone. If there are zones of stagnant air andlor 
short circuiting, it may be necessary to increase the amount of outdoor air. If, on the other 
hand, there is a displacement flow, the amount of outdoor air may be reduced. To properly 
assess the ventilation in the breathing zone, one must determine: 

O The air renewallair distribution process: How quickly "old contaminated air is placed 
with "new" outdoor air in the occupied zone. 

O The contaminant removal process: How quickly generated contaminants are removed, 
and how effectively the contaminants are prevented from spreading to critical areas, 
like the occupied zone. 



These two processes are related but generally not identicaland therefor need to be 
treated separately. For both air renewal and contaminant removal it is important to make clear 
if the results are based on room average, occupied zone average or local conditions. To 
assess the indoor air quality, the occupied zone average and local conditions must be 
determined. 

The effectiveness of air renewal and contaminant removal are referred to as "air change 
effectiveness" and "contaminant removal effectiveness" respectively. In the literature there is 
some confusion regarding these terms. Some publications use air change efficiency or air 
exchange efficiency to characterize the air renewallair distribution process. In these 
publications complete mixing is being referred to as 50% efficiency and complete displacement 
flow to 100%. In recent standards (ASHRAE 62-89; COST-613 1992) however, perfect mixing 
is referred to as 10Wh efficiency. Because an efficiency can not exceed- 100% it is 
recommended to use the word effectiveness. The process of removing contaminants from the 
space is normally referred to as contaminant removal effectiveness or ventilation effectiveness 
(COST-613 1992). ASHRAE Standard 62-89 is using the term "ventilation effectiveness" to 
characterize the air renewallair distribution process. 

Air Change Effectiveness 

Air change effectiveness is based on the age-of-air concept (Sandberg 1983; Skaaret 
1982; Sutcliffe 1990). The age-of-air in a room is a measure of the time it takes the supply air 
to reach a given location in the room. Age-of-air can be considered as the local age-of-air, the 
room or global average age-of-air, and the occupied zone average age-of-air. 

The local age-of-air is measured at individual points within a room and used if the 
ventilation at individual work stations, or the distribution of air in naturally ventilated buildings, 
is to be assessed. It can also be used to map airflows through rooms. The local age-of-air 
can be determined taking the area between the concentration curve and the final concentration 
and divide this by the final concentration (equation 1, Table 1). The room average age-of-air, 
measured in the room return air, or global average age-of-air, measured in the section return 
air, quantifies the performance of a ventilation system and can be calculated using equaltion 
2 in Table 1 (Sandberg 1983; Sutcliffe 1990). It takes into account both the amount of 
ventilation air supplied to the room and the efficiency with which this air is distributed in the 
room. The occupied zone average age-of-air, is the mean value of the local age-of-air 
measured at breathing level at different points in the occupied zone. The air change 
effectiveness of the ventilation system can be calculated by dividing the local age-of-air in the 
return by the room average age-of-air. 

The air diffusion effectiveness (Fisk et al. 1991) is calculated by dividing the age-of-air 
at a return grille by the age-of-air at breathing level, measured at a location close to that return 
grille in the occupied zone. The air diffusion effectiveness is a better indicator of the airflow 
in the room because it is not influenced by the residence time of air in the plenum andlor the 
leakage of supply air into the return plenum. The method used to determine the age-of-air in 
the measurements presented here, was the step-up tracer gas method. This method has been 
described earlier by Sutcliffe, 1990. 

Contaminant Removal Effectiveness 

Contaminant removal effectiveness is the effectiveness of the ventilation system to 
remove contaminants generated in the room. It can be calculated by dividing the contaminant 
concentration in the extract air (return air from the room) by the average contaminant 
concentration in the breathing zone. If the contaminant sources are evenly distributed in the 
room (i.e. building materials, carpet, people) the contaminant removal effectiveness will be 



similar to the air change effectiveness. This paper only reports measurements of air change 
effectiveness. 

FIELD MEASUREMENTS 

. The following data were collected from a series of independent field tests. The 
measurements were part of a general characterization of the indoor climate and the 
performance of the HVAC systems in the studied buildings. The tracer gas technique was 
used to measure air flow in ducts, outside air supply, outside short circuiting, infiltration air, 
and age-of-air. All measurements were done during summer conditions. 

The buildings were multi-story served by one or more air handling units. Typically the 
outdoor air was 10% to 20% of the total supply. All spaces had supply diffusers in the ceiling 
and returned the air through a ceiling plenum. A short characterization of the test spaces is 
shown in Table 2 and 3. Each test involved only one section of a building. A section is 
defined as the total of all spaces covered by one air handling unit and one outdoor air supply. 
In some of the sections studied the supply duct from the air handling unit branched out to cover 
different zones. A zone could either be one room (classroom, single office, open plan office 
floor) or a group of rooms connected to the same return duct. The age-of-air measurement in 
the return duct after all branches are reconnected, represents the room or global average 
age-of-air for a section. A schematic of a section in a building is shown in Figure 1. 

Test Procedure 

A multi point doser and sampler unit (6 points) was used together with a gas monitor. 
The detection limit for the tracer gas used (SF,) was 0.005 ppm. Concentrations were 
monitored in the occupied space, and in the return ducts. In the occupied zone concentrations 
were measured at breathing level, 1.1 m for sedentary persons, and in some of the tests also 
at return grilles in the ceiling. During a test the conditions were stable, i.e., amount of outside 
air, total air flow, and temperature conditions were constant. During occupancy, measurements 
may have been influenced by opening and closing doors, increased mixing due to body 
movements, etc.. 

RESULTS 

The results for all buildings are presented in Table 2 and 3. In buildings A, B, C, and 
D (Table 2) the age-of-air in the return duct represented an entire section. In building F (Table 
3) the age-of-air was measured both for the zone and the section. The results for F2 and F3 
are from the same open plan office floor measured on two different days in ten different 
locations at breathing level and corresponding return grilles in the ceiling. The measurements 
in the returns from the section and the zone were at the same locations both days. The results 
for F4 were taken at the same locations as F2, but taken during the night when there were no 
occupants. 

The local age-of-air was calculated using equatiion 1 and the average age-of-air for the 
section andlor zone was calculated using equation 2 in Table 1. The global or zone air change 
effectiveness, ACE, and ACE,, the occupied zone average air change effectiveness, ACEBL, 
and the local air change effectiveness, ACE,, were calculated using respectively equation 3, 
4, and 5. The air diffusion effectiveness, ADE, was calculated using equation 6 in Table 1. 

The air change rate n, can be calculated as the reciprocal of the age-of-air in the return 
1 1 ~ ~ .  For the buildings presented here, the air change rates varied between 0.5 and 3.5 h-'. 



DISCUSSION 

The average air change effectiveness for the section (ACEG) and zone (ACE3 were in 
all tests between 0.8 and 1 .l. Based on studies and evaluations from Fisk et al. (1991) the 
95% confidence limit for these types of measurements are f 20%. This means that the air 
distribution in the buildings tested was not significantly different from complete mixing i.e. 1 .O. 
It is generally thought that many systems are unable to distribute the air well and have, 
therefore, short circuiting of air or zones of stagnant air in the room. The present results on 
the global air change effectiveness, do not support this, but measurements were only done in 
the summer season with the systems in the cooling mode, i.e. the supply air temperatures 
were significant lower than the room temperatures. Other studies have shown (Offermann 
1988; Sandberg 1986; Olufsen 1991) that in the winter season, with similar systems in heating 
mode, i.e. supply temperatures higher than room temperatures, you may find a lower air 
change effectiveness in the range 0.5 to 0.7. 

. Although the air change effectiveness for a sectionhone shows a value around 1 .O, 
implying complete mixing, this does not necessarily mean that the air distribution in the 
occupied zone is uniform. To evaluate the distribution of air in the occupied zone, the average 
age-of-air in the occupied zone < zBL > is compared to the age-of-air in the return from the 
section 7,. Except for building D, the average air change effectiveness of the occupied zone 
(ACEBL) varies between 0.8 and 1.2, which is not significantly different from complete mixing, 
1 .O. The corresponding air change effectiveness measured in building D, ACEBL = 1.4 could 
be caused by stagnanvslow moving air in the plenum or displacement flow in the room. 
Unfortunately no age-of-air measurements were made in the return grilles in the ceiling in this 
building, which would have given an indication why the air change effectiveness of the 
occupied zone was higher than in the other buildings. 

Even an average age-of-air in the occupied zone (ACEBJ of around 1.0 does not 
necessarily mean perfect mixing. There may still be variation in the age-of-air at the different 
locations in the occupied zone. This can be evaluated by comparing the local age-of-air 
measurements at breathing level in the occupied zone zBLto the age-of-air in the return from 
the section 2,. The local air change effectiveness, ACEL varies significantly in building A (0.7 
to 1.2), D (1.0 to 1.8) and F (0.8 to 1.2), which means the air in these buildings is not uniform 
mixed. In building B (1 .l) and C (1.1 to 1.2) the variations are negligible indicating uniform 
mixing of the air. Since age-of-air at the return grilles in the ceiling was not measured in 
building A, C and D, the air diffusion effectiveness could not be determined for these buildings. 
For building B and F the results for the air diffusion effectiveness varied between 0.9 and 1.2, 
which is similar to the calculated values for the local air change effectiveness, ACEL, both 
indicating uniform mixing. 

The presented results agree well with measurements reported elsewhere in large office 
buildings under similar conditions. Fisk et al. (1 991) summarized his results from nine different 
buildings. In these studies the global air change effectiveness, ACEG varied between 1.0 and 
1.4 and the occupied zone average air change effectiveness, ACEBL varies between 0.8 and 
1 -4. Persily et al. (1 985; 1986; 1990; 1991 ) reported a global air change effectiveness in the 
range of 0.9 to 1 .I. 

Although the majority of studies use the age-of-air concept, the question remains which 
locations represent best the conditions in the space (room average, occupied zone average, 
breathing level average) and which locations should be used as the reference (return duct from 
the entire section, return duct from the zone, nearest return grille in the ceiling). Furthermore, 
because some data are reported assuming perfect mixing to be an effectiveness of 1 or 100%, 
while others assume perfect mixing to be 0.5 or 50% and complete displacement flow to be 
1 or 100%, there is a definite need for guidance and standardization. 



CONCLUSION 

This paper reported on the field measurements of the air change effectiveness in large 
commercial buildings during summer (cooling season). In all measurements the tracer gas 
step-up technique and the age-of-air concept were used. The data indicate that there is limited 
short circuiting in large buildings operated under summer conditions when the supply air 
temperature is lower than the room temperahre. 

The global air change effectiveness, ACE,, implied perfect mixing but since ACE, 
integrates the Row pattern in the entire test space (building) including flow in ducts, flow in 
ceiling plenums, flow around and in the occupied zone, this is not a good representative of the 
effectiveness of the distribution of the air in the occupied zone. A better parameter is the 
occupied zone average air change effectiveness, ACEBL, which is based on age-of-air 
measurements at breathing level at several locations. But even if this value indicates perfect 
mixing, there may be locations with stagnant air (effectiveness lower than 1) or locations with 
displacement flow (effectiveness greater than 1). Therefore, the local air change effectiveness, 
ACE,, andfor the air diffusion effectiveness should be evaluated to assess the ventilation at 
individual work spaces. 

Future research should include fieid measurements taken for different seasonal 
conditions especially heating periods, and measurements to determine the contaminant 
removal effectiveness in order to assess the efficiency of contaminant removal. Furthermore, 
the way of measuring and reporting air change effectiveness should be standardized. 
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Flgure 1. Schematic of a section of a building, showing location of dosing and sampling points in 
a typical measurement. Sample locations: 1 : zone return; 2: section return; 3: grille; 4: breathing 
level. 

C, = concentration at time t = CD, pprn 

Table 1. Equations for calculation of age-of-air and air change effectiveness. 
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ABSTRACT 

Avery largeelectronics factory had beencompletely refurbished, and new mechanical 
ventilation systems installed. In an area of the factory where the principal activity was 
the bench assembly of small components, there were persistent complaints of eye nose 
and throat irritations, and absenteeism among the workforce was excessive. Careful 
examination of the environment had failed to identify any significant contaminants 
in the air. The situationwas similar to the SickBuilding Syndrome in office buildings. 
The problem was investigated by measurements of Ventilation Parameters, using the 
theory and techniques described in AIVC Technical Notes 28 and 28.2. Pulse, step- 
up, and decay measurements were carried out, and the results analysed to give air 
changeefficiency, contaminant removal effectiveness, local air quality index, dosage 
index and transfer index. The results showed that the principal source of air entering 
the area was not the mechanical ventilation system. This made it difficult to interpret 
thevalues obtained for air change efficiency. However, the results for thecontaminant 
removal parameters were consistent w ith the problems experienced by the workforce. 
The paper describes thedifficulties of conductingventilation effectiveness parameters 
in a complex industrial environment. Results are presented which show consistency 
in the determination of some parameters, and how these suggested solutions for this 
particular building. 

INTRODUCTION 

The electronics factory at New Horizon Park, Coventry was refurbished, and new 
mechanical ventilation systems were installed approximately two years ago. In an 
area of the factory where the principal activity is the soldering and bench assembly 
of small components, there were persistent complaints of eye nose and throat 
irritations, and absenteeism among the workforce was excessive. These problems 
begansoon after thecompletionof the new ventilationsystem. Analysis of air samples 
taken from the environment did not identify any significant airborne contaminants. 
The situation appeared to be similar to the Sick Building Syndrome in office 
buildings. 

A preliminary investigation revealed that other areas of the factory where similar 
production activities took place had also been refurbished at the same time, but there 
were no complaints in these other areas. Consequently the problem could not be 
associated with the production process, nor could it be associated with particular 
employees. The complaints were clearly specific to one particular area of the factory 
served by one air handling unit. The air handling unit itself and its associated ductwork 
were identical to those installed in other areas of the factory and seemed to be 



functioning normally. 

In the absence of any obvious cause of the problem, an environmental survey was 
carried out. This included measurements of temperature and air velocity, but the main 
purpose of the survey was to measure the ventilation effectiveness parameters of the 
space. 

DESCRIPTION of the INSTALLATION 

Apart from the administration units, the factory is single storey throughout. Figures 
1,2 and 3 show the general site layout, the area under investigation, and the layout of 
the air handling system. The problem area is approximately 50m x 1 Im, with one long 
side and one short side bounded by brick walls. The other two sides adjoin identical 
areas, each served by identical air handling units. The roof is a typical triangular 
construction with glazed northlights, but an open mesh "eggcrate" style suspended 
ceiling has been installed at a height of 3m above floor level. The volume of the 
problem area between floor level and ceiling level (the occupied zone) is 1568 m3, 
and the volume of the roof void above the ceiling (the unoccupied zone) is 1228 m3. 

The air handling unit and the supply ductwork are mounted in the roof trusses above 
thesuspended ceiling, and thesixteen airsupply grilles are fitted flush with the ceiling. 
Return air passes up through the "eggcrate" ceiling, and flows along the roof space 
back to the air handling unit. The unit has separate supply and extract fans, and 
adjustable dampers which enable the proportion of recirculated air to be varied 
between 0% and 100%. The intake and exhaust for the unit are both at roof level. The 
design air flow capacity of the unit is 2.36 m3.s-' with the fans at full speed. The unit 
also included a heating coil downstream of the supply fan, but no cooling coil. 

INITIAL ANALYSIS 

The expected air change rate with the fans at full speed and the dampers set to 0% 
recirculation is 5.4 air changes per hour, if it is assumed that the system ventilates only 
the occupied zone. The rate becomes 3.0 air changes per hour if the volume of the roof 
void is included. As there was a very low level of contaminant generation in the 
occupied zone, these air change rates should have been adequate. However, the 
placing of the ductwork supply terminals flush with the open "eggcrate" ceiling 
suggested that a proportion of the air flow from the terminals would short-circuit the 
occupied zone and go directly into the roof void, especially in winter when thesupply 
air was heated. A preliminary analysis of this possibility was carried out by 
representing the problem as a two zone model, as shown in figure 4. The air flow from 



the terminals is assumed to be divided between zone 1 (the occupied zone) and zone 
2 (the unoccupied zone) in a proportion, x, which can be varied. General buoyancy 
effects are included by means of an internal recirculation factor, y, of the fan supply 
rate. Recirculation within the air handling unit can be included by means of a factor, 
r. This leads to the following equations for the interzone flows. 

where Fij is the flow from zone i to zone j, and i=O corresponds to outside air. This 
model was used to compute Ventilation Effectiveness Parameters for a range of values 
of x, and for r=O (full fresh air) and r=0.5 (50% recirculation). The most useful 
parameters [1,2] are the Local Mean Age of Air, the Local Air Change Index, and the 
Local Air Quality Index, the last of these being evaluated for contaminant injected 
in zone 1 only. Figure 5 shows plots of these parameters against the variable x. 

Several matters of interest arise from figure 5. The point of intersection of the lines 
on the Local Air Change Index graph occurs at approximately x=0.44, which is the 
value of x when the flow rate into the zones is proportional to their volume. There is 
a similar intersection on the Local Mean Age graph. Both these graphs confirm the 
expected decline in the fresh air provision in the occupied zone as the proportion of 
the output from the supply terminals going into the upper zone increases. Additionally 
they show that below x=0.44 recirculation, either via the air handling unit or by 
buoyancy effects, worsens the provision, whereas above x=0.44 it improves it. 
Paradoxically, therefore, if it happens that x>0.44, increasing the fresh air intake into 
the air handling unit by reducing its recirculation setting will actually make things 
worse. The Local Air Quality Index graph leads to a similar conclusion, except that 
the worsening is true for all x>O. 

MEASUREMENTS 

The measurement programme covered the period from the 11th to the 22nd of 
November 1991 inclusive. For measurement and analysis purposes, the total space 
was considered as four zones. In the occupied space below the ceiling, three zones of 
equal volume were defined, and the space above the ceiling was defined as a single 
zone. Figure 3 shows the layout of the ventilation system and the zones. Tracer gas 



sampling points were placed approximately at the centre of each zone, and also in the 
supply and return ducts of the air handling unit. Step-up tests were carried out by 
injecting tracer gas (sulphur hexafluoride) into the air immediately upstream of the 
supply fan. The tracer gas concentrations following switch-off of the tracer were 
treated as decay measurements. Pulse tests were carried out by injecting a short burst 
of tracer into one of the zones.This was repeated for each of the three zones in the 
occupied space. The tracer gas concentration curves were analysed using software 
based on the usual Ventilation Effectiveness theory [1,2]. The three types of test, step- 
up, decay and pulse were analysed as follows. 

1. Step-up tests 
For the first set of step-up tests, the rise in the tracer gas concentration in the return 
duct followed very closely the rise in the inlet duct, and was ahead of the rise in the 
four zones. This caused some surprise, and led to a close inspection of the air handling 
unit. It was discovered that the indicator on theoutside of the unit, which was showing 
0% recirculation (or full fresh air) was exactly the wrong way round. In other words, 
the system was set to 100% recirculation, so that contaminated air was being fed back 
into the ductwork. The rapidity of the rise in the return duct suggested also that there 
was some short-circuiting of air from the supply side to the return side. The fact that 
the system was on 100% recirculation was known to the maintenance engineer, who 
explained this setting as being necessary to both conserve heating energy and to 
prevent complaints of low temperatures from the operatives. The 100% recirculation 
setting made the analysis of the step-up tests largely meaningless. 

2. Decay tests 
These were used to establish the average air change rate of the space. This is valid 
because the ventilation system maintains stirring of the air throughout the decay 
process. The time constant over a series of tests ranged from about 28 minutes to about 
40 minutes. This represents air change rates of between 1.5 and 2.1 air changes per 
hour. However, this cannot all be fresh air, and most of it must have come from other 
areas within the factory. One test with the system set to 100% fresh air yielded an air 
change rate of between 3.3 and 3.9 air changes per hour. This test also gave values 
for the Local Mean Age and the Local Air Change Index of the air in the zones. 

Table 1 - Local Mean Age and Local Air Change Index 

Zone Local Mean Age (minutes) Local Air Change Index 
1 23 0.79 
2 16 1.13 
3 9 2.01 
4 2 1 0.86 



3. Pulse tests 
These were used to derive the local mean age of the contaminant and the total dosage 
index. The averages and standard deviations derived from several sets of measurements 
are shown in the following tables. 

Table 2 - Local Mean Age of Conta 

Zone of Zone of Measurement 
Injection 1 2 3 4 

1 22rt5 2923 43+8 21rt2 
2 21-e2 16rt3 40rt23 1923 
3 31+4 221~-4 14+4 2 6 ~ 6  

Table 3 - Total Dosage Index, vpb.hm/ml 

Zone of Zone of Measurement 
Injection 1 2 3 4 

1 0,255-eO.072 0.114-eO.007 0.11 1rt0.062 0.191rt0.022 
2 0.165rt0.075 0.244rt0.137 0.125rt0.125 0.157rt0.090 
3 0.092~0.077 0.090~0.043 0.175rt0.088 0.071rt0.059 

The Local Air Quality Index can be derived from the Total Dosage Index for a pulse 
test by means of the equation 

where D is the Total Dosage Index due to a release of a volume equivalent of 
P 

contaminant Vcp. Using the median of the results of the decay tests gives the effective 
fresh air supply rate, Q, as 1.4 m3.s-'. The values in Table 3 were used to construct 
Table 4. 

Table 4 - Local &r Quality Index 

Zone of Zone of Measurement 
Injection 1 2 3 4 

1 0.78 1.74 1.79 1.04 
2 1.20 0.81 1.59 1.26 
3 2.16 2,20 1.13 2.79 



SIMULATIONS 

From the results of the experimental measurements, an intuitive estimate was made 
of the most likely flow rates between the zones of the four zone model. These flows, 
which are shown in Figure 6, were entered into the multi-zone air movement model, 
in order to compute theoretical values of the Local Mean Age of the Contaminant, the 
Total Dosage Index, and the Local Air Quality Index. Tables 5,6 and 7 show the 
results. 

Table 5 - Local Mean Age of Conta 

Zone of Zone of Measurement 
Injection 1 2 3 4 

1 21 4 1 43 38 
2 37 20 38 37 
3 44 34 16 34 

Table 6 - Total Dosage Index, vpb.hcs/d 

Zone of Zone of Measurement 
Injection 1 2 3 4 

1 0.418 0.122 0.079 0.152 
2 0.170 0.330 0.093 0.157 
3 0.097 0.116 0.231 0.130 

Table 7 - Local Air Quality Index 

Zone of Local Air Quality Index of Zone 
Injection 1 2 3 4 

1 0.39 1.34 2.08 1.08 
2 0.96 0.50 1.75 1.04 
3 1.68 1.41 0.71 1.26 

DISCUSSION and CONCLUSIONS 

Inspection of the measured results shows that in many cases the standard deviations 
were large. This was not surprising, as the buoyancy of the air leaving the terminal 
units would have varied with both the weather conditions and the cycling of the 
heating coil. In general, the results from individual tracer gas tests within each set 
tended to produce values in the same rank order, again suggesting that the large 
standard deviations were due to real changes in the performance of the installation 



rather than excessive experimental error. 

With the air handling unit on its usual setting of 100% recirculation, the measured air 
change rateof between 1.5 and 2.1 ach could beentirely accounted for by air exchange 
with other parts of the factory. This means that the area received no direct fresh air, 
that is all incoming air was stale air. In practice, some fresh air would have entered 
the area from the external door at one end, and by leakage through thestructure. With 
the unit on 100% fresh air, a rate of between 3.3 and 3.9 ach is consistent with the fan 
rating, which taken by itself would have given 3.0 ach. The extra could be due to 
leakage and exchange with adjacent areas. 

When the system was tested on 100% fresh air, the results for the Local Mean Age 
and the Local Air Quality Index suggest that the distribution of fresh air was poorest 
to zone 1, where the majority of the complaints occurred. 

The results of the pulse tests show that the Dosage Index for each zone due to a 
contaminant released within itself is highest for zone 1, next highest for zone 2, and 
lowest for zone 3. The same is true for the Local Mean Age of Contaminant. This is 
consistent with a high rate of complaint from the occupants of zone 1. The Local Air 
Quality Index is lowest in zone 1, next lowest in zone 2, and highest in zone 3, which 
is also consistent a high complaint in zone 1. 

The results for the simulations carried out on the four zone model of the installation 
show that someof the individual values are very close to their measured counterparts, 
whereassomediffer by asubstantial factor. Nevertheless the results of thesimulations 
show the same trends as the measurements, and hence confirm the poor ventilation 
of zone 1. 

Theoverall conclusion is that the measurement of ventilation effectiveness parameters 
in a complex environment has provided definite evidence to support and explain a 
problem which had otherwise been evident only from the subjective responses of the 
occupants. In this particular instance, thecontaminant removal effectiveness parameters 
have been the most helpful in identifying and quantifying the problem. The use of 
zonal models has also been of benefit in this case. The initial analysis using the two 
zone representation showed that there was likely to be a potential problem, and the 
four zone model, assembled from information on the fan rating and from the evidence 
of the measurement programme, was useful in confirming the conclusions, and also 
in giving an indication of the probable air flow patterns. The solution for this 
installation appeared to be relatively simple, namely to reduce the recirculation 
setting of the air handling unit. 
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Synopsis 
This paper describes a method for measuring tbe dispersal of airborne contaminants by light-sheet 

illumination of aerosol tracen and digital image processing techniques. The goals of the research were two- 
fold: to use field-portable and safe equipment to make near-instantaneous measurements of tracer aerosol 
concentrations over arbitrarily positioned two-dimensional planes of near-mom dimensions; and to carefully 
define similarity conditions under which aerosol dispersal can be considered an accurate surrogate for 
passive molecular dispersal. 

The measurement method involves five procedures: tracer generation by condensation of a glycol vapor; 
light sheet illumination using a projected laser; image capture using a CCD video camera linked to an 
analog-to-digital converter; point-calibration measurement, via light attenuation, of aerosol concentration; 
and image processing using a public-domain microcomputer-based program. This paper will briefly review 
the method and evaluation tests and will emphasize technical and theoretical issues concerning the 
relationship between captured images and aerosol concentration and the similarity of tracer to molecular 
dispersal. 

List of Symbols 
C - is the molecular species concentration, moles/m3. 
C is the timesmoothed concentration averaged across the section of the duct. 
ct is a friction coefficient. 
-b 

c is the particle migration velocity vector (e.g., settling velocity), m/s. 
D  is a characteristic dimension of the flow regime, m. 
Da is the molecular diffusivity of a species a , m2/s. 

DF is the particle diffusivity of the aerosol particles, m2/s. 
-b 

f is a rapidly varying stochastic force due to molecular agitation, g-m/s2. 
Z is the intensity of light, lumens/m2 or watts/m2 
m is the effective mass of the particle, g 
n is the particle concentration, #/m3. 
n* is a dimensionless concentration equal to the concentration divided by a reference concentration. 
R is the radius of the duct, m. 
r ~  is the radius of the particle, pm 

r d ~  is the interception parameter. 
Re = D V ~ V  is the Reynolds number. 
Sc, = V / Q ,  is the aerosol particle Schmidt number. 

Sea E V/D~ is the molecular Schmidt number for species a. 
t* is a dimensionless time equal to (V dDP) or (V d %). 
d 

u is the particle velocity, m/s. 
-a7 
I is the l d  fluid velocity vector , m/s. 
* 
I* is a dimensionless velocity equal to the actual velocity divided by a suitable reference velocity V. - 
v is the time-smoothed mean velocity. 
x is the distance along a duct, m. 
z is the distance along a given optical path, m 

Y is the extinction coefficient, m-l 
V* = D V is a dimensionless del operator, where D  is a suitable reference dimension. 
v is the kinematic viscosity of the fluid (e.g., air), m2/s. 

"I !ntroduelisn 
The growing concern for the quality of air in indoor environments and the economic importance of air 

contaminant control in clean room design have together focused attention on contaminant dispersal in 
buildings, in general, and within room in particular. Actual personal exposure to indoor air pollutants [I] and 
the success or failure of a clean room design both depend critically on the spatial distribution, or mixing, of 



contaminants within rooms and the variation of this mixing with time. 
Recognizing the critical importance of mixing, researchers in the field have attempted to study the 

general character of room mixing using both experimental and computational techniques. Airborne 
contaminant distributions in rooms have been measured using discrete, point-sampling techniques. These 
techniques, however, (a) provide poor spatial and temporal resolution, (b) tend to be invasive, and (c) tend to 
be limited to laboratory investigations due to their complexity and expense. 

Computational determination of velocity flow fields and the associated computational determination of 
tracer dispersal driven by these flow fields - microscopic analysis - offers a very attractive alternative to the 
experimental approach because, in principle, the dispersal in space and time may be determined to any 
degree of resolution [2-51. Regrettably, however, this analysis must be based on semi-empirical dispersal 
turbulence models that have yet to be thoroughly validated and is presently limited to rooms of simple 
geometry and stationary flow conditions. 

On the one hand, then, experimental evaluation of mixing on discrete sampling can not provide 
sufficient data to fully characterize the spatial or temporal nature of mixing in rooms and, on the other, 
computational determination of dispersal can not be considered reliable until experimental techniques are 
developed that can provide the detail needed for their validation. Laser light sheet illumination techniques 
have the potential to provide an answer to this dilemma. 

Building on light slit illumination techniques, several investigators have illuminated reflective aerosol 
tracers in various flow fields by laser light sheets to effectively reveal the qualitative structure of the flow 
field and its variation with time [6,7]. Saunders and Albright described the preliminary development and 
feasibility testing of a method to quantitatively investigate pollutant mixing by illuminating glycol aerosol 
tracers and processing captured images [8]. They assumed (a) tracer concentration was proportional to 
scattered light intensity, (b) tracer aerosol dispersal would be similar to passive molecular dispersal, and (c) 
only scattered light was received by the image acquisition system. The work described in this paper 
addresses these assumptions explicitly in an effort to establish the limitations of quantitative measurement of 
sheet-illuminated aerosol tracer distributions in room airflow. 

2. Development of the Proposed Method 
The measurement method reported herein evolved over a two-year period through review of the 

literature and a series of trial and error investigations relating primarily to (a) the selection of an appropriate 
aerosol tracer, (b) the selection of system components from those that were commercially available, (c) the 
development of experimental protocol, and (d) the selection of tests that would aide in the development of 
the method. 

2.1 Measurement Method and System Components 
The measurement method investigated involves five procedures supported by the hardware and software 

components described below and illustrated in Figure 1. 
Tracer Generation & Injection: A glycol-based condensation generator was used to generate an aerosol 

tracer. This theatrical fog generator provides an aerosol tracer that scatters light efficiently yet is harmless 
and what little residue it leaves can be easily cleaned. Detailed particle size distribution measurements 
indicate that initially the generated aerosol is practically monodisperse with a mean particle diameter of 
approximately 0.5 p. It then undergoes agglomeration, the mean d i e t e r  grows with time, the particle 
size distribution spreads to become polydisperse, and eventually settling of the larger particles becomes 
significant. To allow the initial rapid agglomeration to pass before injection and to better control tracer 
injection, generated fog was temporarily stored in an accordion-like collapsible storage cylinder 
approximately 2 m by 0.3 m in diameter. Subsequent tracer injection was realized by the controlled collapse 
of the storage cylinder. 

Light Sheet Illumination: A dynamic light sheet, generated by projecting a laser light beam onm a 
rapidly oscillating mirror (scanner) to scan the beam over a triangular segment of a plane, was used to 
illuminate the aerosol. Hardware components included a 50 mW Argon ion laser and commercially available 
optical components, function generator, amplifier, and scanner. The laser was selected from among the 
highest output power lasers that can operate on standard 120 V, 15 amp supply. This class of lasers is also 
relatively safe and field portable. 

Image Capture & Point Measurement: Images were captured using a CCD video camera linked to a 
microcomputer-based analog-to-digital converter that together provided a gray level resolution of 256 values 
(i.e., 8 bit). A simultaneous concentration measurement was made at a single point within the field of view 
to allow calibration of the captured image. 



Figure 1. Laser light sheet measurement system components. 

2.2 Development Test Series 
The development of the kethod was based on tests that would allow fundamental evaluation of the 

spatial and temporal resolution, accuracy, and repeatability of the proposed method rather than investigating 
specific cases of contaminant dispersal in rooms. Four test series were central to the development of image 
normalization, noise reduction, calibration, and measurement protoeol and used to evaluate similarity: 

Aerosol Particle Size Distribution Measurements: measurements of the particle size distribution of the 
freshly generated aerosol and its variation with time to (a) provide data needed to develop a relation between 
extinction measurement and concentration used for calibration purposes, and (b) to evaluate time-dependent 
transformations of the aerosol tracer due to agglomeration, 

No-Flow Compartment Tests: tracer dispersal studies in a small, sealed, well-mixed chamber to 
evaluate the reliability of proposed normalization and noise reduction procedures by comparison of measured 
distribution uniformity with expected uniformity and to assess time-dependent transformations of the aerosol 
tracer, 

Steady-Flow Compartment Tests: tracer dispersal studies in a small, well-mixed chamber under 
conditions of steady ventilation flows to evaluate the accuracy of the method at moderate rates of data 
acquisition necessary to capture slowly varying concentration fields and to again evaluate the reliability of 
proposed normalization and noise reduction procedures, and 

Stationary Flow Duct Tests: tracer dispersal studies in a 12 m long circular duct of 0.30 m diameter 
under stationary turbulent flow conditions to evaluate the accuracy of the method at high rates of data 
acquisition necessary to capture rapidly varying concentration fields. 

3. Relating Scattered Light to Aerosol Concentration 
If interest is limited to the dispersal of aerosols similar to the properties of the aerosol tracer used in the 

proposed measurement method then one need only be concerned with the ability of the image acquisition 
system to record scattered light from the illuminated field and the relation between recorded scattered light 
and aacer concentration or density. 

3.1 Aerosols Properties and Behavior 
The proposed method depends on the efficiency with which the chosen aerosol scatters light from the 



light sheet. Broadly speaking, aerosol particles are classified into three groups: particles small relative to the 
wavelength of the incident light; particles very much larger than the wavelength of the incident light; and 
those falling in the range in-between. Rayleigh scattering theory predicts, and measurements confm, that 
small-particle aerosols scatter light inefficiently; classical optical theory predicts that large-particle aerosols 
will scatter light more efficiently; and Mie theory predicts that the moderate-sized aerosols will scatter light 
most efficiently for a given volume of particles. Hence, to maximize light scattering we prefer to use 
aerosols with particle sizes just above the Rayleigh, small-particle range or, for visible light scattering, above 
the 0.1 to 0.5 pm particle diameter range. 

The intensity of light scattered from a given aerosol may be increased simply by increasing the 
concentration of the aerosol, but there are practical limitations to this strategy. At very high concentrations 
the aerosol will tend to obstruct both the view of the illuminated sheet and the ability of the laser to 
illuminate the sheet evenly - both unacceptable conditions. At moderate concentrations an undesirable and 
generally unknown nonlinear relation will exist between aerosol concentration and scattered intensity, due to 
the increased probability of multiple scattering, that will complicate the calibration of captured images. 
Multiple scattering will create so-called virtual emissions within the view of the image acquisition system 
that will tend to veil the light scattered from the illuminated sheet. 

Finally, all aerosols tend to agglomerate or suffer deposition as individual particles collide with each 
other or surfaces and, as a result, the size distribution and, to a lesser extent, the amount of aerosol varies 
with time. The time variation of particle sizes can result in a variation in scattered light intensity that is 
unrelated to aerosol concentration and as such must be minimized. As higher concentrations will tend to 
accelerate the rate at which aerosol particles agglomerate we shall prefer to implement the proposed method 
using low aerosol tracer concentrations. 

3.2 Experimental Pr~toGol 
Considering all these factors then, we prefer to inject tracers with particle size distributions just above 

the Rayleigh scattering size range at concentrations sufficiently low so that the aerosol particle size 
distribution does not vary significantly during the test time period. Measurements of our condensation- 
generated glycol aerosol indicate these objectives may be achieved by generating then temporarily storing 
the aerosol (e.g., for 10 minutes) - to allow an initial stage of rapid agglomeration to ass - before injection. 
By maintaining peak aerosol concentrations within a concentration range of 1$to lo7 particles/cm3 
scattered intensities remain detectable (i.e., with our equipment) yet changes due to agglomeration vary 
slowly with an effective time constant on the order of tens of minutes. 

3.3 lmage Processing 
Captured images of practically uniform distributions of aerosol proved not to be uniform - they not only 

contained consistent unstructured nonuniformities (e.g., lighter and darker edges and "smudges") but 
revealed consistent structured patterns of vertical stripes from image to image. A composite of three images 
of light scattered from a uniformly distributed aerosol tracer is illustrated in Figure 2 with histographic 
distributions of gray-values shown for each third. The lower thud of this image is a pseudo gray-scale 
representation of the raw image data. To correct for sources of systematic error, captured images were 
normalized against light scattered from well-mixed distributions of aerosol tracer following the example of 
Long et al[9, 101. The result of this normalization is indicated by the middle third of Figure 2. (Details of 
the normalization algorithms will be included in a forthcoming report.) 

The vertical stripes evident in the raw image due, presumably, to electromagnetic interference are 
visually obvious but also indicated by the bimodal character of the histograph in this case. Less obvious, but 
indicated by the alternating comb-like appearance of the raw data histograph, is the fact that analog-to-digital 
board used favored odd gray-values. Finally, a careful examination of the series of images taken during this 
particular test reveals consistently brighter conditions along the lower and left edges of the images. 

Normalized images revealed a salt and pepper distribution of gray values that is characteristic of random 
error due to electromagnetic noise, the dark current produced by CCD devices, or to the natural stochastic 
distribution of the aerosol itself. Two standard schemes to remove this source of error were considered - 
mean and median filtering - wherein each pixel value of an image is replaced by the either the mean or 
median of the pixel values in the 3 x 3 array of pixels centered on the chosen pixel. Both strategies appeared 
to be equally effective, although, given the expected stochastic distribution of the aerosol particle sizes, the 
mean filtering should be more appropriate. The result of this noise reduction is indicated by the upper third 
of Figure 2. 



Figure 2. Representative results of normalization and noise reduction of images captured from a 
uniform distribution of aerosol tracer. 

3.4 Calibration 
The aerosol tracer concentration was calibrated by relating the intensity of scattered light at a single 

point in the captured image to a particle concentration estimated on the basis of a light extinction 
measurement. The extinction coefficient, defined as fraction of light scattered andfor absorbed within a 
media per unit length of optical path: 

y -A 
Id2 

(1) 

can be linearly related to the particle number concentration, using Mie scattering theory, when the number 
distribution of particles as a function of size is known and conditions of single, independent scattering are 
realized. These conditions are realized when the optical depth, the integral of the extinction coefficient over 
the path fmm the sheet to the acquisition system, is less than approximately 0.1. 

4. Similarity of Aerosol and Molecular Dispersal 
Strictly ng, the dispersal of the chosen aerosol tracer may be expected to be similar only to other 

aerosols with the same particle size distributions and densities. Practically, however, we may identify 
conditions under which the aerosol dispersal will be similar to other contaminants and, specifically, to 
molecular species. Afirst similarity condition relates to agglomeration. By maintaining conditions of low 
aerosol concentrations, as discussed above, the effects of agglomeration may be mitigated. 

4.1 Miscible Two-Phase eontinuurn Transpoa 
To identify additional similarity conditions it is useful to compare continuum two-phase convection- 

diffusion transport theory for molecular and aerosol transport (e.g., see [11, 121): 

Molecular Transport % + ;.VC = Dav2c 
at 

Aerosol Transport 

These two equations will have the same form if the last term of Equation 3, the settling velocity term, 
becomes negligible. This establishes a second similarity condition that particle sizes must be small enough 
so that settling is insignificant. Practically, this limits particles to diameters smaller than about 10 p. 

Equations 2 and 3, with the settling term removed, may be recast in dimensionless form as: 



-s an* + , * . ,*,* = 1 ,*Zn* - 
at* Re sc 

Consequently, molecular dispersal will be similar to aerosol dispersal when the product Re Sc is of similar 
magnitude for each case; Re S C ~  = Re Scp. For full-scale or field measurements the Reynolds numbers will 
be identical so we may assert a third simiImity condition that Schmidt number similarity is needed to achieve 
our objective. 

Regrettably, aerosol particle diffusivities, for the particle size range of use here (0.5 to 10.0 p), are on 
the order cm2/s while molecular diffusivities are some six orders of magnitude larger. Kinematic 
viscosities for both aerosol-air and molecular-air systems will be of similar magnitude - in the range of 1 to 2 
x 10-I c&s. Consequently, molecular Schmidt numbers may be expected to be close to 1 while particle 
Schmidt numbers will be near 106 and, as a result, it will be practically impossible to satisfy this third 
condition. If, however, the diffusion term of Equation 4 is negligibly small (i.e., transport is dominated by 
convective precesses) then this third condition becomes irrelevant. For turbulent flow, this becomes the case 
as, from one perspective, molecular or particle diffusivities become overwhelmed by eddy d i p i v i t y  (i.e., 
due to small scale turbulence) that is expected to be (nearly) identical for both cases. (Consideration of the 
time-smoothed formulations of Equations 2 and 3 using the eddy diffusivity turbulence model, leads to this 
last conclusion.) 

The third similarity condition, therefore, establishes two limiting conditions. At one extreme, for fully 
developed turbulent flow the dispersal of aerosol particles and molecular species may be expected to be 
practically identical as eddy diffusion will dominate. At the other extreme, for very low flow the dispersal of 
aerosol particles can not be expected to be similar to that of molecular species. Between these limiting cases 
one may encounter situations where convective, yet nonturbulent, transport dominates the flow (e.g., laminar 
flow in clean rooms) and thus the diffusion term becomes negligible and similarity is realized or, 
alternatively, where particle/molecular diffusion transport is significant and, hence, similarity can not be 
expected. 

The particle/molecular-diffusion limit may not be critical in room studies as room air is invariably in 
motion due to ventilation, infiltration, and natural convection and, as a result, true stagnant conditions are 
practically never achieved. Rodes reviews measurements of air velocity and turbulence intensity (i.e., the 
relative standard deviation of velocity) in rooms that indicate average velocities on the order of 5 cm/s with 
HVAC systems off and 15 cm/s with HVAC systems on, with turbulence intensities ranging from 20-120% 
[I]. Most airflows in rooms may, therefore, be expected to exceed 2 cmls. From kinetic theory, the net 
velocity of a single particle, due to Brownian motion, or a single molecule, due to kinetic motion, is on the 
order of or respectively [13]. For the representative diffusivities discussed above, then, the net 
kinetic velocity of a single molecule will be approximately 0.3 cm/s and that of a tracer aerosol particle 
0.0003 cmls, both substantially less than expected minimum air velocities in rooms. From this discussion we 
may establish a fourth similarity condition: if minimum flow velocities are well above the net kinetic 
velocity of the molecular species being considered, fi, then one may assume that diffusion transport 
mechanisms are negligible and, consequently, the dispersal of molecular and tracer particle species will be 
similar. Regrettably, in laminar flow situations this condition may not be satisfied in directions orthogonal to 
the flow streamlines. 

The boundary conditions for aerosol particle transport are necessarily different from those used for 
molecular transport because of the finite size of aerosol particles 1121. As particles will intercept the 
boundary upon surface contact, one may define a boundary condition that the aerosol particle concentration 
becomes zero at a distance equal to the radius of the particle r, from the surface rather than directly at the 
surface. As a consequence, an added dimensionless variable, the interception parameter r b ,  may be 
introduced. Effectively, for molecular flow the interception parameter is zero. Afifth similarity condition 
may then be stated that aerosol particle dispersal will be similar to molecular dispersal when the interception 
parameter is practically negligible. That is to say, we can not expect to resolve dispersal detail approaching 
the tracer particle size close to surfaces. This condition presents no practical problem in room distribution 
measurements for the tracers used. 

4.2 Non-Continuum Transport 
From a microscopic point of view aerosol particles are discrete, finite objects submerged in a fluid flow 

field and no longer appear to be a continuous phase. As discrete, finite objects, particles will tend to lag 
behind fluid motion in regions of accelerating flow. 

This case may be analyzed following the argument presented by Long et al. 193. An equation of motion 
may be formulated for an individual particle as: 



-D 

where it is normally assumed that f is independent of the velocities, fluctuates more rapidly than the 
velocities, and has a mean value that vanishes over time [12]. 

Equation 5 clearly indicates that particles lag behind fluid velocity - slip - when accelerated. 
Furthermore, the frictional force acting on the particle cd3 - 2) tending to c o m t  the slip is directly related 

-D 

to the slip velocity (i.e., the relative particle velocity (3 - 2)). Given the independence of f , Equation 5 
and, hence, the slip velocity may be characterized by a relaxation time constanr 

that provides an order-of-magnitude estimate of the time required for a particle to "catch-up" with the 
airflow. 

Using published correlations for the friction coefficient [12] and the physical properties of the aerosol 
system used in the current investigation the relaxation time constant, T r e k ,  will range from 7 x s to 5 x 

s for particle Reynolds numbers ranging from 0 to 1000. Within occupied regions of rooms airflows are 
normally limited for comfort reasons to approximately 0.25 m/s and, as the instantaneous slip velocity is 
bounded by this value, maximum particle displacement lags would be well below the spatial resolution of the 
proposed measuring method: 

Air velocities at diffusers may be as much as two orders of magnitude greater so displacement lags may 
conceivably approach 2000 p or 2 mm - still within the spatial resolution of the measurement method. 

From this analysis we may assert a sixth similarity condition that aerosol dispersal will be similar to 
molecular dispersal if the slip relaxation time of the particles is small. For room airflow dispersal studies the 
Rosco fog should satisfy this condition. That is, we should expect the lag of Rosco fog particles in regions of 
accelerating flow to be negligible. 

4.3 Immiscible Two-Phase eontinuurn Transport 
A sufficiently dense aerosol cloud having well-defined boundaries will tend to act, at least initially, as a 

single body of immiscible fluid. The motion of such a cloud will be determined not by the motion of 
individual particles but by the bulk mechanics of the cloud as a whole, consequently, the cloud may settle at 
a faster rate than individual particles in the cloud. For the present application, cloud settling may prove to be 
a problem when injecting an aerosol tracer into a flow regime under study. 

Hinds provides an introductory discussion of the bulk motion of aerosols [13] although the descriptive 
theory presented is limited to the settling of a spherical aerosol cloud. To gain some sense of the importance 
of cloud settling the table below (abridged from a similar table in Hinds 1131) shows the number 
concentration that will result in a cloud settling velocity of 1 cmls for various values of particle d i e t e r  and 
cloud diameter for particles of specific gravity 1.0 at standard conditions. 

Table 1 Number concentration to produce a cloud settling velocity of 1 cm/s for a spherical cloud of 1 p 
particles of unit specific gravity in air at standard conditions. 

From this discussion we made establish a sixth similarity condition that aerosol tracers must be injected 
at sufficiently low concentrations to avoid significant cloud settling. For injection plumes on the order of 
centimeters or less this wll limit injected tracer concentrations to values less than lo6 to lo8 particles/cm3. 

5. Stationary-Flow Duct Test Results 
The test setup for the stationary flow duct test is illustrated below in Figure 3. In these tests aerosol 



tracer was injected as a pulse upstream in a 12 m long circular duct of 0.30 m diameter under conditions of 
stationary turbulent flow, a plane was illuminated with the laser sheet 6 m downstream, and images of the 
resulting scattered light were recorded at rapid intervals as the aerosol pulse passed through the laser light 
sheet. These tests were devised to challenge the data acquisition rate of the system. 

Figure 3 Configuration of the duct test systems. 
Several pulse injection tests were conducted at a range of flow Reynolds numbers from 3,220 to 35,400 

and measured results were compared to predicted results obtained from finite-element solutions of the 1D 
axial-dispersion equation: 

The effective or axial dispersal coefficient, !DA, is well correlated to the flow Reynolds number alone for 
fully developed turbulent flow (i.e., Re > 10,000) 114, 151: 

All predicted results were based on this equation that may be expected to yield accurate results for Re > 
2,500 and Sc = 1 - that is to say for molecular dispersal. 

In the laminar flow regime (i.e., Re 6 2,500) the nature of axial dispersion changes considerably as 
radial transport becomes more dependent on the diffusivity of the phase being transported. Transported 
phases having a high Schmidt number (low diffusivity), such as the Rosco fog, will tend to experience more 
rapid transport in the core flow as radial transport will be inhibited and flow velocities in the core are greater 
than in the perimeter. Effective dispersal coefficients are, consequently, greater in laminar flow than in fully 
turbulent flow (Levenspiel 1962). The nature of dispersal for phases with particularly high Schmidt numbers 
like the Rosco fog in the ition region (i.e., 2,500 I Re I 10,000) has not been well studied. 

Representative comparisons of measured and predicted results are illustrated in Figures 4,s  and 6. Each 
of these figures illustrates the predicted results for the estimated Reynolds number (solid line) and for 
Reynolds number 10% smaller and greater (gray lines), corresponding to the uncertainty in mean air flow 
velocity measurement. Error bars corresponding to the standard deviation of the (spatial) mean gray value of 
each captured image along with the mean gray value itself (solid markers) are also illustrated. 



Figure 4 Comparison of measured mean gray level and predicted aerosol concentration time 
histories of a passing tracer pulse in a 0.30m diameter duct under conditions of transitional flow 
with a Reynolds number of 5,730. 

Figure 5 Comparison of measured mean gray level and predicted aerosol concentration time 
histories of a passing tracer pulse in a 0.30m diameter duct under conditions of transitional flow 
with a Reynolds number of 1 1,100. 



Time (s) 
Figure 6 Comparison of measured mean gray level and predicted aerosol concentration time 
histories of a passing tracer pulse in a 0.30m diameter duct under conditions of turbulent flow with 
a Reynolds number of 35,400. 

The high flow test, Figure 6 with Re = 35,400, was anticipated to present the greatest challenge to the 
proposed measurement system yet the results show a closer correspondence between predicted and measured 
dispersal than the lower flow tests even though images were captured at the rate of five per second - a data 
acquisition rate that should be more than sufficient for most room air distribution studies. These results are, 
however, consistent with theoretical expectations. That is to say, the correspondence between predicted 
(molecular) dispersal and measured (particle) dispersal is greatest for fully developed turbulent conditions 
(i.e., Re > 10,000) while at lower flow rates the axial dispersal of the Rosco fog, having a large Schmidt 
number, is greater than that of molecular species, hence the tracer pulses measured at the duct centerline 
arrived earlier than the predicted (molecular) pulses. Captured images revealed the presence of mixed 
laminar and medium scale turbulence providing a direct indication of iransitional flow. 

Somewhat surprisingly, then, these tests provided a means to evaluate the similarity of aerosol and 
molecular dispersal rather than challenging the acquisition rate of our equipment. The results, while not 
conclusive, indicate that similarity may not be realized under conditions of laminar or, even, transitional 
flow. 

6. Conclusion 
A method to measure airborne concentration distributions of an aerosol tracer over arbitrarily positioned 

two-dimensional planes of near-room size dimensions using laser light sheet illumination and digital image 
acquisition and processing techniques has been described. Technical considerations concerning the 
relationship between captured images and aerosol concentration and the similarity between the dispersal of 
the chosen aerosol tracer and molecular species dispersal have been reviewed and tests to evaluate the spatial 
and temporal resolution, accuracy, and repeatability of the method were discussed. 

Test results presented in this paper indicate that the proposed method, using field portable, safe, and 
relatively inexpensive equipment, can resolve the spatial and temporal details of tracer dispersal in rooms, 
although similarity with molecular dispersal may not be realized for all conditions of flow. Specifically, 
turbulent conditions will tend to assure similarity providing aerosol settling is avoided and the aerosol tracer 
is seeded at sufficiently low concentrations to minimize time changes due to agglomeration, and to avoid 
cloud settling of injected tracer. These provisions may be realized for aerosol tracers with particle size 
distributions well below 10 pm by maintaining aerosol tracer concentrations below approximately lo5 to lo6 
@cles/cm3. Similarity may not be realized under conditions of laminar or transitional flow. 

Aerosol concentration may be expected to be linearly correlated to scattered light if the aerosol tracer is 
seeded at sufficiently low concentrations to lead to conditions of single, independent scattering and to 
minimize particle size changes due to agglomeration. Fortuitously, these objectives may be realized using 
the criteria above. 



The low concentration levels demanded, however, pushed the acquisition system used in the current 
study to its practical limits of detectability for relatively small fields of illumination of approximately one 
meter square. Furthermore, due to the limited, 8-bit, dynamic range of the image acquisition system used it 
proved difficult to capture images that were not either clipped due to intensity saturation at the upper-end or 
contained pixel data that fell below the detectable limit of the system at the lower-end of the range. A next 
generation system should take advantage of video acquisition systems that are now available that provide 
greater dynamic range (i.e., 12 to %-bit) and greater low-light sensitivity with reduced noise characteristics 
(e.g., cooled CCD cameras). Alternative scanning systems and, possibly, light sources will be considered in 
future investigations to reduce system costs. 
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f SYNOPSIS 

This psper deals with the problem of the weather influence on v e o n  rate for ventilated 
buiidhgi4 with purpose pr& openin(Zs d vertical &a&. Witherto, it has not been 

ortoex#mplate i t forotherw~condi t i~ l l~ tbnthe~redoores ,wi thout  
Mcm exercise by means of nnming a computer prognm. 

In the paper a prediction as well ns an extrapolation procedure is outiinsd . The prwed~res are based on 
genedm4 o m  data fioln a single uwe idkation and verdilaton model (AIDA). The 

. . 
Ons 

are made up by means of two simple equations in which the n50, difkmce between indm and outdoor 
wind veludty and a simple desaiption of the purpose provided v e o n  devices are input 

Validstion work is in progress and the tesuits mg thiswillbereported sttheendof1992. 

ventiMon pesfbmed by means of tracer gas technique are aften related to 
spedfic occasions with their specific outdoor clirnatc c d m .  

In order to be able to use such m e a m m u d  data, for the ventilation rate for naturally ventWed 
buildings during a more eason or a standard condition e.g, it is necessay to 
b e  a calmlation or tshation 

There are 86 least two principal appnmcb possible for the extrapolation. The first one would be purely 
statistical by fequ sindies of the vedation rate under diffrrent prevailing climaiic 
conditim for a set of . The involve use of a theowtical model for 
t h e ~ ~ o n , a l s o t a k i o g i n t o a c c o ~ t h e  e of the house. 

The stahtical appro& is nss with heavy work in perfbmbg detailed measuremerrts on diffkent 
ings. Robably t&e work needed to be done is fiy too extensive to be a realistic akmmtive for 

The theoretical approach would also involve d measurements - apart fjrom the &eoretical work with a 
model - on as& in & to validate the model used. However the number of xnammm& 
m l d  be hited, the pure statistical approach 

A theoretical model for the calculation of the vdIation rate of a building, based on wind data, kmpature 
data and air tightness data for the buildkg was pre.sented by one of the authors m 1980; KRONVALL 
(1980). It ww ~~ that this d e l ,  more or less modified, cwld form the basis for the k i d  of 
ex;tnayolation needed. 

We lation md prediction must form the basis for 
eapoMon 

mdoned rtbove, is based on the use ofthe fall 
for the preseat discussion 

where: 

n - - on (ach) ttnou&the build& envelope 
inthe errvelclpe. 

n50 = 50 Pa ( a 4  iaclubg the durn of purpose 
flues 



b - flow 

air 

Qext =outdoorair (OC) 

u = wind velocity at 10 m above ground (ds)  

The ratioaale of the model is the "power law" for air flow ttnou& a building c- e.g. l%e 
equrdim fbr the "power law" is: 

where: 

Q = rate of air flow through ttte building ( d s )  

4 = pressure dB- (Pa) 

b = flow exponent (-) 

A = area ofthe building 

The envelope snd the purpose provided opeahgs are also 
k.iuded in the buildi- is described in tZle factor n50 / 50 b i n  
the model. The average pressure ope of the house is described by the fk&x 
(c l  *(@&-Oe&+c2 +u2). The stic offhe envelope. 

to test the feesibillity of calculations were pcrfonned with a single zone 
simulation model - ility of c w r o g  the 

results of AIDA calculatiolls for a set of build* and for a set of wiud sad temperature 
combinations would then be a proof of the feasibility of the model. 

Ifthis. is shown to be sucmshl it would be possible to predict the 
chosen types of buildings once the sit ti behsviour, the venrilatim and the weather 
conditions (wind and temp cliff) were given. . 

value would be close to 
t6e n50-value for the air 



4 DATA USED FOR S 

For the sirrmlatiuas with the NDA program a set of "sipifieardf' building types were c h m  a II storey 
detached home, a 1 It2 ak,rey dehched house and three d i f f d  flats in a 3 storeys multi-fdy 
house. These include a n B L a t o n t h e g r m o n d M r a n d o n t h e t o p B m r , a n d ~ a  

data for the simuIations were: 

Wind: ai we& station 

Terrain Ishielding urban options were: - open countryside 
d o m :  - scathed windbredcs 

- urban 
-city 

Floor: solid (ailtight} 

Wiodpr- according to the AnrC Calculation Techniques Guide 
&aeds: (LIDDAMENT 1986) 

S aata for each type ofbuild@ are shown in table 1. 

values in the d catmlations: 

- nSO 

cular to or along fke  wall) 

For each set of fhe parameters above calmMons were performed for *d v 
t Merenees between O and 40 deg€!. 

Table 1. Specific data for each type of building, used for s imu~ons  with the ATDA computer program. 

Building height (m) 

ceiling ceiling 



Vent 3 
I.wllion 

(m) 
l& l& ceiling &ling ceiliry 
2.0 2.0 10.0 10.0 4.( 

h(d) 30 30 100 100 lo( 
Vent4 

L4xation right 
Heirsht (m) 2.0 2.0 4.c 
-[=a 30 30 7( 

vent 5 
Locrrtion ceilisg d i D g  

(m) 4.8 6.5 
kl= 100 100 

Vent 6 
Location ceiling 
Hei& (m) 4.8 
(d) 100 100 

5 RESULTS 

5.1 Generaliuttian of computed ventilation rates 
by means of the model (equation 1) 

d by running the AlDA isshowninfigure 1to6. 

Ventilation rate 
1150 = 6 exp = 0.7 0 deg 

--C 
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10degC 
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30degC 
--t 

40 deg C 
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Wind velccity at weather station (mis) 

F i p e  1 Figure 2 



Ventilation rate 
n50 = 2 exp = 0.7 0 deg 

+ 
Odeg C 
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n50 = 2 exp = 0.6 90 deg 
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1 

Figure 5 Figare 6 

In order to gerrenalize the computation results by means of using equation 1, it is essential to idude the 
imp& of the pupxe provided vd la t im openings on n50 d the eqmmt .  The mdfication was made 
in such a way that the calcuW air flow rates for purpose provided o m  for presrmre differences 
between 0 and 50 Pa were added to the flow rate dculaied by means of the original n50 and b values. 
Curve fittiryg using the l&-square method f i d l y  gave the modified values . (These modified values 
correspond to &me obtai~ed when a pressuaon  test with open purpose provided openings is p e r f d . )  

tate for differend wind velocities and 
PRO 4.0). This hasan based an 

tinerrr-p#g technique, which warc used in order to d e  the values of cl and c2 in the lPodel 
(equation 1). 

Fitstthe value of cl (the 
thatthewavei-w 

ventibion values acc. to the model and 
value was d c u  
2 - 1Q-3. %q it could 
md v d h n  mdeJ 

i&cl aadqforfhed cases are sbwn in table 2. 



Table 2. CoeEaentg cl and c2 for difheat simulation cases. 0 deg corresponds to the case when the wind 
is lar to thefh  and90deg to winddongthefacade. 

Typeof Tempe- - Wind -- -- _I_) 

bnoding ratam 

1 Storey 0.018 0.024 

1 112 st 0.022 0.035 

Ground 0.051 0.057 

0.013 0.016 

As can be seen in a l e  2 the mean of the 4 c i e n t  el takes n value of 0.017 +/- 0.005 for all utses except 
for the flat on the ground floor where c l =  0.05. This is reasonable as the ventilation shaft is higher in this 
m e .  The c;l values are m o d  0.005 with some variation for all cases, wbich is amonable &o because of 
the fact that the wind influeace was modefled in the same way for dl cases. 

The wind i n f l u d  d c i e n t  c2 is lower than the knpmture influenced coefiicient cl. Thus, 
it might be bmphg to use the model for prediction without involving the wind &ect. In ordex to see 
whether this is possible or ad a calcuMon was made of the relative M u m  ofbmpmture only in the 
apmsion for the wind rtnd influenee in equation 1. The results are shown in figure 7. 

Relative temperature influence 
Percentage of total influence 

1 

aC 

0 2 4 6 8 1 0  
t!EieiI 

wind velocnu (m/s) 

Relative temperature influence 
Percentage of total influence 

1 

aC 

Figure 7. Relrdive irdluence. 
'Be& case" c w &  to the case witb the smallest difEenee between 
I mid CZ, i,e 
'Worst case" i.e. the flat on the 
pundfloor. 



It is obvious for the "bestH case, which is signifid for buildings on the ground and h i g h  up in i multi- 
storey h i l d i i  that the wind-driven is of i-datively low e conapared to the temperature- 
driven - at least for lower wind ve10c&ies (< eppr. 4 ds). For the case with a flat on the ground floor this is 
Obviowly not valid. 

5.2 Outline of a prediction procedure 

Using equation 1 for prediction of the rate in a bui ld i  involves the following panrnrreters to be 
settled: 

n50 The air parnrnder which also should d e c t  the influence 
of purpose provided openind4s. 

b The flow exponent cormyonding to 1150 above. 

Oint-Oext re d i f f m  b e e n  in- ;bnd outdoor 

u The wind velocity. 

Originally a hypothesis was that - due to different flow cha&mb 
. . 

cs for large and small (resp.) openings a 
cracks ation between the n50-value and the , so that for low n50- 
values ue would be docre to 1.0 aod for high value would be close 
to 0.5. 

This hypathesis was tested by analyshng some 30 pressurization test resub - more or less arbdralily chosen 
The r m l t  is shown in figure 8. From only a quick look at the figre it is obvious tbat the hypohis  should 
be rejected. 

Figune 8. El~ponent v h e s  plotted versus nS0-values. 

, a d u e  for the expo- mst be chosea 
value of 0.7 would be reasonable. Besed on this sssu 



for the influence of 
P m w  

Figure 9 Figure 10 

Figure 12 

E 

Estimate the v d a t i c m  rute urban area with n50=4.5 ach 
at 50 Pa Thc wind velocity 4 d s  andthcdiffenence 
between outdour d indwr area of pt~rpose proviw 

&I 200 d. 

The n50 value does not accourrt for p q o w  provid so it has to be modified for 
use in equation 1. This is done by means of using infigure9. Fmthisitcaube 
seenthad the modified n50 will be 7.3 ach at 50 P 0.60. 

hmtable 2 ; ~14.02, ~24.004. 

Now equation 1 gives the solution: 

n= 7.3/50~-~~ * (0.02*23.5+0.004~4~)~~~~ = 0.48 ach 

As outliaed in , it is possible go get 
B M ) ~  sirnp1 k g  equdon I for the e 
(I), eq. 3- 

It can be seen that 6 0  m lonw influences the dculatim. This is reasodle since the base case (1) gives 
the relative level of the v on nrte for Uhe house d the lation only djusls for the 
C O ~ M L  



6 F U R T H E R D E W  NT AND VALIDATION 

that a validation exercise must be d e d  out in ordm to tat the feasab'i of the models, both 
prediction [q. 1) and the d e l  for extrapolation (eq. 3). The purpose of fhis p a p  i merely 

to present an outbe of a possible way to onveritiletionrates in 
nottooc~mp~buildirryys,whi&eanbe 

An d e n t  o p p b d y  to carry out such a validation [and possibly adjustment) work wiU be given via 
a ameat investigation of the energy perf- and indoor climate of Swedish houses, u- by 
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Airtightness deficiencies of building envelopes and weaknesses in the ventilation 
systems can disrupt the operation of heating and ventilation systems. This can 
lead to an  insufficient level of air quality and higher energy consumptions. In 
order to assess the performances of buildings and ventilation systems, CSTB has 
designed and developed different experimental devices for field testing. 
In a first step, an  equipment was produced to measure the envelope air leakage. 
This apparatus is mainly used for research purposes. In order to allow low-cost 
controls in dwellings, two simplified methods have been developed using either 
the ventilation system itself or a light and compact device. To measure both air 
leakage and pressure loss in ventilation ducts, two devices have been produced : 
the first one applies to single-family dwellings with mechanical ventilation, the 
second one to multi-family dwellings with passive stack ventilation. 

1 - INTRODUCTION 
Ventilation of buildings is necessary both to insure adequate air quality and to 
protect the building itself against condensation and mould growth. On the other 
hand, ventilation flow rates must not lead to excessive energy consumptions. 
To comply with these requirements the airtightness of buildings must be 
improved. Nevertheless, i t  is recognised that the improvements in  the 
airtightness can lead to a reduction in the air quality unless the ventilation 
problem is dealt with. Therein, examination and testing of ventilation systems 
must be required to ensure that they operate effectively. 
A great deal of effort has been devoted to the determination of the relevant 
parameters of ventilation which should be measured and several measurement 
techniques for air infiltration and ventilation have been examined by the 
International Energy Agency [I-31. 
In order to assess the performances of buildings and ventilation systems, CSTB 
has defined measurement methods and designed and developed different 
experimental apparatus. These apparatus which are used for the building 
envelope or ventilation duct airtightness measurements have been tested on 
different types of dwellings. 

2 - MEASUREMENT OF BUILDING AIRTIGHTNESS 
Attention must be paid to control of the building envelope airtightness. Indeed, 
air leakage through the building envelope is detrimental to the performance of 
the building equipped with a ventilation system. Air leakage wastes energy and 
can disturb the operation of the ventilation system leading to an insufficient air 
quality. In addition, i t  can cause draught and noise problems. 
This is why research work has been carried out in order to improve the 
knowledge in the field of air infiltration 14-61. In many countries, air leakage 
measurement methods have been developed [7-91 ; and in some countries a 
specific level of airtightness is required and the new dwellings are checked 
according to the standardized measurement method [lo]. 
In France, a guide describes how to measure the overall air leakage of a dwelling 
by using the fan depressurization method [Ill. This test method is suitable for 
research work or field study. In order to extend its field of application to building 
inspection two simplified methods have been developed. 

2.1 - Traditional method 
The test procedure involves replacing an external door with a panel door and 
using a fan to depressurize the dwelling. The air flow rate is measured for 
different values of the pressure difference between the inside and the outside of 
the building. This technique was selected because the dwellings usually have a 



negative pressure owing to the mechanical exhaust systems with which they are 
equipped. 
The test equipment, so-called "fausse-porte CSTB, was developed in the late 
seventies. I t  is composed of a panel door to apply tightly into the grooves of the 
existing door frame, a fan, a long measuring pipe where the pressure difference 
over an  orifice plate is translated to air flow, a micromanometer (see figure 1). 
The panel door can be adjusted in height and width to fit a wide variety of 
existing door sizes. A set of orifice plates makes i t  possible to accurately measure 
a wide range of air flow rate. 

Micromanometer 

"false door" 

: sketck of dwelling airtightness test equipment "fausse-porte CSTB" 

Once the test equipment is set up, all vent are sealed off, then the leakage flow 
rate is measured for a t  least ten values of pressure difference in the range 10 - 60 
Pa. The measurement data are analysed using the power law fit : 

Q = k A P n  

where Q is the air flow rate (m3/h) 
k is the air flow coefficient (m3/h a t  1 Pa) 
AP is the pressure difference across the building envelope (Pa) 
n is the flow exponent (0.5 r; n r; 1) 

Values of k et  n describe the air leakage characteristics of the tested dwelling. 

The guidance about preparing the building and setting up the equipment, the 
instrumentation required, and the procedure for carrying out the test is laid 
down in the guide [ I l l  and ensures the accuracy of results. 
Numerous measurements were performed according to this method (see section 
2.3) and led to get a better understanding of the airtightness deficiencies related 
to the type of construction. However, this method is mainly intended for research 
purpose because i t  needs sophisticated equipment and highly specialised 
technicians ; that is why it was necessary to develop simplified methods in order 
to make dwelling check easier. 



2.2 - 
Two for inexpensive checking of dwellings airtightness have 
been developed [12-131. The first method involves using existing fan in  the block 
of flats for depressurization. Investigations conducted in Scandinavian countries 
[I-141 have shown that is a good and sufficient method to show if the dwelling 
envelope is airtight enough or too leaky. The second method uses a compact and 

to depressurize the dwelling. 

This method is quite suitable for the air leakage measuring of multi-family 
dwellings having a mechanical exhaust ventilation. The test procedure is quick 
and easy (see figure 2). The air flow rate across the dwelling envelope is 
measured by means a flowmeter applied to one exhaust vent (e.g. kitchen vent), 
all the other ventilation openings are sealed off. The pressure difference across 
the envelope is measured by means a micromanometer and a capillary tube 
introduced through one air inlet. Here, a particular attention must be paid to 
seal up the air inlet opening. 

air inlet 

: sketch of airtightness test using the fan of the building 

Unsealing several exhaust vents makes i t  possible to obtain several flow rate 
and pressure difference measurement points. The method for expressing the 
measurement result(s) assumes that the exponent flow n is conventionally equal 
to 213 ; the final result is the air change rate a t  10 Pa i.e. air flowrate at 10 Pa 
divided by the volume of the dwelling. 
This method was tested in a flat located in a six-storeys building. I was possible 
to create a pressure difference of about 40 Pa. This method was compared with 
the traditional method i.e. fan-depressurization method involving a panel door. 
Both measurement results are in close agreement ; difference in air leakage level 
between simplified and traditional methods is of 11 % which is reasonable since 
the accuracy is not the same according to the methods. 



When the dwelling is tight enough i t  is possible, according with this method, to 
depressurize it up to about 30 Pa and thus to assess the airtightness level of the 
dwelling. When the dwelling is too leaky or large ventilation system is 
insufficient to create an available pressure difference and it is required another 
simplified method. Such a method is described below. 
2.2.2 - 
When the dwelling is not equipped with a mechanical ventilation or when the 
ventilation system does not enable to create a sufficient pressure difference (e.g. 
mechanical exhaust ventilation of single-family dwellings) a specific 
measurement equipment must be used to perform the airtightness test. 
The basic principle of this method is the fan-depressurization. The test procedure 
is the following : All vents are sealed off. The measurement equipment is 
connected to an  extract duct (e.g. kitchen extract duct), then it creates and 
measures the air flow rate. Pressure difference across the building envelope is 
measured by means a micromanometer like in section 2.2.1. 
The airtightness measurement equipment is composed of a small fan linked with 
a flowmeter and a supple jointing duct 2.7 m long with a terminal device to be 
applied to the exhaust vent (see figure 3). The equipment is light (10 kg) and 
easy to handle. The flow calibration and flow-pressure curves of this equipment 
have been derived from laboratory tests. 

fan 

speed control 

micromanometer 

: compact equipement for airtightness measurement 

In order to test this equipment for ability, airtightness measurement were 
carried out on a house by using both simplified equipment and "fausse porte". 
The results showed the air leakage flow rate measured by the simplified 
equipment is higher than the flow rate measured by the "fausse-porte". The main 
explanation for this is that leak of the external door of house is not taken into 
account with the "fausse-porte" method. After this correction, both methods 
yielded the same result within approximately 10 %. 

2.3 - Results 
Numerous compaigns of airtightness measurement were carried out on dwellings 
by using the "fausse-porte CSTB". Synthesis of measurement results is given in 
the table 1 relevant to the type of construction. 



11 number of dwellings 1 9 I 39 I 93 1 23 1 16 

: Air change rate of dwellings (ach a t  1 Pa) 

The tests have made i t  possible to identify the most frequently encountered 
leakage paths. 
The airtightness deficiencies are particularly important on walls with interior 
insulation (plasterboard plus insulation complexes). A route by which air enters 
is also door and window frames, electrical ducts, gaps around water pipes, attic 
access trap doors, .... 
In France, manufactured windows and doors are built in compliance with 
standards ; theses components are classified in groups according to the air 
leakage performance. The measurement results have shown that the actual 
performances are in agreement with the required level. These building 
components have good airtightness ; on the other hand, the airtightness between 
the window frame and the wall is generally poor. 

3 - AIR LEAKAGE AND PRESSURE LOSS MEASUREMENT IN SUPPLE DUCTS 
Measurements were performed on about twenty newly-built single family 
dwellings having a mechanical exhaust ventilation system, in order to get a 
better understanding of the actual functioning of the ventilation [151. 

3.1 - Method 
The test procedure involves using an appropriate apparatus enabling to 
accurately measure air leakage as  well as  pressure loss in the supple extract 
ducts. The apparatus is composed of a portable case housing a centrifbgal 
variable speed fan. The upstream side of this case is connected to a flattened 
cone-shaped adapter taking the duct to be tested and the downstream side to an 
air flow measuring pipe which is 1 m in length and 156 mm in diameter and 
equipped with an orifice plate. The use of the adequate orifice plate among a set 
of five (from 19 to 76 mm) ensures an  accurate measuring of the air flow. The 
case has a tapping for measuring pressure downstream in the duct. 
The test procedure for pressure loss measurement is the following : the 
apparatus is installed in the attic of the house, close to the extract unit of the 
ventilation system (see figure 4). The duct to be tested is taken off the extract 
unit then connected to the adapter of the apparatus ; the related exhaust vent 
being taken out. The pressure below the duct is measured For a given air flow 
rate. Usually, three or four measurement points can be obtained thanks to the 
variable speed fan. for air leakage measurement, the same procedure is used 
except that the exhaust vent is sealed off and that a smaller orifice plate is 
necessary. 



: equipment for measuring air leake and pressure loss in supple 
extract ducts 

3.2 - Results 
Figure 5 depicts the distribution of pressure losses measured in the supple ducts. 
The pressure loss coefficient A was derived from the measurement results and 
the dimensional characteristics of the duct. In 55 % of cases, ducts have an 
actual A value comparable to the theoretical value measured in laboratory (about 
0.5), that means installation work is properly achieved. The higher values of A 
may be due to failing in installation work such as sharp bends, insufficient 
stretch in the supple duct, numerous windings in the ductwork. In a few cases, 
the pressure loss is very high (A value is over 1.8), that indicates the supple air 
duct is trampled down. 
Figure 6 depicts the distribution of air leakage rate in the ducts defined as the 
ratio of the air leakage flow to the exhaust air flow calculated a t  the same 
pressure difference. The results have shown the sample might be divided into 
three groups : 

. Airtight duct (64 % of the sample) 
the range of the leakage flow rate is 0.7 - 3 m3/h a t  100 Pa. The leakage rate is 
contained between 2 % and 12 %. 

. Little leaky duct (24 % of the sample) 
the range of the leakage flow rate is 3 - 10 m3/h a t  100 Pa. The average value of 
the leakage rate is approximately 30 %. Leak is usually caused by a bad 
connection to the extract unit. 

. Very leaky duct (12 % of the sample) 
the leakage flow rate is from 30 up to 190 m3/h a t  100 Pa. It  is so considerable 
that the exhaust air flow is exceedingly low, indeed non-existent. Miscellaneous 
reasons cause this poor result, particularly : joining deficiencies with the 
exhaust vent or with the extract unit, damage in supple duct caused by poor 
design or installation. 
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: distribution of air leakage rate in ducts (total number of ducts = 59) 
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Pressure loss coefficient A 

: distribution of pressure loss in  ducts for 19 dwellings 

4 - MEASUREMENT OF SHUNT DUCT AIRTIGHTNESS 
Numerous buildings built in the sixties and before have to be renovated ; in that 
times, ventilation by building envelope leakages compensate for stack effect 
ventilation insufficiency. 
Faqade renovation (thermal and acoustic insulation) reduces the cross 
ventilation ; the new ventilation system have to make use, if possible, of the 
,existing ventilation and exhaust smoke ducts ; for this use the ducts airtightness 
has to be measured [16]. In this section a measurement method of shunt ducts 
airtightness is described and tested on existing buildings. 

4.1 Method 
After sealing air outlets with bladders or sticky tape, a variable speed fan is 
connected at the top of the duct and makes i t  possible to depressurize the shunt 
duct. The negative pressure in the duct related to the atmospheric pressure is 
measured with an micromanometer, the air flow rate with a measuring pipe 
equipped with an orifice plate (see figure 7). 



: sketch of shunt duct airtightness test 

The equation describing the air leakage in shunt ducts is given in section 2.1. 
Values of flow exponent n describe the air leakage characteristic of the duct : 

n - 0.5 holes or thick cracks 
n - 0,66 little cracks 
n - 1  duct porosity 

The equivalent leakage area (ELA) is  a measure of the total area of all cracks in 
the duct. The ELA value in cm2 is approximately equal to the air flow rate (in 
m3h) for a pressure difference of 10 Pa. 
Several pressure taps are within the duct and measuring the negative pressure 
all duct long can indicate the location of leakages. 

4.2 - Results 
Two measurements results given in tables 2 et 3 show how this method makes it 
possible to assess actual performance of the shunt ducts. 
Table 2 shows the change in pressure into a shunt duct 17 m long when air flow 
rate varies. Pressure difference is measured a t  the top storey. The values of the 
flow coefficient K and the flow exponent n are derived from the fit for the air flow 
equation : 

K=2.2m3/hat 1 P a  
n = 0.98 

: Airtightness measurements on a shunt duct for six storeys 
lenght : 17 m cross-sectional area : 0.2 m x 0.2 m 

These values indicate there is no important leaks, like hole, but only duct 
porosity. The equivalent leakage area is 21  cm2. 
Table 3 shows the change in pressure into a eight-storeys duct according to the 
storey height for an  extract flow rate of 1230 m3/h. At the sixth floor the pressure 
difference rises suddenly that indicates an  important crack in the shunt duct. 

air flow rate (m3/h) 
pressure difference (Pa) 

105 
50 

18 
7 

270 
130 

390 . 
190 



: Airtightness measurement along a eight-storeys duct 

Tools well suited for on-site measurements have been developed and used to 
assess the actual performance of ventilation systems in regard to indoor air 
quality and energy efficiency. 
Airtightness measurement carried out on nearly two hundred dwellings using 
the fan depressurization technique demonstrated the air leakage of envelope was 
important. The average air change rate at a pressure difference of 1 Pa is about 
0.15 ach for a flat and 0.35 ach for a single-family dwelling. The air leakage 
depends on the type of construction and the quality of workmanship. 
The method used is very time consuming ; consequently new simpler methods 
have been developed. To depressurize the dwelling these simplified techniques 
utilize either the mechanical ventilation of the building or a light equipment. 
Comparison tests have shown the simplified and traditional methods yielded the 
same result within 10 %. 
A test equipment was produced to quantify the air leakage and pressure drop in 
the supple ducts of the mechanical ventilation system. measurement carried out 
on twenty newly-built single-family dwellings revealed that in most cases 
leakage was insignificant and pressure loss not to high. 
Another technique has been developed for the assessment of the airtightness of 
shunt duct in  tests were usefully performed according to this technique in  order 
to know the actual conditions of the shunt ducts before planning retrofit for 
existing buildings. 
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: Airtightness measurement along a eight-storeys duct 

5 - CONCLUSION 
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Tools well suited for on-site measurements have been developed and used to 
assess the actual performance of ventilation systems in regard to indoor air 
quality and energy efficiency. 
Airtightness measurement carried out on nearly two hundred dwellings using 
the fan depressurization technique demonstrated the air leakage of envelope was 
important. The average air change rate at a pressure difference of 1 Pa is about 
0.15 ach for a flat and 0.35 ach for a single-family dwelling. The air leakage 
depends on the type of construction and the quality of workmanship. 
The method used is very time consuming ; consequently new simpler methods 
have been developed. To depressurize the dwelling these simplified techniques 
utilize either the mechanical ventilation of the building or a light equipment. 
Comparison tests have shown the simplified and traditional methods yielded the 
same result within 10 %. 
A test equipment was produced to quantify the air leakage and pressure drop in 
the supple ducts of the mechanical ventilation system. measurement carried out 
on twenty newly-built single-family dwellings revealed that in most cases 
leakage was insignificant and pressure loss not to high. 
Another technique has been developed for the assessment of the airtightness of 
shunt duct in tests were usefully performed according to this technique in  order 
to know the actual conditions of the shunt ducts before planning retrofit for 
existing buildings. 
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INDOOR OZONE CONCENTRATIONS: VENTILATION RATE IMPACTS 
AND MECHANISMS OF OUTDOOR CONCENTRATION ATTENUATION 
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The classification of outdoor (ambient) air as fresh for the purposes of ventilation is not 
always appropriate, particularly in urban areas. In many cities of the world, urban air 
frequently violates health-based air quality standards due to high ozone 
concentrations. The degree of protection from exposure to ozone offered by the indoor 
environment depends on the relationship between indoor and outdoor ozone levels. 
Existing concentration data indicates that indoor/outdoor ozone ratios range between 
10 and 80%. This paper analyzes several of the key issues influencing indoor ozone 
concentrations, including: 1) the degree of penetration of outdoor ozone indoors, 2) 
removal within the indoor environment (removal at surfaces and within air 
distribution systems), and 3) the correlation in time between outdoor ozone levels and 
ventilation rates. A model for calculating the degree of ozone removal in typical 
building leaks and air distribution systems is described and applied to a range of typical 
cases. This model indicates that the degree of removal is minimal for most wooden 
building cracks, but could be significant in leaks in concrete or brick structures, and is 
strongly dependent on the lining material for air distribution systems. Indoor ozone 
exposure estimates based on hourly outdoor ozone monitoring data and hour-by-hour 
weather-based simulations of infiltration rates and building operation are reported for 
a few residential scenarios. These estimates serve as a basis for exploring the Impact of 
energy-efficient ventilation strategies on indoor ozone exposures. 

Symbol:; 

A Cross sectional area (m2) 
CA, Total indoor surface area (m2) 

C pollutant concentration (moles m-3, or parts per billion by volume) 
parallel plate separation distance (m) 
pollutant molecular diffusion coefficient (0.182 x m2 s-l for 0 3 )  

hydraulic diameter [4A/ P (2d for parallel plates)] (m)] 
friction factor (-) 
reaction probability (-) 

heat transfer coefficient (W m-2 K - ~ )  
pollutant flux (moles m-2 s-l) 
minor head loss coefficient (-) 
thermal conductivity of fluid (W m-I K-I) 
length of parallel plates or ducts in the flow direction (m) 
Nusselt number [hDh/ kg] (-) 

n flow exponent in infiltration power law [u, a (Ap)"] (-) 

Ap Pressure difference (Pa) 
P leak or duct perimeter (m) 
Pr Prandtl number [v/ a] (-) 

q volumetric flow rate (m3 s-l) 
R pollutant loss rate (moles s-l) 
Re Reynolds number [u,h/ v] (-) 
s pollutant generation rate (moles s-l) 



Sc Schmidt number [vl Dl (-) 
S h Sherwood number [( J / C)Dh/ !Dl (-) 

u fluid velocity in the flow direction (m s-l) 
V volume (m3) 
v fluid veloaty (m s-l) 
cv-, Boltzmann velocity of pollutant (362.5 m s-l for 0 3  molecules at 298 K) 

pollutant deposition velocity (m s-l) 
coordinate in the flow direction (m) 
coordinate in the direction normal to the wall (m) 
thermal diffusivity of fluid (0.21 x m2 s-l for air at room temperature) 
pollutant removal efficiency [(Cenkance - Cexit / Centrance] (-1 
dynamic viscosity of fluid (1.8 x lod kg m-l s-l for air at room temperature) 
kinematic viscosity of fluid (0.15 x d s-I for air at room temperature) 
density of fluid (1.2 kg m-3 for air at room temperature) 

Subscripts 
air handling system 
apparent 
combined 
indoors 
laminar 
transport limited 
mean value 
outdoors 
turbulent 
surface-uptake limited 
wall or fluid at the wall 
local value 

1. INTRODUCTION 

Although outdoor (ambient) air is generally considered fresh for the purposes of ventilation, 
this classification is not always appropriate, particularly in urban areas. Ozone (03) is 
frequently the pollutant responsible for the violation of health-based air quality standards in  
many cities around the world. For example, in 1988 ozone levels in more than 100 cities in the 
United States exceeded the federal standard (hourly averaged concentrations not to exceed 120 
parts per billion by volume more than once a year, U.S. Environmental Protection Agency, 1989). 
The air basin in which Los Angeles is located exceeded the 120 ppb level on 196 days of 19851 
(California Air Resources Board, 1991). In Mexico City, hourly-averaged ambient ozone 
concentrations typically exceed 110 ppb on more than 250 days of the year (Bravo et al., 1991), 
and concentrations twice as high are common. Since ozone is a powerful oxidant, exposure to 
elevated levels in urban air presents a serious public health problem. Short-term health effects 
associated with exposure to concentrations in the range 80-200 ppb include irritation to the 
airways and decrease of respiratory function, while long-term exposure can result in accelerating 
the aging of the lung (Lippman, 1989). 

The prevailing policy for dealing with severe smog episodes is to advise people to decrease 
their physical activity (to reduce respiration) and remain indoors, since indoor ozone 
concentrations are lower than those outside. However, indoor/ outdoor concentration ratios vary 
over a wide range, and can be as high as 80% (Weschler et al., 1989). Evidently, the degree oi 
protection afforded by the indoor environment against exposure to ozone depends on the actual 



concentl-ations indoors. The goal of this paper is to examine some of the key issues surrounding 
the attenuation of ozone from outdoor air to indoor spaces, emphasizing the penetration of 
outdoor ozone into the living or working environment. Specifics aspects of this problem 
addressed here include: 1) the degree to which ozone is removed in building leaks, 2) removal in 
ducts and unoccupied spaces through which air is Rowing (e.g. the crawlspace in a house), and 3) 
the coincidence between the times of high outdoor ozone concentrations and high air entry rates 
into buildings. 

Ozone in the indoor environment has been studied for about 20 years. Mueller et al. (1973) 
investigated the rate of decay of ozone in an office, a bedroom and several tests rooms, and 
showed that this pollutant decomposes rapidly after it enters living spaces, following first- 
order decay. Sabersky et al. (1973) studied ozone decay in homes and used a test chamber to 
evaluate the rate of ozone decomposition on several common materials. Further data were 
obtained by Allen et at. (1978) and Selway et al. (1980) for the decay of ozone in offices in their 
study of the emissions from photocopying machines. Thompson et al. (1973) conducted 
measurements of indoor ozone in several types of buildings and compared them to outdoor levels. 
Shair and Heitner (1974) developed a general single-chamber indoor air quality model that 
included the effects of ventilation, filtration, and heterogeneous surface losses, and applied it 
successfully to the prediction of indoor ozone levels in office rooms supplied by a mechanical 
ventilation system. Based on this model, Shair (1981) designed and operated an activated 
carbon filter to keep indoor levels below 80 ppb in an office/laboratory building in Pasadena, 
CA. Rc!searchers at the California Institute of Technology (Shaver et al., 1983; Druzik et al., 
1990, Cass et al., 1991) studied indoor oione concentrations in museums in relation to the 
deterioration of works of art. Nazaroff and Cass (1986) expanded the model of Shair and 
Heitner to an arbitrary number of chambers and included explicitly the effect of gas-phase 
chemical reactions, obtaining good agreement between their model results and measurements in 
an art gallery in Southern California. Weschler et al. (1989) conducted continuous 
measurttments of indoor and outdoor ozone concentrations for a period of 5 months in an office 
comple>: in New Jersey, and compiled ozone indoor/outdoor data from the literature. Hayes 
(1991) used a single-chamber air quality model similar to that of Shair and Heitner to estimate 
peak co~~centratiur~ itduor/outdoor ratios in various home, office and vehicle microenvironments, 
and to analyze the sensitivity of these ratios to various parameters. 

The mass balance of ozone in a buildins with a simple mechanical ventilation system can be 
represented by a model such as the one shown in Fig. 3 (Druzik et al., 1990). The indoor ozone 
concentration would be governed by the differential equation: 

Inherent in this model are the following assumptions: 1) Indoor air can be considered well 
mixed, : I )  ozone is unaffected by its passing through the building envelope into the building, 3) 
the only components in the ventilation system where 0 3  may be destroyed are the filters, 4) 

buildings can be modeled as single chambers for the purpose of predicting indoor ozone 
concentrations, and 5) air has constant density throughout the system (no contraction or 
expansion). Although not explicitly stated in the model, it is frequently assumed that the only 
indoor sink is the heterogeneous reaction of ozone with surfaces (modelled in terms of an average 
deposition velocity as R = vd(CA.) - ), and that indoor ozone sources are nonexistent, except for I cl 
the case when there are photocopying machines or electrostatic precipitators in operation. This 
paper focuses on the validity of assumptions 2, 3 and 4. Nazaroff and Cass (1986) found that 
the treatment of a btlilding as a single chamber is adequate, for the case of a building having 
high recirculation rates through the mechanical ventilation system, but the question of whether 
the modeling of a residence as a single chamber is adequate has not been addressed. 
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Rg. 1: Representation of a building for modeling indoor ozone concentrations 

3. ANALYSIS 

The penetration of outdoor ozone indoors depends on the product of three factors: 1) outdoor 
concentration levels, 2) the rate of infiltration of outdoor air and/or the rate of supply of make- 
up air by the ventilation system, and 3) the efficiency of removal of ozone in each path through 
which air flows. Until now researchers have assumed that ozone penetrates without loss along 
all air flow paths, except though activated carbon filters, which are very efficient in removing 
ozone (Shair, 1981); however, the question of removal in building leaks or ventilation system 
ducts merits closer examination. Another important question to be addressed is the relationship 
among weather, outdoor ozone concentrations, air flows and ventilation rates. Consideration is 
also given to the decay of ozone in unconditioned spaces that may serve as a significant source of' 
the air infiltrating into the living areas. For example, if air infiltrating into a house passes 
through the basement or crawlspace first, then the ozone concentration of infiltration air would 
be that prevailing in the basement/ crawlspace instead of the outdoor value. 

3.1 MODEL FOR THE REMOVAL OF OZONE IN BUILDING LEAKS 

We first address the issue of ozone entry through building leaks, since it is possible that 
scrubbing of ozone in the building envelope could at least partially account for some of the 
observed reduction of ozone concentration from outdoor to indoors, especially for cases in which 
the main mechanism for outdoor air entry is infiltration through cracks. We present results of a 
theoretical analysis of the potential for ozone scrubbing in typical residential building leaks 
based on the following simplifications: 1) a building leak can be modelled as a uniform-width 
gap between parallel plates, 2) flow in the leaks is laminar, but may not be fully developed, 3) 
the air velocity profile at the leak entrance is uniform, 4) air can be considered to have constant 
physical properties (p, p) during passage, and 5) pollutant diffusion in the flow direction can be 
neglected. 

The first step in solving this problem is the prediction of the flow rate in a leak based on its 
geometiy and the pressure difference between the living space and outdoors. The solution 
presented here expands on the work of Baker ef al. (1987) and Sherman (1990), by explicitly 
taking into account the effects of developing flow. The total pressure drop resulting from 
laminar flow between parallel plates is given by: 

2 
L ~4 PUm 

Ap=fL ; i ~ +  (Z&,)F (2) 



The first term accounts for losses due to shear stress at the walls and, in the case of developing 
flow, for the change in momentum required to accelerate the fluid from a flat velocity profile at 
the entrance to its exit profile. The second term accounts for pressure drops associated with flow 
contraction and expansion at the entrance and exit of the leak. The coefficients for minor losses 
(K,) at sharp entrances and exits are 1.0 and 0.5, respectively. For fully developed laminar 
flow between parallel plates, the friction factor in Eq. (2) is the Fanning friction factor (defined 
as the ratio of wall shear stress to the flow kinetic energy per unit volume) and has the value fL 
= 24IRe. In the case of developing flow, an apparent friction factor (fapp) may be defined so 
that Eq.(2) still holds. Shah (1978, p.168) gives the following formula for obtaining the value 
of fapp: 

3.44 24 + 0.1685(~+)-~ - 3.44(xf)-I/2 
fapp Re = - + 

1 + 0.000029(~+)-~ 
(3) 
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VL 

where x+ = - 4u,,,d2 

In order to use Shah's formula for computing the mean air flow velocity in the leak, Eq. (2) may 
be rewritten as: 

Solving Eq. (4) for the mean velocity yields: 

The mean velocity can then be obtained as a function of the applied pressure and the geometry of 
the leak, by first assuming (fappRe) = 24 and then iterating on Eqs. (5) and (3) until convergence 
is achieved. It should be noted that y, depends on L and d in the ratio d2/L, so that the leak 
geometly dependence can be captured by plotting the flow variables of interest against this 
ratio. 

It is useful to relate the above results to observed flow exponents from leakage measurements in 
residences, for which leakage data are normally fit to a power-law relationship between flow 
and pressure. The relationship is depicted in Fig. 2, which was obtained by computing mean 
velocitic~s for the range of pressure differentials observed between indoors and outdoors (0 to 10 
Pa), and fitting the power-law model to the velocity-pressure data for different d 2 / ~  ratios. 
The flow exponents measured in the field are typically between 0.55 and 0.75 (Sherman et al., 
1984), suggesting that leaks representative of the bulk of the leakage area in a residence should 
have d2/ L ratios in the range lo4 to m. 

The second step in understanding ozone removal in building-envelope leaks is to examine 
pollutar~t transport from air to the leak walls. Under our model assumptions, and at steady 
state, the advedion-diffusion equation describing ozone conservation in air assumes the form: 

a% 
v - v c = w  (6) 

The solution to this equation under developing flow conditions is not trivial. However, the 
problem1 has been solved numerically for several sets of boundary conditions in the heat transfer 
literature (e.g. Hwang and Fan, 1964; Siege1 and Sparrow, 1959). As discussed by Nazaroff and 
Cass (1989), the governing equations for the distribution of temperature and the distribution of 
concentration of dilute, reactive gaseous pollutants in a forced convection flow are of analogous 



Fig. 2: Flow exponent as a function of parallel plate geometry 

form. In order to use the heat transfer results (usually given as Nusselt numbers), we need to 
relate the boundary conditions for ozone uptake at the wall to the analogous wall boundary 
conditions in heat transfer. Two possibilities are considered here for the outcome of the 
interaction of ozone with the leak walls: either ozone is perfectly removed at the walls, or only 
a fraction f of the collisions between ozone molecules and the walls result in removal. The firs1 
case is .analogous to the heat transfer boundary condition of constant wall temperature (the 
concentration at the surface is constant and equal to 0). The second case corresponds to the 
boundary condition of finite resistance to heat transfer through the wall. At steady state, the 
flux of ozone towards the wall must be equal to the rate at which ozone is removed by a unit area 
of wall surface. This rate is given by the rate of collisions of ozone molecules with the wall per 
unit area, as predicted by the molecular theory of gases, multiplied by the reaction probability 
f: 

The boundary condition in Eq. (7) may be cast in dimensionless form to yield a wall Sherwood 
number analogous to the heat transfer wall Nusselt number: 

cv> 2d 
Sh, = f -- 4 2, 

(8) 

At steady state, the equation describing pollutant concentration in a leak of arbitrary cross- 
section with uptake at the walls is: 

where CmJX is the flow-averaged pollutant concentration at a distance x from the leak entrance. 
Expressing Eq. (9) in terms of a local Sherwood number and the hydraulic diameter, we obtain 
after rearranging: 

Integrating Eq. (10) from the entrance (x=O) to the exit (x=L) of the leak yields: 



so that the removal efficiency of the leaks can be expressed as a function of mean Sherwood 
number and a dimensionless leak length: 

= I - exp(-4 sh, L*) (12) 

* L / q ,  DL L = --- - 
ReSc 4%dZ 

Shah (1978, p. 190) gives an approximate formula obtained by Stephan (1959) for the values of 
Num for the case of constant wall temperature. Substituting the Schmidt number for the Prandtl 
number,. the formula becomes: 

Using appropriate values of L and dl one can obtain ozone removal efficiency values for parallel 
plate leaks as a function of the leak flow exponent and the pressure difference between the 
spaces connected by the leak. These values are shown in Fig. 3, and imply that if every collision 
of ozone molecules with the wall resulted in removal, scrubbing of ozone in typical building 
leaks (n=0.66+0.09, Sherman et al., 1984) would be significant. However, ozone has been shown 
not to be removed at the mass-transport limited rate in many settings (e.g. Cox and Penkett, 
1972). For the case of finite wall resistance to ozone uptake, the solution to the penetration 
problem can be given in terms of a combined Sherwood number, analogous to the overall Nusselt 
number in heat transfer for the case of finite wall thermal resistance: 

'I = 1 - exp -4 Sh,, L*) ( (16) 
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Fig. 3:: Ozone removal in parallel-plate leaks for the case of perfect removal at the walls 
(f = 1.0), as a function of applied pressure and flow exponent. 
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Fig. 4: Ozone removal efficiency of a typical parallel plate leak (n  = 0.66) as a 
function of applied pressure and ozone-wall reaction probabilities. 

Since no approximate formulas are available that allow an easy determination of ShrnrS (the 

mean fluid Sherwood number for limited surface-uptake) as a function of L*, Sc and Sh,, we 
will use the values of ShmIM (the zero wall resistance Sherwood number) instead as a first 
approximation for the purpose of computing q. This approximation is based on the fact that the 
analogous Nu for finite wall heat transfer resistance approaches the constant wall temperature 
Nu asy~nptotically for small values of 1 /Nuw; for large values of 1/Sh, (f small), Sh,,, is 
approximately equal to Sh,. 

Figures 4 and 5 are plots of ozone penetration values in two different parallel plate leaks as a 
function of pressure difference and reaction probability. Crack dimensions were chosen to yield 
flow exponents characteristic of a typical (n=0.66) and a very tight leak (n=0.9). These figures 
show that if the reaction probability of ozone with wall materials is below loT6, ozone removal 
would be minimal even in tight leaks. Table 1 lists f values for various materials calculated on 
the basis of experimental data for the decay of ozone in test chambers and the penetration of 
ozone in tubes (Cano-Ruiz et al., 1992). Based on our model and these data, we conclude that 
ozone removal would be minimal in wooden cracks (f < loa), and that there is a potential for 
significant scrubbing of outdoor ozone in leaks present in concrete or brick structures, for which f 
could be as large as 

AP (Pa) 

Fig. 5: Ozone penetration in a tight parallel plate leak (n = 0.9) as a 
function of applied pressure and ozone-wall reaction probabilities. 



Table 1: Reaction probability of the collision of ozone molecules with various materials 
(calculated by Cano-Ruiz et al., 1992) 

Material f Data used to obtain f 
Teflon 7- lop9 Altshuller et al. (1961) 

Glass 

Stainless steel 
Polyethylene 

PVC 
Plywood 
Neoprene 
Concrete 
Bricks 

Simmons and Colbeck (1990) 
Altshuller et al. (1961) 
Sabersky et al. (1973) 
Simmons and Colbeck (1990) 
Altshuller et al. (1961) 
Sabersky et al. (1973) 
Altshuller et al. (1961) 
Altshuller et al. (1961) 
Sabersky et al. (1973) 
Altshuller et al. (1961) 
Sabersky et al. (1973) 
Sabersky et al. (1973) 
Simmons and Colbeck (1990) 
Simmons and Colbeck (1990) 

3.2 EXTENSION OF THE MODEL TO ANALYZE REMOVAL IN DUCTS 

The model for pollutant removal in leaks may be extended to analyze the removal of ozone in 
ventilation system ducts. The main difference between the two cases is that flow in ventilation 
ducts is turbulent. A large number of semiempirical relationships for computing the Nusselt 
number can be found in the heat transfer literature, and have been compiled by Bhatti and Shah 
(1987). For the case of fully developed turbulent flow in smooth ducts they recommend using the 
formula: 

where fT = 0.00128 + 0.1143Re*.~~~ 

Fig. 6: Ozone removal in ducts with walls acting as perfect sinks, 
as a function of Reynolds number and duct geometry. 



Fig. 7: Effect of ozone-wall reaction probabilities on ozone removal in ducts. 

Substituting the ozone Schmidt number (0.82) for the Prandtl number in Eq. (18), the Nusselt 
numbers obtained can be used as Sh, in Eq. (12) and Shm3 in Eq. (17), since the Nusselt numbers 
for both of the analogous heat transfer boundary conditions are the same when the flow is 
turbulent. Ozone removal efficiency of ducts as a function of Reynolds number and duct geometry 
are shown in Fig. 6 for the case of perfect removal at the walls. This shows that in a typical 
residential ventilation system supply duct (Dh = 16 cm, L = 8 m, fxi = 180 m3/ hr), about 50% of 
the ozone entering the duct would be removed if the walls acted as perfect sinks. However, 
actual ozone removal is dependent on the reaction probability of the lining material, as is 
illustrated by Fig. 7. For the duct parameters given in the example, ozone removal would 
decrease to about 30% for f=6-10-~, and would be negligible with a reaction probability of 
Common materials used in the manufacture and lining of ducts include sheet metal (galvanized 
steel), fiber glass, aluminum, maylar and neoprene, with f values from Table 1 ranging from 
6.10-~ to 9 . 1 0 ~ ~  for some of these materials. These data and our analysis indicate that ozone 
scrubbing in distribution systems is strongly dependent on the lining material of the ducts, and 
that it could be significant, especially in the case of commercial buildings, where LIDh ratios 
are larger than in residences. 

3.3 SIMULATION RUNS 

In this section we give the results of a few indoor ozone simulation runs designed to explore the 
relationship among weather, air conditioning strategies (and the resulting ventilation rates), 
and indoor exposures to ozone. This effort was motivated by the interest in the impact of 
energy-conserving measures on indoor air quality. The pollutant transport module of the 
COMIS airflow network code (Feustel and Raynor-Hoosen, 1990) was modified and used to 
obtain hour-by-hour indoor ozone concentrations for a period of one year in each run. Inputs to 
this model included: 1) hourly ambient ozone data for 1989 monitored by the California Air 
Resources Board, and 2) hourly air flow rates based on heating/cooling loads and on weather 
data from the CTZ weather tapes, which contain one year of hour-by-hour data for each of the 
16 climate zones in California, assembled by the California Energy Commission. 

We ran simulations of indoor ozone concentrations in a one-story ranch house with an attic, a 
crawlspace and a garage. This prototype house has an area of 144 m2, and is equipped with a 
central furnacefair conditioning unit (located in the garage), ten supply ducts and one return duct. 
Flows among the house, crawlspace, attic, garage, and outdoors were obtained by using the DOE- 
2 thermal simulation code (Birdsall et al., 1990) in conjunction with the COMIS multizone 
infiltration model and a the duct-performance simulation model DUCTSIM. A flow chart of the 
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Fig. 8: Predicted monthly indoor ozone exposures for 
prototype residence in Riverside and San Jose. 

use of these three codes and a full description of the house are presented elsewhere (Modera and 
Jansky, 1992). We present selected results from three simulation runs, corresponding to: 1) a 
house located in Riverside, CA with windows closed throughout the year, 2) the house in 
Riverside with windows open to provide natural ventilation cooling whenever the enthalpy of 
outdoor air is lower than that indoors, and 3) the same house located in San Jose, CA using 
natural ventilation cooling. The ozone deposition velocity in the house and the unconditioned 
zones (attic, garage, crawlspace) was assumed to be equal to 0.06 cmfsec in all the simulations 
(based on the observations of Sabersky et al., 1973), and ozone scrubbing in leaks and ducts was 
ignored in order to isolate'the effects of ventilation. 

Figure 8 shows the results from these three runs expressed in terms of a monthly exposure index, 
defined as the time integral of ozone concentrations (units: ppb hr) throughout each month. We 
call this measure an exposure index because the true exposure depends on the respiration rate of 
the exposed individuals. For comparison, the monthly exposure indices based on 1989 outdoor 
concentrations are shown in Fig. 9 for both Riverside and San Jose. Times between 11 pm and 7 
am were not included in the calculations, since O3 concentrations at those times are very low and 
people are expected to remain indoors with the windows closed. Examination of both figures 
reveals that: 
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Fig. 9: Monthly outdoor exposure index from monitoring data (1989). 



a) Monthly indoor exposures can be almost 5 times higher if windows are opened than if air 
conditioning alone is used for cooling (compare both Riverside exposures for June), 
b) Even though the highest outdoor ozone concentrations in Riverside occur from June to 
September, indoor exposures in July, August and September are very low. This is because during 
these months outdoor air cannot be used to cool the house during the times of high outdoor ozone 
concentrations, and the windows are kept closed. As the weather in San Jose is cooler, window 
opening can be efficiently used there for cooling, and the monthly indoor ozone exposure index 
can be 2 to 4 times the Riverside value in July-September, even though outdoor ozone 
concentrations in San Jose are typically about 40% those in Riverside during this period. 

With respect to acute exposures, the federal standard of 120 ppb ozone was exceeded outdoors in 
1989 on 325 hours in Riverside, while no violations were reported for San Jose. The maximum 
outdoor ozone concentrations in that year were 290 ppb and 120 ppb, respectively. The maximum 
indoor ozone concentration predicted for the closed house in Riverside was 35 ppb, well below 
the health-based standard, but levels higher than 120 ppb occurred in the Riverside house 
during 7 hours when ventilative cooling was used, with a maximum predicted indoor 
concentration of 180 ppb. 

4. DISCUSSION 

Ozone scrubbing in leaks in wood-frame structures appears not to be significant, but could be 
important in reducing ozone entry into masonry buildings during periods when windows are 
closed. However, these are the periods when indoor ozone concentrations are likely to be low 
indoors as a result of low air exchange rates and the rapid decay of ozone on indoor surfaces. The 
importance of reducing these low concentrations depends upon the health impacts of long-term 
exposure to ozone at low concentrations, which is an unresolved issue in toxicology. On the other 
hand, removal of ozone in duct systems could have a sigruficant effect on exposures in buildings 
with continuous operation systems, or systems with longer residence times (e.g. in commercial 
buildings). The amount of removal will depend on the lining material: for example, neoprene- 
lined ducts would be expected to have a more significant effect than sheet-metal duds. Also 
related to air distribution systems is their impact on room air motion, which in turn affects the 
rate of ozone decay. One study (e.g. Sabersky ef al., 1973) showed a factor of three increase in 
the rate of ozone removal in a house when the internal circulation system was operating. 

There are very few measurements in the literature of the rate of decay of ozone in residences. 
Mueller et al. (1973) measured decay rates in a bedroom and Sabersky et al. (1973) obtained 
decay rates in one house, but to our knowledge no further data hat been gathered since then. 
There is no information about the decay rates in buffer zones (e.g. attic, basement, crawlspace), 
or about the effects of furniture, rugs, drapes, etc. on ozone decomposition. We ran a few 
sensitivity simulations in order to examine the effect of the buffer zones on indoor ozone 
concentrations. Assuming that no decay took place in these zones resulted in the doubling of 
average indoor concentrations during periods in which windows were kept closed, as compared to 
the assumption used in our simulations, that ozone had a deposition velocity in these zones equal 
to that of the conditioned space of the house. As in the case of removal in leaks, the impact of 
ozone decay in buffer zones with respect to overall indoor exposure is not likely to be high if 
ventilative cooling is used. 

Our simulations indicate that the correlations in time among weather, cooling loads and outdoor 
ozone concentrations should be considered when designing alternative cooling strategies, so that 
energy conservation may be achieved without compromising indoor air quality. 

It is important to note that indoor exposure to ozone in our simulations was dominated by the 
periods of high ventilation rates, that is, when the windows were open. This indicates that 
during smog episodes it is not enough to advise people to stay indoors, but to advise them to stay 



indoors with the windows closed. Using an indoor/outdoor concentration ratio is not enough to 
estimate indoor exposures to ozone in residences, since indoor/ outdoor ratios and outdoor 
concentrations exhibit large variations in time. Knowledge about the window opening behavior 
of people during periods of likely high outdoor ozone concentrations is probably more useful, in 
terms of estimating total indoor exposure to ozone, than the determination of isolated 
indoor/ outdoor ratios. 

5. CONCLUSIONS AND RECOMMENDATIONS FOR FURTHER WORK. 

Based on our analysis we conclude that: 1) the use of ventilative cooling can have dramatic 
impacts on indoor ozone exposures, 2) temporal variations in venting and outdoor ozone 
concentrations must be taken into account when evaluating indoor exposures, 3) ozone scrubbing in 
building leaks and distribution systems depends principally on the reaction probability 
associated with the collision of ozone molecules with wall and lining materials, and 4) the 
removal of ozone in the unconditioned spaces of a house is significant on a relative basis d u ~ g  
periods when ventilative cooling is not used. 

The results of this theoretical analysis need to be confirmed by experiment. A critical variable 
in the prediction of ozone removal efficiencies in leaks and ducts is the reaction probability of 
ozone with the wall materials, but there are not enough data to allow reliable extraction of f 
values for most materials of interest. Another area where experiments can improve our 
understanding of indoor ozone concentrations is in the measurement of ozone decay rates in the 
different zones of a residence. As the venting behavior of the occupants of a residence is a 
critical determinant of indoor ozone exposures, the applicability of our assumptions in regard to 
window opening need to be examined more carefully. Finally, the challenge of modelling indoor 
ozone concentrations in residences and confirming hour-by-hour predictions with measurements 
still remains. 
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SYNOPSIS 
The purpose of this study was to carry out a mathematical 

modelling analysis of the effect of indoor pollutant source 
strengths and ventilation rates on the concentration of 
pollutants. These concentrations are then compared to various 
human exposure limits and targets. The modelling was carried 
out for a variety of ages of residential detached housing for 
a range of Canadian climatic conditions. 

Although a literature search was performed, pollutant 
source strength data for housing was not generally available. 
A few houses had been surveyed for CMHC and had concurrent 
pollutant concentrations and passive tracer gas air change 
rate measurements. These were used to establish pollutant 
source strengths or emission rates. The study was directed at 
building generated pollutants. Soil gas pollutants and 
combustion appliance spillage were not modelled in this study. 

Air change rates including air leakage and mechanical 
ventilation were estimated using a computerized model. 
Pollutant concentrations were calculated and analyzed for 
periods, system types and house types which were potentially 
undesirable. 

For some pollutants including Volatile Organic Compounds 
(VOCs), no established residential exposure limits have been 
established. Industrial limits and proposed guidelines are 
discussed relative to the concentrations predicted. 
Formaldehyde was compared to Canada's exposure guidelines. 
Emission limits and ventilation strategies appropriate for 
housing can be developed through this kind of research work. 
Further work is needed. 

THE AQ1 MODEL 
A high degree of variation was known to exist in the 

airtightness of houses (1,2), the weather conditions in Canada 
and the sources strengths of pollutants. A relatively simple, 
fast model was needed to predict effects of various 
combinations of inputs and estimate indoor air quality for the 
general population of houses. Multizone models were avoided 
due to run time and the need for input data not available 
especially for a wide variety of houses. A single zone, hourly 
air infiltration model as per Walker and Wilson (3) was 
selected and combined with a fan/ air leakage interaction 
model by Palmiter (4) and a pollutant concentration model. 

The pollutant concentration is calculated based on 
previous concentration, air change rate, and source strength 
as developed by Palmiter and Bond (5). For air change rates 
greater than 0.0001, 

and the integrated average for each hour, 

otherwise, 

C, = Co e-at + S (1 - a(0.5 + a/6)) / V ,  
and, 



where C1 is the new concentration (ppm), 
Co is the original concentration (ppm), 
a is the air change rate (h- ), 
t is one hour, 
S is the emission rats (mL/h) ,  
f is the flow rate (m /h), and 
V is the volume of the house (m ) .  

This model avoids problems of blow up in concentration for low 
air change rates. In addition, a minimum difference in indoor/ 
outdoor temperature is a model input for the heating season. 
Two degrees was used in the simulations as a minimum . 
temperature difference to be expected as a result of solar and 
internal gains. Integration of a thermal model would be 
necessary to more accurately model these periods. 

Several other features were also included in the model. 
There is a capability to simulate control of mechanical 
ventilation based on sensing of the c~tdoor/indoor temperature 
difference. Time constants and schedules for emissions can be 
modelled. The effect of absorption and reemission was not 
explicitly modelled but could have an effect similar to a 
longer emission time constant at a lower rate. 

PARANETRIC STUDY 
Information on emission rates and especially time 

constants for emissions were not found for residential indoor 
pollutant sources. Some limited information performed in CMHC 
surveys (6,l) was used to establish emission rates. Because 
these surveys were small, and not randomly selected, they do 
not provide a true representation of source strengths in 
general. Examples of source strengths derived from these 
concurrent passive air change rate and pollutant concentration 
measurements are shown in Figures 1 and 2. The 5 houses in 
British Columbia have source strengths 3 times that of the 
rest of Canada. This anomaly should be investigated. A larger 
resample in this region would be appropriate. The average for 
the rest of Canada was used in the simulation of formaldehyde 
concentrations. For volatile organic compounds (VOCs), the 
average pollutant emission rate from 20 two year old houses in 
Saskatchewan and 28 various aged houses in Ontario were used. 
Toluene had the highest variability in source strength. For 
the VOCs, the sampling periods for air change rate were one 
week while the VOCs samplers were exposed for only one day. 
Source apportionment to building components and activities was 
not possible due to a lack of data. 

Most existing Canadian houses rely on air leakage to 
provide ventilation. Due to the highly variable nature of 
accidental leakage individual houses and weather conditions 
can result in very low air change rates. Several data sets 
were obtained from recent airtightness testing surveys. Over 
400 tests were available as shown in Figure 3. Three regions 
were selected for data completeness covering all ages of homes 
and representation of varying climate and average 
airtightness. The tightest houses are found in the prairie 
region. The loosest housing in Canada is found in the 
Vancouver area. Ontario is typical of most other regions of 



Canada. Figure 3 displays the variability in this data. 
Seventy fifth and 90th percentile air tightness's were 
calculated from the actual data. Because of the small sample 
size after stratification by age and region, the 90th 
percentile is not considered as representative as the 75th. 
Either one is better than the average or the maximum because 
the they represent a significant portion of houses but are 
unlikely to be the result of anomalous or erroneous 
measurements. 

Figure 4 displays typical output from the analysis of new 
houses. Airtightness and volume were assumed to be related. 
House characteristics and weather were region specific. This 
reflects the increased airtightness in colder regions. Average 
pollutant source strengths were used. Source strengths did not 
show a good correlation to volume. For the simulations, 
volumes were only varied by less than 15 % which is much 
smaller than the range of source strengths. Risk of exposure 
was not estimated in more detail as data on variation in 
source strengths was not considered sufficient to estimate 
exposure in more detail. From Figure 4, it is apparent that 
the predicted hourly concentrations exceed Health and Welfare 
Canada's guideline for the hourly maximum values in the summer 
months. Since air conditioning is common in Ontario, this may 
be a health risk. Monthly average values are also near the 
Action limit. Residential health limits have not been 
established for the VOCs but predictions exceed those proposed 
by Seifert (7). On the other hand concentrations are more than 
3 orders of magnitude lower than industrial limits. Also shown 
on the same figure are values predicted for an indoor to 
outdoor air temperature controlled ventilation system. A 
dramatic improvement is seen in the indoor air quality. 
Similar data for the Prairie and British Columbia regions may 
not be as critical. The summer values are unlikely to occur 
due to the low incidence of air conditioning in these areas 
and high usage of open windows at this time of year. The most 
critical months are therefore May and October for the 
Prairies. A temperature controlled set to turn on a 25 L/s 
ventilator at less than 8 C can maintain average concentration 
below the action limit. Figure 5 displays hourly output. 
Although thermal modelling was not performed, very low energy 
impact is expected to result with this form of ventilation 
control. Similarly in British Columbia, formaldehyde can be 
controlled even with a higher formaldehyde source strength. 

Since source strengths may be significantly lower for 
older house, and data was unavailable, maximum emission rates 
were estimated which could maintain concentrations below the 
action guidelines for various locations and age groups of 
housing. If a target of 0.05 ppm is desirable, the emission 
limit would be proportionately cut in half. Data for British 
Columbia is shown in Figure 8. Renovations involving flooring, 
cupboards and furniture would he of most concern. Surveys of 
materials in typical houses would allow an approximate 
apportionment of sources and emission targets for each type of 
material. 



CONCLUSIONS 

An analysis capability was developed to explore the 
relationships between various types and rates of pollutant 
emissions and various rates of air change in detached houses. 
Rates of air change were modelled from hourly weather data, 
house airtightness, and mechanical ventilation equipment 
operation. 

As indoor air quality depends on both emissions and 
ventilation, a balanced approach should be taken. This study 
has explored possibilities of what emission rates could be 
tolerated in various housing with air leakage only. For 
formaldehyde, the maximum tolerable emission rates are 
achievable. Similarly rates could be determined for other 
pollutants if health guidelines are available. Ventilation in 
houses which are not airtight can be controlled by outdoor to 
indoor air temperature difference. This control strategy 
significantly reduces the higher concentrations predicted and 
minimizes the energy cost of ventilation. 

Further refinement and calibration of these modelling 
techniques should be done. More source strength or emission 
rate data is required including duration of emission and 
material quantification. Quantification of materials will be 
necessary to develop emission rates for each type of material 
in a typical house. Ventilation control by temperature 
difference has good potential especially in conjunction with 
retrofit sealing and should be field tested. 
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Air-tigMness Summary 
I I 

pre 1946 1947-1960 1961-1980 1981-1990 
I I 
No. Houses 13 12 11 20 

I I 

I pre 1946 1947-1 960 1961-1980 1981-1990 

No. Houses 27 33 16 50 

I Pre 1948 1947-1 960 1961-1980 1981-1990 

No. Houses 11 17 37 53 

F i g u r e  3 .  



Indoor Air Quality Profile 
Description: 

Region: ONF 
Age: 1981 to 1990 

Percentile: 75 
Ventilation Type: Balanced 
Ventilation Flow: 25 Us 

(Ventilation on if temp. difference 
to outside <8C. off otherwise) 

Pollutant Source Strengths 

dT control no vent 
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~ ldg .  m 6.5 m Infil. Coeff: 
Flue none R 0.60 0.60 

Foundation Bsrnt X 0.00 0.00 
C 169 UsPaAn Y 0.00 0.00 
n 0.69 Shelter: 

ELA 3,323 cmn2 Building 0.80 0.80 

I 5.5W 0.985 0.856 1.162 WA NIA 0.521 0.805 0.385 SRC avg. meas. (whole house) I I 

dF: Max. hour 

0 dT. Min. hour 

-x- a: Avg. 

- -- -x- - -- no vent Avg. 

..--*...- no vent Max. hr. 

0.300 

3 0.250 
L 8 0.2" 

g2 O-'" 

" 0.100 = m 
0 . m  e 
0.000 
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Month * Reduction in average formaldehyde concentration 
due to dT controlled ventilation 

Highest monthly average for 

Figure 4 .  
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Formaldehyde concentratlone (ppm) Description: 
no Fans Fans wrth dT control Source strength: 5.5 mUh 

Fans balanced, 25Us 
(with dF control, fans are off unless insido 

Average 
Minimum 
Mwirnum 

to outside temperature difference is less 
Peroentage of hours wlth concenhtlon greater than llmit of 0.1 ppm than 14C) 

no Fane Fans with dT control 

I 40% 1 8% I House ID 3630 (no flue) 
1981 -1 990 

Total Infllfmtlon and ventilation 75th percentile 
no Fans Fans with dT control Volume 494 mA3 

C 50 UsPa A n 
n 0.71 
E M  1,030 cmA2 
Basement foundation 

Fan o 

0.095 0.068 
0.033 0.023 
0.177 0.147 



Figure Maximum formaldehyde source strength: B.C. 
Maximum house emissions to maintain concentration below 
Action level of 0.1 ppm (house closed all year) 

Figure  6 .  
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1.0 Svnopsis 

The occupant's behavior with respect to window opening may greatly 
affect the ventilation system, the energy consumption orland the indoor air 
quality. In order to quantify the magnitude of opening times, many surveys 
have focused on climatic parameters and concluded to the temporal 
correlation between the timelength of opening and the outside temperature 
or the solar irradiation. In this paper, we study the influence of sociological 
and technical parameters on the average time of opening during the winter. 
The research is based on a sociological survey and a two year monitoring 
of thirty houses with recording sensors on every window. 

The wife at home or not, the size and age distribution of the family are key 
variables in the kitchen, bathroom, children's bedroom. The orientation of 
the living room related to the sun explains the occupant's behavior in this 
room. For the parent's bedroom, none of the selected parameters emerges, 
the distribution and frequency of opening time are so erractic. The type of 
ventilation systems, natural versus mechanical, is not the main explainable 
variable, as well as the degree of equipment of the family. 

In the past years, research has focused on understanding air infiltration 
and improving ventilation systems. Building construction techniques and 
ventilation products have now reached a high quality standard. However, 
we still face some claims for a better indoor environment. Satisfying this 
demand implies a clear identification of occupants' wishes and behavior. 
In this paper, we analyse the technical and sociological parameters 
impacting occupants' behavior with respect to window opening during 
winters. We will not present the influence of the weather data on their 
behavior. 

Given the complexity of understanding the occupants' behavior with 
respect to window opening, we used different approaches to examine this 
issue : 

- a two year monitoring on 30 individual electrically heated houses, 
recording duration and number of openings on each window I11 
- a questionnaire survey on 60 households including the 30 monitored 
one 121 
- 3 household interviews. 

The studies were conducted in the same geographical area near Lyon 
(France) with houses built between 1982 et 1985. In the measurement 
group, 10 dwellings were equipped with humidity controlled ventilation 
(numbered 1 to 1 O), 5 with natural ventilation system (numbered 1 1 to 15) 
and 15 with mechanical exhaust ventilation systems (numbered 16 to 30). 



3.2 Recorded parameters 

Instead of an automatic monitoring of the entiere house, we decided to 
develop miniature sensors with an periodical inspection. 
Every two or three weeks, the following data were recorded : 
- duration of opening of each window 
- number of opening of each window 
- energy consumption (day and night) 
- functionning time of the ventilation. 

During the visit, the agent noted : 
- temperature and humidity in the living-room 
- flow rate in exhaust rooms 
- angle of opening of opened windows if any 
- cleanliness of exhaust valves 
- temperature and humidity in the parents' bedroom. 

At the local weather station, the following data were recorded : 
- global solar irradiation (MJ/m2) - diffuse solar irradiation (MJlm2) 
- number of hours of sun (h) - water precipitation (mm) 
- wind speed (mls). 

For analysis, all the previous data were converted to a daily basis. 

3.3 Characteristics of the households 

For each instrumented houses, we have identified : 
- number of persons - number of babies (not at school) 
- number of children at school - number of smokers, 
- women at home - men working during nights 
- number and type of pets - ventilation system, 
- equipment of the house (diswasher,microwave,cooker hood,....), 
- orientation of the living room window (north or other). 

4.1 Recorded duration of opening 

Table 1 is the synthesis of two winters. Winter in 90 was more severe than 
in 89, (average temperature 2" C less). Consequently, the durations were 
slightly different but the same order of magnitude is respected. 

If we compared with foreign experiences, the figures are different but the 
building techniques and HVAC systems also differ significantly. However, 
the parents' bedroom is also the room where the window is often opened. 



Present Experiment Netherlands I31 Belgium I41 ...................................................................................................... 
Kitchen 30 mn 1 h45 I h 
...................................................................................................... 
Living room 50 mn I h 30 mn 
...................................................................................................... 
Bathroom 45 mn 1 h30 
..................................................................................................... 
Parents' bedroom 2h30 5h 4 h 
...................................................................................................... 
Children's bedroom I h 1 h45 2h30 
...................................................................................................... 
Table 1 : Duration of opening in every room 

Table 2 eompared the estimated duration of opening in each room with the 
recorded one. We notice that occupants underestimate this variable, 
especially in the bedrooms and living-room. At the opposite, the 
evaluation is quite accurate in the bathroom. 

Kitchen Living room Bathroom Parents' Children's 
bedroom bedroom 

...................................................................................................... 
Overestimation 26 13 10 7 14 
...................................................................................................... 
Underestimation 43 57 35 73 57 
...................................................................................................... 
Rigth estimation 30 30 55 20 29 ...................................................................................................... 
Table 2 : % of people under, over or correctly (+I- 10 mn) estimating the 
duration of opening 

4.3.1 Method 

The sociological survey identified explanatory parameters of the 
occupants' behavior and a kind of hierarchy. Using the Morgan and 
Sonquist method, we have tried to identify the main explanatory variables 
of the recorded duration of window opening. 
The segmentation criteria is based on the variable which is going to 
maximize : 

W =  Z P j  (Mj-M) 

Where M is the average of the duration of opening 
Mj is the average of the duration of opening of the state of the 

explanatory variable 
Pj is a weighting values. 

Repeating the segmentation criteria at different levels, we can build a 
segmentation tree with a hierarchy for the explanatory variables. This 
method is really attractive but presents some risks. When no variable 



represents a strong segmentation criteria, the segmentation tree can be 
irrealistic because a bifurcation was not pertinent. This fact should lead to 
a comparative analysis of W for the various explanatory variable. 
Because of the limited number in the sample, we will consider only the first 
levels of the segmentation tree. 

4.3.2 Kitchen 

The wife working full time, part-time or at home is the main variable for the 
kitchen. The time available for cooking activityies explains the difference 
between the various households. As we will notice for other rooms, the 
larger the family is, the less the window is opened. Finally, we notice a 
shorter duration of opening in a house equipped with a mechanical 
exhaust ventilation system. In a naturally ventilated house, the wife may 
need to open the window to exhaust the pollutions. 

The orientation of the living-room is the key variable: occupants open 
widely their windows by sunny days. The presence of smokers induces a 
longer duration of opening, babies within the family lead to the opposite. 

The households without children leave the window open for a long time. 
The presence of babies in the family leads a short duration of opening. 

When the bedroom is occasionnaly used, the window is opened for large 
period of time. In fact, this room can be used for other activities and is 
largely ventilated before the welcome of a guess. When the wife is working 
full time, this room is rarely opened. 

No explanatory variable emerges from the statistical analysis. None of the 
listed parameters can correlate the opening. In fact, we notice a difference 
behavior in any class. From a few minutes to hours, the entiere spectrum 
was recorded. 

The wife working or not, the presence and the age of children are the key 
variables explaining the occupants' behavior. However, usually another 
specific variable emerges in any room. The type of ventilation systems is 
not fundamental in the occupants'behavior except in the kitchen where 
the natural ventilation system is not sufficient to exhaust pollutions. 
These results are in agreement with the sociological survey and illustrate 
the major role of the household with respect to the window opening and the 
ventilation system. 



4.4 Enerav consumption 

This study has identified a large spectrum of behavior with respect to 
window opening. The act of opening is usually combined with the switch of 
the electric radiator and we did not point out a correlation between the time 
of opening and the energy consumption. 

This study illustrates the crucial role of sociological parameters regarding 
to the occupants' behavior with respect to window opening. Even if the 
conclusions are limited to this reduced sample, this research points out 
that the specifications and the operation of a HVAC system should better 
integrate the occupants' behavior. An excellent system from a theoritical 
and technical approach can be a failure if it does not include, in the 
design approach, the occupants. 
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Figure 1 : Duration of opening for the window of the kitchen 



Figure 2 : Duration of opening for the window in the living room 



Figure 3 : Duration of opening for the window of the bathroom 



# of per ons > 2 

41 mn 
(25) 

Wife not 
working 

Figure 4 : Duration of opening for the window of the children's bedroom 
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ABSTRACT 

This paper reports the results of humidity and ventilation measurements in occupied resi- 
dential buildings to study the effect of airborne moisture movement on condensation risks. 
The dwellings have been fitted with a cooker hood and an extractor fan (both with variable 
speed control) in the kitchen and an extractor fan in the bathroom. The investigation of each 
case-study included monitoring the temperature and humidity at four locations in the house 
for a number of weeks during the heating season in order to examine the water vapour cycles 
in each room as affected by moisture production in the space and moisture migration from 
adjacent rooms and outside. Detailed short time measurements have been also taken to study 
the effect on the humidity in one room of water produced in other rooms, and the efficiency 
of the variable flow-rate extract devices for the local removal of moisture before it becomes 
well mixed. 

In this way the efficiency of each ventilation device, in isolation and in combination with 
the others, in removing moisture from the rooms in which it is produced, has been examined 
as well as its effect in reducing the rate of moisture migration to the rest of the house. It has 
been possible to find relationships between the moisture loads in the rooms in each case-study, 
thus describing the effects of interzonal moisture flows in situations typical of those found 
in dwellings at risk of condensation. 

1 INTRODUCTION 

Water vapour is one of the internal environmental contaminants which is rarely mentioned 
when discussing air quality. However, although it might not affect people in the same 
dramatic manner as CO,, NO,, 0, and HCHO, it is present in a large proportion of buildings, 
mainly residential, it is transported in a similar manner [I] and it is impossible to eliminate 
its sources. High relative humidity can cause structural deterioration and is connected to 
human illness such as asthma and allergies due to dust mites [2-51. Excessive humidity can 
create condensation, mould problems and discomfort; but low humidity can cause its own 
problems. Apart from discomfort due to dehydration of the skin and mucous membranes, 
some bacteria and viruses like lower humidities [6]. Therefore, humidity extremes need to 
be avoided, with an optimum zone in the middle of the relative humidity scale. 

A high percentage of the residential building stock suffers from the effects of excessive 
moisture. According to the latest English Housing Survey [7] more than half of UK 
households are affected with problems ranging from condensation on windows to mould on 
walls and furniture. The problem is also present in other cold countries such as Canada 
where results of a survey in 1991 indicated that 39% of the people had at least one moisture 
or mould indication in their homes [$I. The problem appears to be more acute in new housing 
where low ventilation levels coupled with cold bridges have increased the problem [9]. 

It is only the last 30 or so years that there is evidence that air movement is very important 
in moisture migration in the same way as water vapour diffusion through the fabric of the 
buildings [lo]. Only recently the importance of ventilation in removing moisture at source 
has been emphasised in the Building Regulations [ll] and publications on methods of 
avoiding condensation and evaluating the risks have appeared [12] including international 
efforts aimed at providing solutions to the problem [13]. 

Increased ventilation seem to be the solution in most cases. The effectiveness of extractor 
fans and cooker hoods in reducing the migration of moisture to other spaces of the dwellings 
is the subject of this paper. Three small homes were investigated before and after the 
installation of extract devices and it was found that excess vapour pressure (internal vapour 
pressure above outside vapour pressure) has been reduced in source rooms (kitchens and 
bathrooms) and also in sink rooms (living rooms and bedrooms). 



2 DESCRIPTION OF THE CASE-STUDIES 

The floor plans of the three case studies are presented in Fig. 1. 

The first case study is a maisonette in East London, a region of low cost housing with most 
of the house stock built after World War 2. Two adults live in the flat which comprises a 
kitchen, living room and bathroom on one floor and a bedroom on another, with a total floor 
area of approximately 65m2. The maisonette is situated on the two upper floors of a five 
storey block of flats containing 70 housing units. There is no thermal insulation in the brick 
walls or the roof and the windows are timber framed and singly glazed. Heating is provided 
by a time-controlled gas boiler (located in the kitchen) and radiators in every room apart 
from the bathroom which is heated with an electric wall mounted radiant bar. Ventilation 
is provided by sash windows, window vents (which were all blocked by the occupants) and 
vents into a bricked-up chimney in the living room. 

The second case study is a 60's maisonette in South London in a council owned block of 
flats. Two adults occupy the flat which comprises a kitchen and living room downstairs and 
a bathroom and two bedrooms upstairs with a total floor area of 60m2. The maisonette 
occupies the two upper floors of a four storey building containing 55 housing units. The 
walls are not thermally insulated and the windows are steel framed, singly glazed. However, 
plastic double glazed windows have been recently installed in the bedroom windows, fol- 
lowing complaints about condensation and draughts. Heating is provided by a open gas fire 
in the living room and an electric heater situated at the top of the staircase. Theonly ventilation 
means is through the openable windows. 

The last case study is a converted end of terrace ground floor flat also in South London. A 
single parent with a child lives in the flat which consists of a kitchen, bathroom, living room, 
bedroom and spare room, all on one floor covering a total area of 70m2. The brick walls are 
uninsulated with single glazed timber framed openable windows for natural ventilation. 
Heating is provided by a time controlled gas boiler (located in the kitchen) with radiators in 
every room of the flat. 

For the purpose of this study, all three dwellings were fitted with extract devices in the kitchen 
and bathroom in order to evaluate their effectiveness at removing moisture in source rooms 
and in preventing moisture migration to sink rooms. In the kitchen a window mounted 
extractor fan was installed with a maximum flow rate of 78.6Vs equipped with variable speed 
controller. In addition a cooker hood was installed and ducted outside, with a maximum 
flow rate of 8211s. In the bathroom the humidistat controlled extractor fan has a maximum 
flow rate of 2811s. In all cases, they comply with the 1990 UK Building Regulations [l l] .  

3 MONITORING THE HUMIDITY AND TEMPERATURE 

The temperature and relative humidity were monitored for a minimum period of one week 
before the installation of the ventilation equipment and at least one week after, by placing 
thermohygrographs in the main rooms of each house, ie: kitchen, bathroom, living room and 
one bedroom. The data is used to characterise the basic climate of the houses; that is, 
temperatures, mixing zones, basic flow paths and occupant uselinterference. 

The aim is to examine whether there is a reduction in the excess vapour pressure not only in 
the moisture source rooms (kitchen and bathrooms) but also in the moisture sink rooms 
(living room and bedroom). The assumption is that the only different parameter (apart from 
the external conditions) affecting the internal moisture balance before and after the instal- 
lation of the fans is the way that they are used. 
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Figure 1: Floor plans of the three case-studies. 



An example of the vapour pressure outside and four locations in the first case study under 
normal occupation and fan operation regime is shown in Fig. 2. Vapour pressure is sig- 
nificantly higher indoors than outdoors indicating the effect of interior moisture production 
and restricted ventilation as is usually the case in the majority of homes in winter. Vapour 
pressure is the highest in the unheated bathroom (equipped with a humidistat controlled 
extractor fan), followed by the kitchen, living room and bedroom. Although, the vapour 
pressure in the living room and bedroom are similar, temperatures in the bedroom are lower 
than in the downstairs living room, so that the relative humidity is much higher upstairs, thus 
creating more condensation problems. As expected, there is a loose correlation with external 
humidities apart from the times that high and sudden moisture production indoors alters the 
internal patterns. 
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Figure 2: Typical plot of vapour pressure indoors and outdoors. 

Figure 2 also presents data for two subsequent days during which the home was used in a 
different manner. During the first day cooking for dinner was the only source of moisture 
(apart from metabolic activities) while in the second day, cooking for lunch and dinner, 
bathing and laundry were performed. This has resulted in elevated vapour pressure in all 
the rooms for longer time during the second day. 

It is evident that moisture produced in the kitchen or the bathroom has an effect on the vapour 
pressure in the living room and bedroom. It seems that the living room is affected more than 
the bedroom both from moisture migration from the kitchen and the bathroom for this par- 
ticular house layout. This is a point requiring closer examination because it determines how 
much the moisture produced in one room affects the moisture in another, and discussed in 
section 4. 

Considering the humidity status of the dwellings for the weeks before and after the installation 
of the extract devices, it was obvious that the mean humidity level has been reduced as a 
consequence of the combined use of the two extractor fans and cooker hood. An example 
of this, is shown in Fig. 3, where the external and internal relative humidity for the four 
rooms of case-study 1 have been plotted. Similar temperatures were maintained during the 
"before" and "after" periods due to the thermostat located in the hallway (there is a difference 
in the living room and in the bedroom of 1°C but the kitchen and bathroom are almost 
identical). The relative humidity however has fallen quite considerably in the three rooms 
(kitchen, living room and bedroom) but not in the bathroom. In this case the low flow rate, 
humidistat controlled extractor fan, set to 80% RH cut off point, has maintained the RH 
below 80%. However, it is now apparent that the humidistat was incon-ectly set and this has 
influenced the internal humidity. As a result of less ventilation as the windows are opened 
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Figure 3: External and internal relative humidity values for the monitored four rooms of 
case-study 1. The average external temperature is 9.9 '~ before the installation and 7 .4 '~  
after. The internal temperatures are 18.3,21.3, 18.6 and 16.7'~ in the living room, kitchen, 
bathroom and bedroom correspondingly before the installation and 19.2, 21.0, 18.3 and 
15.4'~ after. 
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Figure 4: The installation of extract devices in case study 1 in normal use, reduced the mean 
excess vapour pressure in the three of the four rooms. 
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less frequently, the excess vapourpressure has increased. The average excess vapour pressure 
of the three rooms (excluding the bathroom) are presented in Fig. 4. The average reduction 
of mean excess vapour pressure is over 40%, which for an average temperature of 19OC 
results in an average RH reduction of more than 10%. The RH in the bathroom has increased 
by 4% (from an average value of 70% before the installation of the fans to 74% after). 

BS5250 [14] classifies households as "dry", "moist" and "wet" occupancy. Dry occupancy 
(usually a building unoccupied during the day) results in an internal vapour pressure up to 
0.3kPa in excess of the external vapour pressure. In moist occupancy water vapour excess 
is between 0.3kPa and 0.6kPa while in wet occupancy water vapour excess is greater than 
0.6kPa. As shown in Table 1, the three households studied although unoccupied during the 
day fall into the moist category. 

In case study 1, excess vapour pressure was reduced by 50% in the kitchen, almost 40% in 
the living room and 25% in the bedroom, bringing the values near the "dry" occupancy 
category. The reverse has happened in the bathroom, because of the high setting of the 
humidistat. 

Table 1: Mean values of excess vapour pressure in the three case studies before and after 
the installation of extract devices. 

In case study 2, the results are less dramatic with only 5% reduction in the kitchen and in 
the bedroom but more than 30% reduction in the bathroom. In this case the volume of the 
bathroom is smaller than case study 1 and the humidistat was set more reasonably to 70%RH. 
The operation of the fans has increased the humidity in the living room. This is probably 
due to the fans in the kitchen and bathroom through which the air is mainly extracted so that 
infiltration occurs mainly through the living room in the downstairs half of the dwelling. 
This change of air flow patterns coupled with the higher external vapour pressure during the 
"fans operating" monitoring period and the low ventilation rate in the living room, has 
increased the vapour pressure in it. 

In case study 3, there is also a reduction in the excess internal vapour pressure after the 
installation of the fans. In this case, the greatest reduction is observed in the bedroom (more 
than 50% reduction) which is affected by moisture in the kitchen and the bathroom. because 
of the flat's layout. 

As nothing has change in the operation of the households after the installation of the 
ventilation devices, we can assume that the operation of the fans (higher ventilation rates 
where and when required) has produced the reduction of the excess internal vapour pressure. 
Also, because moisture is extracted at source rooms at the time it is produced, the effect 
should be greater than uniformly increasing the ventilation rate at all times. Intermittent 
ventilation as and when required also eliminates energy waste. 



Let us use case study 1 as an example to demonstrate this point. The ventilation rate of the 
dwelling was measured using the tracer gas decay method. It was found the average 
ventilation is 0.53ACIH without any extract devices on, while the ventilation rate becomes 
0.85ACIH when the cooker hood is on in the kitchen. The higher ventilation rate happens 
only for about one hour per day and this has an effect of almost 40% reduction in the average 
excess vapour pressure of the house. In addition, it may replace opening windows during 
cooking which would waste more energy without offering the efficiency of a cooker hood. 

The discussion of section 3 was concerned with the steady state performance of the three 
houses and has shown that reduction of the excess vapour pressure is possible by using 
extractor fans. This finding agrees with findings of a nationwide survey in UK [15] which 
concluded that ventilation devices, air movement, heating and insulation are more important 
than occupants' behaviour and energy consciousness. However, what it has not shown so 
far is by how much the moisture production in the kitchen and in the bathroom affects the 
humidity of other rooms and what is the effectiveness of each fan in isolation. For this reason, 
experiments on cooking and bathing simulations with simultaneous tracer gas release were 
performed in two of the case-studies (1 and 3) to examine the effect of air flow on the 
migration of moisture and the effect of adsorption by surfaces. 

4 MEASUREMENTS OF MOISTURE AND AIR FLOW 

It has been found [16] that if adsorption and condensation are ignored water vapour behaves 
very similarly to tracer gases. Therefore, if a way of accounting for absorption and con- 
densation were found, tracer gases, could be used to predict airborne moisture movement in 
buildings. For this reason, as well as to understand the relation between the layout of a 
dwelling and the effect of adsorption in the migration of moisture from source to sink rooms, 
the following experimental procedure was set up. 

Periods of cooking and bathing were simulated and the spread of two contaminants (water 
vapour and sulphur hexafluoride) from a hot source to various rooms was measured. To 
simulate cooking the contaminants were released for 25mins from the cooker's hot plate. In 
this experiment 1.46 litres of water was boiled and 2500 ml of tracer gas was released. To 
simulate bathing the contaminants were released for 11.5 mins, from the middle of the bath 
(total amounts released 0.62 1 of water and 1150 ml tracer gas). The concentrations were 
measured with a Bruel & Kjaer photo-acoustic effect gas analyser which pumped samples 
of air from each room via an automated manifold, measuring one room in two minutes. 
Nineteen experiments were performed in each dwelling to include different settings of the 
fans. 

The Transfer Index (TI) [17] in each room was calculated for the moisture and sulphur 
hexafluoride. The average Transfer Index of all the rooms in any experiment represents the 
total contaminant load of the house thus indicating the effectiveness of a specific fan for a 
specific flow rate for a particular plan configuration. Figures 5 and 6 demonstrate the removal 
effectiveness of the fans examined in the two flats. 

It can be seen from the figures that during the bathroomexperiments the air becomes saturated 
and the fan proved to be underpowered in removing the moisture even at its boost position 
(2911s) in both flats. Therefore, no comparison can be easily made with the tracer gas 
behaviour. However, it can be seen that the flow rate recommended by the Building 
Regulations for intermittent powered extraction in bathroom (1511s) is an underestimate. 

In the kitchen experiments almost straightforward comparisons between moisture and tracer 
gas removal are possible. In case study 1 the cooker hood at all settings proved to be more 
effective than the extractor fan. In case study 3, however, the cooker hood and the fan seem 
to be almost equally effective. This introduces another dimension into the problem. In case 
study 3 the fan is situated nearer to the cooking hob than in case study 1. Therefore, the 
proximity of the source and removal at source appear to be important. 
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Figure 5: Effectiveness of the extract systems judged by the effect in the whole dwelling of 
case study 1. 
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Figure 6: Effectiveness of the extract systems judged by the effect in the whole dwelling of 
case study 3. 



So far the average TI of the dwellings as a whole was considered. By examining the TI of 
each room separately we can begin to understand the impedance of pathways for the pollutant 
migration between zones. The degree of linkage reflects the adjacency of the rooms and 
configuration of the building plan. The linkages for the two case studies are presented in 
Table 2. It can be seen from Table 2 that moisture absorption by surfaces is considerable, 
resulting in much lower TI values for moisture than for the tracer gas. However a strong 
correlation between the TI of tracer gas and moisture exists; 4 . 9 9 3  for case study 1 and 
r=0.994 for case study 3. This indicates the suitability of tracer gas to describe airborne 
moisture movement between spaces. 

In addition, a correlation between the monitored data and short term simulation type 
experiments of cooking and of bathing was found, indicating that the long term performance 
of extract devices for each room of a house can be predicted by short term experiments. A 
correlation of ~ 0 . 9 4 9  was found in case study 1 and r=0.82 for case study 3. The correlation 
with tracer gas measurements is also strong (F0.95 in case study 1 and 14.734 in case study 
3). These results indicate that it might be possible to predict the effect of ventilation devices 
on moisture by performing short term experiments using either water or tracer gas. 

The above correlations were calculated as follows; the steady state change of vapour pressure 
in each room can be expressed by the ratio of the average excess vapour pressure in each 
room after the installation of the fans to the average excess vapour pressure before the 
installation. This value can be compared with the ratio of a room's TI calculated from 
experiments in which some fans were used to the TI for which no fans were used. It was 
found that the best relationship exists if the steady state values are correlated with the average 
of the TI calculated from (a cooking experiment without fans) + (a cooking experiment with 
the cooker hoodon) + (a bathing experiment with the bathroom fan on) divided by the average 
of a cooking and a bathing experiment with no fans, 

Table 2: Average linkages between rooms for tracer gas and moisture during cooking and 
bathing experiments. 

- SF6 0.155 0.085 
ent H,O 0.072 0.037 

king- SF6 0.183 0.067 

5 CONCLUSIONS 

The effectiveness of extract devices and the merits of user control versus humidistat control, 
have been discussed before [18,19] and reviewed [20]. Also the capture efficiency of cooker 
hoods has been investigated [21,22]. In this paper the aim was to examine the effect that the 
installation of "off the shelr' extractor devices has on the humidity in occupied small 
dwellings. 



The use of tracer gas techniques to augment humidity measurements has been investigated 
before [23,24], and short term measurements have been made of humidity in kitchens and 
adjacent rooms [25] and in bathrooms [26]. The uniqueness of the present study is in offering 
monitored data of moisture before the installation and during normal use of extract devices 
in occupied dwellings coupled with "laboratory" like experimental measurements of m e r  
gas and water vapour taken in the same dwellings. 

From the monitored data it was found that a reduction of the excess vapour pressure was 
observed in most rooms of the case-studies after the installation of ventilation equipment. 
The biggest changes were foundin the source rooms (kitchen and bathroom) but considerable 
changes occurred in the sink rooms (living room and bedroom). 

From the experiments the average Transfer Index of the house as well as zone Transfer 
Indices (for individual rooms) were calculated which give useful information for the linkage 
of sink rooms to source rooms and information on the effectiveness of individual extract 
devices for the particular house configuration. The linkage values depend on the length and 
shape of the pathway and determine how easily contaminants can migrate. Finally, by 
comparing tracer gas and water vapour measurements we can get an impression of the amount 
of moisture adsorbed by the surfaces and the effect of surface condensation. 

It was found that Transfer Indices derived from water vapour measurements describe the 
steady state performance of the moisture balance in the examined case studies. There is also 
a strong correlation between the transfer indices calculated from tracer gas and water vapour 
measurements. The actual values differ considerably. It was found [27] that this is due to 
adsorption by surfaces and condensation, and not to any other mechanisms of airborne 
contaminant migration. Therefore, if adsorption and condensation can be accounted for by 
using some coefficients [28], tracer gas short term experiments in existing houses or even 
CFD analysis for proposed design can be used to predict the long term steady state moisture 
balance of a dwelling. 

Thanks are due to Xpelair and Airflow Developments for supplying the extract devices fitted 
in the case-studies and to the owners of the dwellings MLr and Mrs L e m o n ,  Mr McCallum 
and Mr McKrith for their cooperation. This project is supported by the Science and Engin- 
eering Research Council (SERC) of the UK. 
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1. INTRODUCTION 

Ventilation systems in dwellings should not only maintain 
the quality of the air, in other words limit pollutant 
concentration whatever the origin, but protect the structure, 
that is, limit condensation and the storage of excessive 
humidity in existing materials. 
Domestic ventilation represents a significant element of energy 
loss. It is a function that should be provided at minimum cost 
in terms of energy and therefore be directly dependent on fresh 
air requirements. Hence the introduction on the market af so- 
called hygro-adjustable ventilation systems. However, these 
systems do not necessarily meet air quality requirements and, 
at present, on the French market, there is no existing model of 
a ventilation system adapted to the residential sector and 
controlled by gaseous pollution content. 
To be able to offer dual heating/ventilation systems which meet 
air quality requirements, while remaining low on energy costs, 
the ADEME, GDF, EDF, FNB and CEBTP have combined their skills 
and capabilities in a research programme involving, first a 
national survey followed by in-situ measurements and, second, 
the development of a hygrothermal and ventilation code 
incorporating pollutant transfers i.e: the BILGA programme 
(FNB/CEBTP) . 
One application of the programme was to find out whether there 
was a correlation between carbon dioxide concentration (present 
in most pollutive productions) and condensation hazards in 
dwellings, making it possible to control ventilation on the 
basis of a single criterion and then examine various 
ventilation strategies. 
This study is currently in progress. 



2. THE BILGA PROGRAMME 

Developed in 1980 by the CEBTP and the FNB, BILGA is a 
hygrothermal and multi-zone ventilation simulation tool based 
on a detailed description of the building shell, the 
ventilation system, occupancy and environment. 

In order to best define indoor atmospheres, the basic version 
was completed by two modules which allowed for humidity 
exchanges with the furniture and the walls, as also the 
transfer of gaseous pollutants, the aim being to determine an 
overall air quality index for a given dwelling. 
2.1 Humidity Exchanges 

The general equation of the mass balance of steam in a 
room may be written as follows: 

% = m e  - m, + mo + m a  - m, - mp CkSISl 

where : 

me , ms are the mass flowrates of steam entering and 
leaving the room by convection process, 

mo , m the internal production due to the metabolism and 
activities of the occupants, 

m, , m the flowrates of steam absorbed/desorbed by the 
furniture and walls. 

2.2 Gaseous Pollutant Transfers 

The model currently takes into account the evolution of 
ten gaseous polluants (COZ, CO, NO2, HCHO, 03, ...). 

The overall equation of the mass balance of a pollutant in a 
given room can be written: 

V being the volume of the zone, C the pollutant concentration, 
Ef the ventilation system efficiency (as a function of the air 
renewal rates, the location of the ventilation openings and the 
source of pollution). Fp being the pollutant flux corresponding 
to : 

- internal productions due to occupancy and appliances, 
- productions/absorptions due to materials and chemical 

reactions, 

- pollutant fluxes exchanged with the exterior and with other 
rooms, by convection, diffusion and gravity. 



2.3 Air Quality Index 

An air quality index defined by the "FBdBration Nationale 
du Bbtimentw (National Building Federation), postulates 
occupant exposure to a pollutant and two limit concentration 
values : 

E(p,ts) [exposure] is the maximum mean concentration level 
during the life ts of the pollutant p in the room, 
LRV the Limited Risk Value, 
SRV the Significant Risk Value, as defined by the pollutant. 

If AQI 5 0, the pollutant is without effect on the occupants, 
if AQI , 1, the risk due to pollution is deemed gtunacceptablel'. 
The air quality index of the least favourable room in a 
dwelling was assumed to be the overall air quality index for 
that dwelling. 
For this study, the overall air quality index for a dwelling 
was determined on the basis of carbon dioxide concentrations, 
considered to be the polluant the most representative of 
domestic activity (occupancy, smoking, cooking appliances, the 
exterior) . 
Confronted with the diversity of the limit values proposed for 
carbon dioxide, we have assumed the WHO values (1982): 

LRV C O ~  = 4500 mg/m3 (2300 ppm) 
SRV C02 = 12000 mg/m3 (6100 ppm). 

3- C0NI)ENSATION AIR QUALITY INDEX 

3.1 Hypotheses 

This study covered an eight-month period and involved two 
types of dwellings (an individual house and an appartment in a 
multi-family appartment block) in a temperate climate 
(STRASBOURG and CARPENTRAS). 
The global ventilation rate (single status) varied from 0.2 to 
0.8 volume/hour. The internal masses were not taken into 
account. Daily steam production in the kitchen was 3.2 kg. 
The kitchen was fitted with a 2.3 kW oven (CO emission: 98 
mg/s) and with a 3 kW cooker (C02 emission: la0 mgjs) operating 
according to 9 min. sequences. 

3.2 Results 

The graphs hereinafter show the relations obtained 
between ventilation rates, condensation hazards and the air 
quality index in the different situations analysed. 
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Whatever the climate and type of housing, the highest 
condensation hazards are to be found in the kitchen (production 
of 3.2 kg124 h). 

By comparison with the individual house, for a same given 
climate and same global ventilation rate (0.3 vol/h), the 
appartment exhibited less significant condensation hazards in 
the kitchen (lower occupancy rate) and in the bathroom (no wall 
in contact with the exterior). 

Although the influence of climate was significant on 
condensation hazards, it was negligable on the air quality 
index. 

The global air quality index is that of the kitchen (related to 
the use of cooking appliances). 

By comparison with the individual house, for a same given total 
ventilation rate, the total air quality index was higher in the 
appartment (the kitchen air renewal rate was lower), but 
remained acceptable for a low total ventilation rate (0.2 
vollh) , 

In spite of the existence of Controlled Mechanical Ventilation, 
steam and carbon dioxide migrations from the kitchen to the 
main rooms were observed. 

Such transfers are the consequence of extensive ventilation 
recycling caused by a temperature rise in the kitchen when 
cooking appliances are put to use. 

Condensation can'occur on windows while the quality of the 
indoor air is satisfactory and, conversely, in the presence of 
smokers and with an extremely reduced ventilation rate, an 
unacceptable pollution level is observed without any 
concomitant condensation. 

There is a predominant occurrence of condensation in bath- 
rooms. 

The mildness of the climate increases the degree of 
independence of condensation hazards in relation to the air 
quality index. 

The correlation between condensation hazards and the overall 
air quality index being globally slight, the results of the 
study show that the dependence of domestic ventilation on a 
single criterion (condensation or pollution), cannot constitute 
a universal solution for maintaining satisfactory indoor 
atmospheres. 

However, as will be seen later, the situation should be 
examined differently for each type of room, and allowance made 
for the type of heating and domestic equipment. 



4.  STUDY OF DIFFERENT VENTILATION CASES 

4 - 1  Objective 

A proposal for a ventilation system can be based on a 
forecast estimation of efficiency in respect of the three 
criteria i.e: air quality, hygrometry limitation and energy 
saving. 

By virtue of their different functions, the situations in the 
rooms of a dwelling show extreme differences: 

Kitchen : significant emissions, short and generally 
correlated of C02 and steam. 

Bathroom : significant short steam emission, C02 
emission limited to a single person. 

Bedrooms : slight correlated emissions of C02 and 
steam. 

Living-room: slight steam emission related to occupancy, 
occasional emission of pollutants (smokers). 

A very slight ventilation rate is required in the absence of 
any occupancy. 
The ventilation system should therefore provide a response 
adapted to each situation. 

The following study proposes an example of a comparison between 
certain ventilation strategies in order to single out certain 
trends. 

4.2 Study hypotheses 

The study was carried out on a standard, multi-family, four- 
roomed dwelling (210 m3), based on realistic occupancy 
hypotheses (assumed in order to assess the hygro-adjustable 
systems), over the course of two five-day periods, typical of 
winter in the Paris area, one being moderately cold (-5, +1 OC, 
70-95 % HR) and the other mild and damp (+5, +10 OC, 75-95 % 
HR) - 
The C0 emission from appliances was the same as above. 
~umidig~ exchanges with the furniture and walls were taken into 
account. 
Three types of ventilation were considered: 

- conventional CMV system : (Type 3) 
45 m3/h in kitchens, 60 m /h in sanitary units. 

- hygro-adjustable ventilation: (Tyse 2) 
kitchen : 10 to 45 m /h for 35 to 65% RH 
bath-room : 5 to 45 m3/h for 35 to 65% RH 
W-C : 30 m3/h permanent basis. 

- reduced ventilation : (Type 1) 
10 m3/h in kitchens, 35 m /h in sanitary units. 

With or without, in each case, the utilization of a high flow- 
rate in kitchens (120 m3/h) for 2 hours a day, when cooking 
appliances were in use. 



4.3 Results 

The graphs hereinafter shaw the different types of results for 
both periods: 

- In-flow, heating consumption on fresh air intake, 
- Condensation times (kitchen and bath-rooms), 
- Maximum C02 concentrations (averaged over an hour). 
The minimum ventilation option results in unacceptable 
condensation times and air quality. 

In rooms located on facades that are oriented "under the wind", 
the effect of the prevailing wind impedes the effect of 
ventilation, and moreover, the air quality deteriorates in such 
rooms (not shown). 

Hygro-adustable ventilation is more efficient when climatic 
conditions are cold and dry. In periods of mild damp weather, 
efficiency and utilization costs are comparable to those of the 
conventional CMV. . 

In all cases, the use of accelerated ventilation flow in the 
kitchen considerably reduces the risk of condensation and 
maximum C02 concentration for only a minor extra cost in terms 
of energy. 

Absence of condensation in the bath-room, when in use, can only 
be achieved under accelarated operating conditions. 

These observations suggest, that for systems of ventilation by 
extraction, provision should be made for 3 levels of activity: 

- reduced operating conditions for periods of non 
occupation (governed, for instance by C02 concentration 
used as a monitor), 

- low occupancy operating conditions, which complement the 
above, 

- forced operating state, governed by the presence of 
humidity or C02 according to the intended purpose of the 
room in service and the manner in which it is fitted out. 
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Modern one-family houses in Scandinavia built before 1980 are often naturally 
ventilated and heated by electric baseboard heaters. The overall supply of fresh 
air is often inadequate during the heating season in many of these houses. Long 
periods of time individual rooms might get too little fresh air. The performance 
of a natural ventilation system is very much dependant upon the overall airtight- 
ness and the distribution of the airtightness of the building and the weather. 

This paper examines the performance of six modern one-family houses before and 
after the ventilation system was improved. Different means of improving venti- 
lation are described. The constant concentration tracer gas technique was used to 
examine the supply of fresh air. Fan pressurization combined with infrared pho- 
tography were employed to characterize the air leakage of the building. A sim- 
plified theoretical model was used to further evaluate the measurements. 

It is obvious from the tested houses that the overall ventilation and the ventilation 
of individual rooms were improved. The ventilation losses were increased and 
therefore energy conserving measures had to be taken. The overall costs were 
high compared with the energy savings obtained. 

LIST OF SUMBOLS 

ach = air changes per hour 

In Sweden there are close to 500000 one-family houses heated by electric basebo- 
ard heaters. Of them 90 % were built before 1980. In this group the most com- 
mon ventilation system is natural ventilation. Half of all houses with electric ba- 
seboard heaters were built between 1971 and 1980. 

The Swedish Council for Building Research has been asked by the Swedish go- 
vernment to carry out a program concerning the efficient use of electricity in 
buildings. Consequently one-family houses with electric baseboard heaters and 
with a high consumption of electricity are an area where research and 
development and demonstration projects are needed. 

Making the use of electricity efficient in one-family houses with electric heating 
includes measures to reduce the consumption and to reduce the power demand. In 
one project, which is carried out in four different cities (Ume$ Stockholm, Gate- 
borg and Lund), 37 one-family houses have been investigated. 

The object of the project is to show how electrically heated one-family houses can 
use electricty more efficiently employing existing techniques. The indoor climate 
is to be kept at the same level or improved. An important aspect of indoor cli- 
mate is ventilation, which was an important part of the investigation in Lund. 
This paper deals with the investigation in Lund, which included six houses . 



2. THE HOUSES TESTED 

Two types of houses were studied, a 1% storey detached one-family house and a 
one storey detached one-family house. Both types are very common in Sweden. 
The 1% storey house is part of a group of 100 identical houses built in 1974. The 
houses are 140 m2, with a kitchen, laundry, bathroom, living room, bedroom 
downstairs and three bedrooms and a bathroom upstairs. A detached non-heated 
storage also belongs to the house. The one storey house is part of a group of 120 
identical houses built in 1974. The houses are 121 d, with a kitchen, laundry, 
bathroom, living room and 3 - 4 bedrooms. 

The 1% and the one storey houses are built on a slab on grade. Space heating is 
provided by electric baseboard heaters and an electric heating cable (1 kW) inside 
the slab along the perimeter of the house. The exterior walls are of traditional 
wood frame construction with 120 mrn of mineral wool. The attic insulation 
consists of 150 mm of mineral wool. The windows have double panes. The 
window area is large, 28 % of the floor area. The houses are naturally ventilated 
with vertical shafts from bathrooms, kitchen and laundry. There are no supply 
vents for outdoor air. 

3. TEST METHODS 

The standard method for finding the leakage function of a building is fan pres- 
surization. The estimated inaccuracy in the measured air leakage is f 10 %. Ac- 
cording to the Swedish standard for fan pressurization all openings in the exterior 
envelope intended for ventilation purposes must be sealed before the test is per- 
formed. Other openings are kept closed. For the purpose of modelling air infiltra- 
tion and exfiltration it is advantageous to also make a test with open supply vents 
part of an exhaust fan ventilation system and with open vertical shafts part of a 
natural ventilation system. 

3.2 VENTILATION 

The most straightforward method of measuring the total ventilation rate i.e. the 
combined effect of mechanical ventilation and natural ventilation is to measure it 
directly (Blomsterberg 1990). In a mechanical ventilation system the air flow in 
the ducts can be measured with different techniques for volume and mass flow 
rate measurements. There are many ways of measuring total ventilation, and al- 
most all of them involve a tracer gas, which permits the indoor air to be labelled 
so that the outdoor air ventilation can be traced. 

The tracer gas is injected into and mixed with the indoor air and its concentration 
is monitored. The mixing is assumed to be complete, which is probably the largest 
single source of error in tracer gas measurements. There are three different sche- 
mes; decay, constant concentration, and constant flow of a tracer gas. All 



measurements are governed by the continuity equation. The single-chamber 
continuity equation is given here: 

where V is the effective volume, m3 
dC/dt is the time rate of change of concentration 

Q is the outdoor air ventilation rate, m3/s 
C is the concentration and 

F is the effective injected tracer gas flow rate, m3/s 

In the two houses tested a constant concentration of tracer gas was maintained in 
order to measure the ventilation rate. One of the principle advantages with this 
technique is that it eliminates the problem of estimating the effective volume as 
the effective volume is eliminated from the continuity equation (dC/dt = 0). The 
outdoor air ventilation is obtained directly. The field of application for the con- 
stant concentratio11 technique is to continuously monitor the supply of outdoor air 
to several individual rooms simultaneously, i.e. outdoor air which enters an indi- 
vidual room directly instead of first passing through an adjacent room. The esti- 
mated inaccuracy in the measured outdoor air ventilation rate is f 10 %. 

4. RESULTS AND DISCUSSION - BEFORE RECONSTRUCTION 

In all six houses the airtightness has been tested before reconstruction. When 
these houses were built there was no official requirement on airtightness. All 
houses were pressurized and depressurized with open and closed vertical shafts 
(see table 1). 

Table 1. Measured airtightness at 50 Pa, ach. 
House closed shafts open shafts 
# 1,l storey 295 474 
# 2, 1 storey 2,9 593 
# 3 , l  storey 2,9 4,5 
# 4,134 stol~y 41 5,4 
# 5,1% s t o ~ y  3,7 5,3 
# 6,1% storey 4,7 5,8 

All houses have a good level of airtightness, the one-storey houses even meet to- 
day's requirement. The 1% storey houses are leakier, generally due to the fact that 
it is difficult to achieve a good airtightness in the joints between ceiling and wall 
upstairs and the joint between the intermediate floor and exterior walls. This is in 
particular valid for a house without a continuous plastic airlvapour barrier. 

Tracer gas measurements using the constant concentration technique were per- 
formed in two houses, # 1 and # 4. House # 1 had a total outdoor air ventilation 
rate of 48 m3/h (0.16 ach) during a measuring period of 6 hours (see table 2 for 
individual rooms). 



Table 2. Measured outdoor air ventilation for individual rooms in house # 1, 
m3/h. The wind speed at a height of 10 m was 0.7 m/s and the outdoor air tempe- 
rature was 6 "C. 
Bedroom 1 7 
Bedroom 2 26 
Bedroom 3 3 
Kitchen/living room 1 
Study 1 
Bathroom 10 
Laundry 0 
Hallway A! 
Total 48 

House # 4 had a total outdoor air ventilation rate of 71 m3/h (0.21 ach) during a 
measuring period of 3 hours (see table 3 for individual rooms). 

Table 3. Measured outdoor air ventilation for individual rooms in house # 4, 
m3/h. The wind speed at a height of 10 m was 1.4 m/s and the outdoor air tempe- 
rature was 9 "C. 
Laundry 46 
Kitchen 13 
Bedroom 2 
Living room 6 
Bedroom upstairs 0 
Bedroom upstairs 0 
Living room upstairs 0 
Bedroom upstairs 0 
Bathroom upstairs - 4 
Total 7 1 

Both tested houses have an inadequate ventilation. Some individual rooms hardly 
receive any outdoor air at all. The outdoor air ventilation will probably be higher 
if it is windier. The wind direction decides which rooms will receive outdoor air 
in a leaky house. The outdoor air ventilation rate will also be higher if the out- 
door air temperature is lower than during the measurements i.e. more representa- 
tive for a winter. 

Low ventilation rates have been reported from many dwellings. Measurements of 
ventilation rates have been carried out in connection with energy analysis of 
buildings and with analysis of sick buildings. The Swedish Institue for Building 
Research has recorded measurements of ventilation rates in 900 dwellings (see 
table 4) (Lyberg 1989). The houses were not randomly sampled. The results are 
not statistically relevant. All values are from short term measurements and are 
not valid for an entire year. Most of the measurements were made with the tracer 
decay technique and can therefore have an inaccuracy o f f  30 %. 



The ventilation rate in naturally ventilated one-family houses tend to be lower the 
newer the house is. One-family houses built after 1972 have an average ventila- 
tion rate of 0.26 ach, which is half of the stipulated value of 0.5 ach. Houses with 
mechanic ventilation have a satisfying average ventilation. The variation between 
individual houses is, however, considerable. 

Table 4. Measured ventilation rates in 900 dwellings (recorded by the Swedish 
Institue for Building Research). 
Type of dwelling Ventilation system ach 

Apartment Exhaust fan 0.63 f 0.23 
One-family house Exhaust fan 0.48 f 0.18 
Mixed Balanced 0.64 f 0.17 
Natural ventilation 
Apartments 
built before 1940 0.62 f 0.22 
built 1940- 1960 0.55 f 0.27 
built after 1960 0.33 f 0.13 
One-family house 
built before 1960 0.45 f 0.29 
built 1960- 197 1 0.38 f0.20 
built after 197 1 0.26 f 0.14 

Previous investigations carried out by the Swedish National Testing and Research 
Institute show that the ventilation rate can be low not only for entire one-family 
houses, but even lower for individual rooms. This is especially true for naturally 
ventilated houses, but also true for exhaust fan ventilated houses. 

In order to determine the ventilation rate during the heating season calculations 
were made using the LBL-model1 (Blomsterberg 1990). The calculations were 
first made for the tracer gas measuring periods (see table 5). The agreement bet- 
ween model1 and measurement is reasonable for a winter day with mild weather. 

Table 5. Calculated (LBL-modell) ventilation rates vs measured ventilation rates. 
House # 1 House # 4 

Ceiling leakage arera, cm2 80 200 
Floor leakage area, cm2 0 0 
Total leakage area, cm2 170 400 
Vertical shaft leakage area, cm2 80 30 
Wind speed, rn/s 0.7 1.4 
Outdoor temperature, OC 6 9 
Calculated ventilation, m3/h (ach) 38 (0.12) 80 (0.23) 
Measured ventilation, m3/h (ach) 48 (0.16) 71 (0.21) 

Estimates for a heating season during a reference year give a ventilation rate of 57 
m3/h (0.19 ach) for house # 1 and 126 m3/h (0.37 ach) for house # 4. 



The houses are not airtight enough for a balanced ventilation system. The instal- 
led exhaust air heat pump delivers heat to domestic hot water and to two centrally 
located radiators. 

The main improvement to the building envelope was new windows. The old 
double-pane windows (U = 2.5 W/ m2 OC) were exchanged for new quadruple- 
pane windows (U = 1.0 W/ n-9 OC). 

6. RESULTS AND DISCUSSION - AFTER RECONSTRUCTION 

After reconstruction all houses were pressurized and depressurized again. This 
time it was done with open and closed supply vents (see table 6). 

Table 6. Measured airtightness at 50 Pa, ach, before and after reconstruction. 
House closed vents open vents 

before after before after 
# 1, 1 storey 2,5 291 494 299 
# 2 , l  storey 299 294 573 390 
# 3, 1 storey 299 294 475 391 
# 4,1% storey 4,l 5,9 5,4 6,7 
# 5,1 $5 storey 3,7 3,s 5,3 4,6 
# 6,1% storey 4,7 4,6 5,8 5,4 

The 1-storey houses met today's requirement before and have become even air- 
tighter, mainly due to new windows. Two of the 1%-storey houses have 
unchanged airtightness and the third has become leakier. The window areas have 
become airtighter for the same reason as for the 1-storey houses, but more new 
penetrations for heating and ventilation have worked against this improvement. 

Tracer gas measurements using the constant concentration technique were per- 
formed in two houses, # 1 and # 4. House # 1 had a total outdoor air ventilation 
rate of 52 m3/h (0.17 ach) before and 151 m3/h (0.50 ach) after reconstruction (see 
table 7 for individual rooms). 

Table 7. Measured outdoor air ventilation for individual rooms in house # 1 be- 
fore and after reconstruction, m3/h. 

Before After 
Outdoor temperature, "C 6 6 
Wind speed, m/s 0.7 4 
Bedroom 1 7 20 
Bedroom 2 26 12 
Bedroom 3 3 10 
Kitchenlliving room 1 42 
Study 1 25 
Bathroom 10 9 
Laundry 0 26 
Hallway 4 i! 
Total 48 151 



ENT MEANS OF IMPROWG NATURAL VENTILATION 

The aim is to improve the air exhange in individual rooms and the whole house. 
A ventilation system should be able to provide outdoor air to the whole house. 

Swedish one-family houses built during the seventies with natural ventilation are 
often reasonably airtight, although they usually do not meet the Swedish Building 
Code requirement for 3.0 ach at 50 Pa. This means that the ventilation rate (excl. 
airing) most of the time is too low i.e. below 0,5 ach. Individual rooms, especi- 
ally with doors closed, can have a very low ventilation rate. One improvement 
would be to to install temperature controlled supply vents in the exterior walls. 
The maximum opening area of these vents has to be large enough compared with 
the leakage area of the building envelope. The advantages would be a less vary- 
ing ventilation rate and a better distribution of outdoor air between individual 
rooms. The disadvantages would be sligthly raised overall ventilation energy los- 
ses due to somewhat increased ventilation and no possibility for heat recovery. 

Another alternative of improving natural ventilation is to install supply vents in 
the exterior walls and a temperature controlled fan in the vertical shafts . M e n  it 
is cold outside the fan will not run and the ventilation will be all natural. During 
warm and mild periods, when the stack effect is insufficient, the fan will increase 
the ventilation rate. The advantages would be a raised and more constant ventila- 
tion rate and a better distribution of outdoor air between individual rooms. The 
disadvantages would be raised ventilation energy losses due to increased ventila- 
tion and no possibility for heat recovery. 

Sofar the suggestions have meant improving on the existing systems for natural 
ventilation. Another option is to install a completely new ventilation system i.e. 
mechanical balanced ventilation or exhaust only. A balanced ventilation system 
should only be installed in a very tight building (Blomsterberg 1990). The advan- 
tages would be a raised and constant ventilation rate, a controlled distribution of 
outdoor air between individual rooms and the possibility to install a heat recovery 
system e.g. an air-to-air heat exchanger. The main disadvantage would be high 
costs. New ductwork for supplying and exhausting air has to be installed. 

If an exhaust fan ventilation system with supply vents is to be installed the house 
does not have to be as airtight as for the balanced ventilation system. The re- 
commendation is 3.0 ach at 50 Pa (incl. open supply vents) (Blomsterberg 1991). 
The advantages would be a raised and constant ventilation rate, a fairly well con- 
trolled distribution of outdoor air between individual rooms and the possibility to 
install a heat recovery system e.g. an exhaust air heat pump. The main disadvan- 
tage would be high costs. Using an exhaust air heat pump more heat can be reco- 
vered then by an air-to-air heat exchanger. The vertical shafts can to some extent 
be used for the installation of exhaust air ducts. 

For the tested houses the last alternative was chosen. The reason for the choice 
was that the aim of the project was to make the use of electricity more efficient at 
the same time as the indoor climate is maintained at the same level or improved. 



House # 4 had a total outdoor air ventilation rate of 71 m3/h (0.21 ach) before and 
141 m3/h (0.41 ach) after reconstruction (see table 8 for individual rooms). 

Table 8. Measured outdoor air ventilation for individual rooms in house # 4 be- 
fore and after reconstruction, m3/h. 

Before After 
Outdoor temperature, "C 9 4 
Wind speed, m/s 1.4 3 
Laundry 46 32 
Kitchen 13 2 1 
Bedroom 2 24 
Living room 6 25 
Bedroom upstairs 0 1 
Bedroom upstairs 0 5 
Living room upstairs 0 10 
Bedroom upstairs 0 13 
Bathroom upstairs - 4 10 
Total 7 1 141 

In both houses the overall ventilation and the ventilation of individual rooms have 
been improved after the reconstruction. The new ventilation system will of 
course have the problem that the colder the weather the lower the outdoor air and 
the overall ventilation of the bedrooms and the living room upstairs will be. The 
stack effect is then more powerful than the exhaust fan. To counteract this effect 
the building envelope has to be airtighter (Blomsterberg 1991). 

In order to determine the ventilation rate during the heating season calculations 
were made using the LBL-model1 (Blsmsterberg 1990). The calculations were 
first made for the tracer gas measuring periods (see table 9). The modell overes- 
timates the ventilation for house # 4. According to the measurements the exfil- 
tration is very low. For colder weather there will most likely be some exfiltration. 

Table 9. Calculated (LBL-modell) ventilation rates vs measured ventilation rates. 
House # 1 House # 4 

Ceiling leakage arera, cm2 70 325 
Floor leakage area, cm2 0 0 
Total leakage area, cm2 145 525 
Wind speed, m/s 4 3 
Outdoor temperature, "C 6 4 
Calculated ventilation, m3/h (ach) 155 (0.51) 192 (0.56) 
Measured ventilation, m3/h (ach) 151 (0.50) 141 (0.41) 
Measured exhaust air flow, m3/h 150 140 

Estimates for a heating season during a reference year using the LBL-modell give 
a ventilation rate of 155 m3/h (0.5 1 ach) for house # 1 and 205 m3/h (0.64 ach) for 
house # 4. A reasonable assumption for house # 1 is 0.51 ach as calculated and 
for house # 4 0.5 ach instead of as calculated 0.64 ach . 



A comparison of ventilation heat losses for an entire year show increased and re- 
duced ventilation energy losses (see table 10). The calculated heat losses after re- 
construetion are based on measured exhaust air temperatures. Degree day values 
were used. 

Table 10. Calculated ventilation heat losses before and after reconstruction, kwh, 
for the reference year of 197 1 from Stockholm. 
House Before After (actual) After (feasible) 
# 1 2200 3900 450 
# 4  4800 4900 950 

7. CONCLUSIONS AND RECOMMENDATIONS 

Modern one-family houses in Scandinavia built before 1980 are often naturally 
ventilated and heated by electric baseboard heaters. The overall supply of fresh 
air is often inadequate during the heating season in many of these houses, and of- 
ten individual rooms are poorly ventilated. The performance of a natural ventila- 
tion system is very much dependant upon the overall airtighness and the distribu- 
tion of the airtightness of the building and the weather. 

Six modern one-family houses were examined before and after the ventilation 
system was improved. The system for natural ventilation was exchanged for an 
exhaust fan ventilation system incorporating an exhaust air heat pump. It is ob- 
vious from the tested houses that the overall ventilation and the ventilation of in- 
dividual rooms were improved. The ventilation losses were increased and there- 
fore energy conserving measures had to be taken. The overall costs for the new 
system were high compared with the energy savings obtained. 

For mechanical ventilation with heat recovery to really make sense the house has 
to have a good level of airtightness. Older houses with natural ventilation are of- 
ten not airtight enough. There are also practical problems in installing new venti- 
lation systems in existing houses. 

1. BLOMSTERBERG, A. "Ventilation Control Within Exhaust Fan Ventilated 
Houses". Proceedings of the 12th AIVC Conference, Coventry, Great Britain, 
1991. 

2. BLOMSTERBERG, A. "Ventilation and airtightness in low-rise residential buil- 
dings - Analyses and full-scale measurements" Ph. d. thesis, Swedish Council for 
Building Research, D10:1990, Stockholm, Sweden, 1990. 

3. LUBERG, M., BOMAN, CA and SKOGSBERG,S. "The actual air change rate in 
one thousand dwellings". VVS & Energi Journal # 3, Stockholm, Sweden, 1989 
(in Swedish). 
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Synopsis 

A cross-flow polymer membrane enthalpy exchanger has been 

designed which provides both heat recovery and moisture 

diss ipat ion i n  the  vent i la t ion of l iv ing  spaces. The exchanger i s  

of benef i t  i n  providing fresh a i r  during both cooling and heating 

seasons with minimum loss  of energy. A prototype of the  enthalpy 

exchanger has been constructed and tes ted.  

The a i r  leakage of the  equipment has been found t o  be 

negligible; t h a t  is, the  two a i r  streams a re  indeed non-mixing. 

Testing f o r  eff ic iency of the  equipment involved the measurement 

of dry bulb and w e t  bulb temperatures i n  each of the  four ports.  

The measured temperature values w e r e  used t o  calculate  the  

eff ic iency of the  exchanger. The r e su l t s  show a t o t a l  eff ic iency 

of 72%, w i t h  71% sensible heat recovery and 74% l a t en t  recovery. 

These e f f ic ienc ies  were achieved a t  an a i r  flow ra t e  of 1 .7  

m3/minute (60 cfm) . The measured moisture t ransfer  r a t e s  exceed 

the  predicted moisture t ransfer  ra tes  by factors  of two and three.  

Background 

An enthalpy exhanger is  a device which allows the  benef ic ia l  

t ransfer  of heat and moisture between two non-mixing a i r  streams. 

Such devices a r e  useful t o  reduce the  energy penalty (sensible and 

l a t en t )  f o r  providing fresh a i r  t o  building occupants. Enthalpy 

exchange is par t icu la r ly  desirable  i n  hot, humid climates, where 

t h e  difference between indoor and outdoor dry bulb temperature may 

be small, but the  difference i n  moisture leve ls  may be great .  The 

complaint is often heard "It's not the  heat, i t ' s  the humidity." 

Barringer and McGugan (1989) conclude t h a t  "when reduction of 

cooling cost  is  the  main consideration, exchangers with moisture 

recovery a re  preferable t o  sensible HRVs." Enthalpy exchange i s  

desirable i n  heating climates, a s  well, i n  order t o  reduce t h e  

po ten t ia l  fo r  f r o s t  closure of the  device. 

There a re  several  types of a i r  exchange vent i la tors  i n  use. 

Most a i r - to-air  exchange vent i la tors  a r e  sensible heat ven t i la tors  



t h a t  permit no moisture t r a n s p o r t  between t h e  two a i r  streams. 

There a r e  severa l  types  of enthalpy ( sens ib le  + l a t e n t )  exchangers 

i n  use. These include r o t a r y  wheel (with and without d e s s i c a n t ) ,  

p l a t e ,  and porous p l a t e .  

Description 

The apparatus described here  is  a prototype of a plate-type 

enthalpy exchanger which uses  a spun-bonded polyethylene membrane 

t o  separa te  t h e  two a i r  streams: intake-supply and return-exhaust.  

The membrane i s  i d e n t i c a l  t o  t h e  membrane i n  common use a s  a 

house-wrap and a s  a 81breathable11 envelope mater ia l .  The product 

c h a r a c t e r i s t i c s ,  der ived from a v a i l a b l e  product l i t e r a t u r e ,  a r e  

given i n  Table 1. The membrane product was selected because of i ts  

high water vapor permeance and i ts low a i r  leakage 

c h a r a c t e r i s t i c s .  

The membrane is  folded and wrapped i n  aa  fashion t o  maximize 

t h e  exposure of  t h e  membrane shee t  t o  t h e  passage of a i r  i n  both 

d i r e c t i o n s .  The wrapping is  schematical ly i l l u s t r a t e d  i n  Figure 1. 

The shee t  is  folded i n  successive loops; then t h e  edges a r e  

sealed,  c r e a t i n g  t h e  separa ted  chambers f o r  a i r  passage. I n  t h e  

prototype which was cons t ructed  f o r  t h i s  research, t h e  j o i n t s  a r e  

sea led  using an adhesive tape;  a refinement of t h e  design would 

involve t h e  use of heat  s e a l i n g  of t h e  jo in t s .  This design i s  a 

counterflow design, which has  inheren t ly  higher design 

e f f i c i e n c i e s  than tandem flow. 

It may be evident  from t h e  schematic i l l u s t r a t i o n  t h a t  t h e  

membrane is  not  maintained i n  a pe r fec t  f l a t  plane but  i s  skewed. 

This i n e v i t a b l y  r e s u l t s  i n  i r r e g u l a r l y  shaped passages of varying 

opening width, and o f f e r i n g  va r i ed  r e s i s t a n c e  t o  a i r  movement 

within t h e  device.  It i s  a l s o  evident ,  given t h e  rec tangular  shape 

of t h e  exchanger, t h a t  t h e  membrane su r face  is not of optimally 

e f f i c i e n t  shape. The corners  a t  r i g h t  angles  should not  be 

expected t o  have uniform a i r  movement. The seams i n  t h e  membrane 

were joined us ing a t a p e  s p e c i f i e d  f o r  use with t h e  membrane. When 

taped, t h e  folded and wrapped membrane forms a core.  

The membrane core  was a t tached t o  end chambers of c l e a r  

r i g i d  a c r y l i c  p l a s t i c .  The apparatus is  shown i n  t h e  i l l u s t r a t i o n  



of Figure 2. Axial single-speed fans  were a t tached t o  t h e  in take  

and r e t u r n  chambers. The e f f e c t  of using fans  on these  two p o r t s  

is  t o  equa l i ze  t h e  a i r  pressures  across  t h e  membrane and t o  keep 

t h e  apparatus i n  p o s i t i v e  p ressure  with respect  t o  ambient 

pressure  dur ing  operat ion.  It was assumed t h a t  t h e  apparatus 

opera t ing  i n  p o s i t i v e  pressure  would be less l i k e l y  t o  cause 

c o n s t r i c t e d  a i r  passages. 

Test methods 

I n  t h e  U.S., hea t  recovery v e n t i l a t o r s  (HRVs) a r e  tested by 

t h e  Home Ven t i l a t ing  I n s t i t u t e ,  using a s tandard  test method based 

on Canadian Standards Associat ion CAN/CSA-C439-88 "Standard 

Methods of  T e s t  f o r  Rating t h e  Performance of  Heat-Recovery 

Vent i la tors"  A t  present ,  t h e s e  tests a r e  conducted i n  only one 

labora tory .  The s tandard  test method involves measurement of :  

0 temperature and humidity a t  t h e  four  por t s ,  

0 c r o s s  leakage, 

0 energy consumption of fans, c o n t r o l l e r s ,  etc., and, 

0 n e t  a i r  flow r a t e s  and s t a t i c  pressures  developed. 

The s tandard  presents  a method f o r  us ing t h e  measured values 

t o  c a l c u l a t e  t h e  e f f i c i e n c y  of t h e  exchanger. There a r e  t h r e e  sets 

of environmental condi t ions  f o r  t h e  s tandard  test of heat  recovery 

e f f i c i e n c y  according t o  t h e  HVI standard: 

0 indoor a i r  a t  71.8OF (22.1°C) and 40% r e l a t i v e  

humidity, "outdoorw a i r  a t  32OF (O°C), and, 

0 indoor a i r  a t  71.8OF (22.1°C) and 40% r e l a t i v e  

humidity, "outdoor" a i r  a t  -13OF (-25OC), and, 

0 indoor a i r  a t  75OF (23.g°C) and 50% r e l a t i v e  

humidity, "outdoor" a i r  a t  95OF (35OC) a t  50% r e l a t i v e  humidity 

(op t iona l ) .  

The f i r s t  test i s  intended t o  measure performance dur ing 

m i l d  hea t ing  c l imate  condit ions,  t h e  second, under severe heat ing  

c l imate  condit ions,  and t h e  t h i r d  under hot ,  humid outdoor 

condi t ions  (cooling c l ima te ) .  

A f a c i l i t y  a t  t h e  Universi ty of I l l i n o i s  was used t o  conduct 

tests on t h e  prototype enthalpy exchanger. This f a c i l i t y  was not 

equipped t o  maintain t h e  s tandard  condit ions.  The intended use of 



this equipment is primarily for hot, humid climate, so the first 

two climate conditions were not applied. The following tests were 

conducted on the prototype equipment: 

e dry bulb and wet bulb temperature at the four ports, 

e cross leakage, and 

e net air flow rates. 

The energy consumption was not metered, but rather was 

estimated from the electrical ratings of the two fans. LZ) static 

pressure test was not conducted because it was felt that the test 

deviates significantly from the pressure regimen maintained by the 

equipment during operation, so that the results would be of little 

value. It is important to note that the methods used were not HVI 

standard methods, because the equipment available was not capable 

of achieving and maintaining the conditions of the standard test. 

Dry bulb and wet bulb temperature 

Type "Tw thermocouples were used to measure temperature. A 

reference thermistor was used for all eight thermocouples in this 

test, and the EMF was converted to temperature using a fifth-order 

polynomial resident in the data acquisition unit. 

Wet bulb temperature measurements were taken using aspirated 

psychrometry; that is, a cotton wick was placed around the 

junction of each wet bulb thermocouple, and the wick was 

maintained wet from a nearby water source. The moving air stream 

in the exchanger itself obviated the need for a separate air flow 

source. The contribution of moisture from the wet bulb 

thermocouple to the overall performance of the apparatus was 

assumed to be negligible. A schematic drawing of the thermocouple 

placement is shown in Figure 3. 

Considerable difficulty was encountered in maintaining the 

wicks so that they neither dried out nor dripped water. Data which 

showed the wet bulb temperature converging toward the dry bulb 

temperature were not included in this study. Wet bulb psychrometry 

may be the source of considerable error. In the data used for 

calculation, it is assumed that there was sufficient water on the 

wick for proper aspiration. If indeed the wick lacked proper 

moisture, then the humidity of the air stream would be seen as 

erroneously high. 



Leakage 

Leakage was tested using methods developed i n  t h e  t e s t i n g  

f o r  a t t i c  v e n t i l a t i o n  (Hinrichs 1962)' t h a t  is, smoke t e s t i n g .  

Though t h e  drawbacks t o  t h i s  method a r e  t h a t  it i s  messy and 

p o t e n t i a l l y  d e s t r u c t i v e  of membrane performance, it has t h e  

d i s t i n c t  advantage of  allowing continuous concentrat ion 

measurements a t  i n t e r v a l s  a s  smal l  a s  t h r e e  seconds. A f u r t h e r  

advantage, i n  t h i s  case, is t h a t  t h e  deposi t  of  smoke p a r t i c l e s  on 

t h e  membrane allows, a f t e r  disassembly of  t h e  prototype, an 

inspect ion  of t h e  apparatus f o r  e f f i c i ency .  The leakage test se tup 

is  shown i n  Figure 4. Three s o l a r  spectrum pyrgeometers w e r e  used 

a s  s e n s i t i v e  photovol ta ic  cells. The test was conducted outdoors 

i n  t h e  shade, us ing  i l luminat ion  from a c l e a r  sky. A dense smoke 

source (from a marine s i g n a l  f l a r e )  was discharged i n t o  t h e  r e tu rn  

p o r t .  Concentrations of smoke i n  t h e  supply and exhaust p o r t s  were 

measured us ing vol tage  output from t h e  pyrgeometers. It is  assumed 

t h a t  t h e  reduction i n  vol tage  output from t h e  pyrgeometer is 

d i r e c t l y  propor t ional  t o  t h e  increase  i n  concentrat ion of  smoke 

p a r t i c l e s  between t h e  l i g h t  source and t h e  pyrgeometer. 

H V I  uses Exhaust A i r  Transfer  Ratio (EATR) a s  t h e  r a t i o  of 

t h e  leaked a i r  t o  t h e  t o t a l  a i r  supplied.  I n  t h i s  instance,  t h e  

EATR t h a t  was measured was t h e  r a t i o  of  t h e  exhausting a i r  i n  t h e  

supply p o r t  t o  t h e  gross  exhaust ing a i r  flow. It should be noted 

t h a t  t h e  smoke leakage test was assumed t o  be a test t h a t  would 

damage t h e  membrane, and s o  it was conducted only a f t e r  a l l  o the r  

tests w e r e  completed. 

I l luminat ion  values were sampled a t  three-second i n t e r v a l s .  

I l luminat ion  values were gathered f o r  f i v e  minutes both before  and 

a f t e r  t h e  smoke test, and those  values w e r e  averaged. The values 

taken dur ing t h e  one-minute test were averaged, and t h e  two sets 

of values w e r e  compared. The opaquing a t  t h e  r e t u r n  por t ,  i n t o  

which t h e  smoke was in jec ted ,  was found t o  be 42%. The opaquing a t  

t h e  exhaust p o r t  was found t o  be 40%. The opaquing a t  t h e  supply 

p o r t  was neg l ig ib le :  0.78%. There was no smoke v i s i b l y  leaking 

i n t o  t h e  supply p o r t .  Of course, t h e r e  was no leakage i n t o  t h e  

in take  por t ,  which received i t s  a i r  mechanically from t h e  outs ide .  

So, f o r  purposes of t h i s  repor t ,  l o s ses  due t o  leakage i n t o  t h e  



supply port are ignored. The test did not measure leakage to the 

outside. Slight leakage to the outside could be seen, and the same 

is indicated in comparing the opaquing at the return port where 

the smoke was injected (42%) with the opaquing at the exhaust port 

(40%). 

The aim of this test was to examine the equipment for gross 

leakage through cracks in the assembly. Porosity of the membrane 

to the crossover of air molecules was not tested. 

Flow rate 

The net flow rate was measured at the supply and exhaust 

ports using a velometer. The diameter of the port is 3 1/2 inches 

(89mm). The flow rate, calculated from the velometer reading 

(length) times the port opening area, is 60 cfm (1.7 m3/min) in 

each direction. This flow rate may be considered adequate for one 

person in a dwelling, but would not be considered adequate for 

meeting the fresh-air requirements of a family of four. 

Resutts 

Data were collected during a two day period using 

environmental conditions limited to the capacity of the university 

facility. The llindoorw and woutdoor" conditions are shown in Table 

3. Values for the dry bulb and wet bulb measurements during the 

test period were averaged. The averages were used to derive other 

psychrometric values, namely, humidity ratio and total enthalpy. 

Relations found in ASHRAE Handbook of Fundamentals (1989) were 

used in making these conversions. It may be noted that wet bulb 

psychrometry was appropriate for this analysis due to the 

similarity between wet bulb temperatures and enthalpy values, and 

due also to the uniformly moving air stream. 

The output values are shown in Table 4. This table also 

contains the values used in the calculation of three efficiencies: 

sensible, latent and enthalpy. In each of these three cases, the 

efficiency is defined to be the ratio between the beneficial 

contribution by the equipment (Intake - Supply) compared to the 
range of indoor and outdoor condtions (Intake - Return). The HVI 

standard requires that these efficiencies be modified to become 

"netw efficiencies by multiplying the values by the Exhaust Air 



Transfer Ratio. In the  present test, t h a t  reduction was found t o  

be negligible, so  the  e f f ic ienc ies  stand a s  calculated from the 

temperatures. 

The findings a r e  represented graphically i n  Figures  5 and 6 .  

Calculation of t he  humidity r a t i o  permits the  r e su l t s  t o  be posted 

on a psychrometric chart ,  allowing the  e f f ec t  of the  exchanger on 

the  charac te r i s t ics  of the  two a i r  streams t o  ea s i ly  i l l u s t r a t ed .  

Figure  5 shows the  process undergone by each a i r  stream. It is 

apparent i n  viewing t h i s  chart  t h a t  one cannot maintain the  

assumption t h a t  a l l  heat and a l l  mass being t ransferred i n  t he  

apparatus is  being t ransferred t o  the  opposing a i r  stream. 

Clearly, the  moisture l o s s  i n  the  supply a i r  stream is greater  

than the  moisture gain i n  t h e  exhausting a i r  stream. This is due, 

most l ike ly ,  t o  losses  t o  t h e  outside from the  exhausting a i r  

stream. It may a l so  be due t o  e r ro r s  due t o  w e t  bulb psychrometry, 

a s  described above. 

The same graphical method is applied i n  Figure 6, which 

i l l u s t r a t e s  the  e f f ic ienc ies  derived from the  calculations.  

The predicted moisture t r ans fe r  r a t e  has been compared t o  

the  measured t r ans fe r  r a t e .  The calculations a r e  shown i n  Table  5. 

It can be seen t h a t  the  ac tua l  r a t e  of moisture t ransfer  exceeds 

the  predicted r a t e  by a factor  of two i n  the  exhausting a i r  stream 

and by a fac tor  of three i n  the  supply a i r  stream. This should not 

be surprising.  Permeance t e s t i n g  of materials takes place under 

standard low ra t e s  of a i r  flow over only one surface of a 

dif fusing membrane. In t h i s  instance, there  is  a high r a t e  of a i r  

flow over two surfaces. The difference i n  moisture t ransfer  ra tes  

between the  supply and the  exhausting a i r  streams is, a t  present, 

a t t r i bu t ed  t o  a i r  leakage out of the  apparatus from the supply a i r  

stream. 

Discussion 

Two concerns a r e  often ra ised with regard t o  the  performance 

of air-to-air  exchangers with non-metallic cores: f i r e  sa fe ty  and 

indoor a i r  quali ty.  F i r e  sa fe ty  concerns can often be addressed by 

separating the flammable core from possible sources of combustion, 



often by incorporating it i n  metal ductwork. Of course, f i r e  

movement through the  ductwork must be addressed as  w e l l .  

The core of an enthalpy exchanger should not be a harbor fo r  

i r r i t a t i n g ,  a l le rgenic  o r  tox ic  microorganisms. In the  development 

of an appropriate exchanger, it w i l l  be very important t o  study 

the conditions under which the  membrane material  supports t he  

growth of harmful microbes. A long study period should predate any 

commercial introduction. 

Further development of t h i s  apparatus should include t h e  use 

of a replaceable core, which can be removed for  t es t ing .  

Conclusions 

A prototype of a cross-flow plate-type enthalpy exchanger 

has been constructed and tested. It is shown t o  be qu i te  f r ee  of 

leakage. It is  a l so  shown t o  be qu i te  e f f i c i e n t  i n  both sensible 

and l a t en t  t ransfer .  An apparatus with such performance may be of 

considerable benef i t  i n  reducing the  energy penalty often 

associated with providing fresh a i r  t o  occupants i n  conditioned 

spaces. This is  par t icu la r ly  t r u e  i n  climates where cooling finds 

frequent use. 

References 

ASHRAE 
Handbook of Fundamentals 1989 

CANADIAN STANDARDS ASSOCIATION 
"Standard methods of test fo r  ra t ing  the  performance of heat 
recovery vent i la torsw 
CAN/CSA-C439-88. 

BARRINGER, C.G, and McGUGAN, C.A. 
"Effect of res ident ia l  a i r - to-air  heat and moisture exchangers on 
indoor humidity1' 
ASHRAE Transactions, V. 95, P t .  2. 1989. 

FISK, W. J., PEDERSEN, B. S . , HEKMAT, D., CHANT, R.E., and KABOLI, 
H. 
"Formaldehyde and t r ace r  gas t ransfer  between airstreams i n  
enthalpy-type ai r - to-air  heat  exchanger^.^^ 
ASHRAE Transact i~ns,  Vol. 90, Par t  l B ,  1985. pp. 173-186. 

HINRICHS, H . S . 
l'Comparative study of t h e  effectiveness of f ixed vent i la t ing  
louvers. " 
ASHRAE Transactions, no. 1791. 1962. 

HOME VENTILATING INSTITUTE 
"Heat Recovery Ventilator (Ducted) Product Cert i f icat ion 
Specificationw 
no date. 



Water Vapor Transmission 2755 ngl(s*m2*Pa) 48 perms ASTM E-96 
Porosity 17.6 sec/l Oh-sq.in. Gurley-Hill 

width 0.60 m 23.75 in. 
length 1.14 m 45 in. 
slot opening 0.02 m 314 in. 
no, of openings in height 24 (two thicknesses) 
total membrane area 37.23 m2 400.8 sq.ft. 
flow rate 1.70 m3/min 60 cfm 

Table 3: Test conditions 

Intake ("outdoor) . 
dry bulb temperature 
wet bulb temperature 

Return ("indoor") 
dry bulb temperature 
wet bulb temperature 

Table 4: Results 

supply 
dry bulb temperature 19.5 O C  67.1 O F  

wet bulb temperature 15.7 O C  60.2 O F  

Exhaust 
dry bulb temperature 22.3 O C  72.1 O F  

wet bulb temperature 16.8 O C  62.3 O F  

D y  bulbinw - dry bulb,, 10.8 O C  19.4 O F  

Dry bulbinm - dry b ~ l b ~ ~ ~ ~ ~ ~  7.6 O C  13.7 O F  

sensible efficiency 7O.W 
Humidity ratioinw - humidity ratio,,, .006 
HumidFty ratiointake - humidity ratiosupply ,004 

latent efficiency 74% 
Enthalpyinw - enthal~y,~, 4.97 kg caVkg 8.96 Btullb 

Enthalpy,nw - enthalpy,p@y 3.60 kg callkg 6.49 Btullb 
enthalpy effi~iency 72.4% 



surface area 37.23 m2 400.8 sf 
perrneance 2755 ng/(m2*s*Pa) 48 perms 
average vapor pressure difference 290 Pa .086 inHg 
predicted transfer rate .0297 g/s 1651 grainsthr 

volume flow rate 1.7 m3/min 60 cfm 
mass flow rate 121 kg4,1hr 266.7 b4,1hr 
humidity ratio loss: supply air stream .0030 
humidity ratio gain: exhausting air stream .0012 
measured transfer rate: supply air stream 0.1 00 g/s 5591 grainslhr 
measured transfer rate: exhausting air stream .0415 g/s 2306 grainsthr 



Figure 1 .'Schematic illustratbn of wrapping of membrane, showing the cross flow 
movement of the two non-mixing air streams. 

Figure 2. Drawing of enthalpy exchanger constmdion showing the membrane core, and 
acrylic plastic end ports. 



wet bulb psychrometer 
dry bulb thermocouple 

Figure 3. Test setup for measurement of wet bulb and dry bulb temperature. These 
measurements are used in the calculation of efficiency (sensible, latent and total 
enthalpy). 

SUPPLY EXHAUST 

Figure 4. Schematic illustration of test setup for leakage. Smoke is introduced into 
the return air stream. The amount of opaquing measured by the pyrgeometers 
(photocells) is porportional to the concentration of smoke in that port. Leakage 
from the exhausting air stream into the supply stream was measured. Leakage 
to the exterior was not. 



Psychrometric conditions of two air streams in enthalpy 
exchanger 
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Figure 5. Chart showing psychrometric conditions of the two air streams. 

Figure 6. Chart showing the sensible, latent and total efficiencies of the 
enthalpy exchanger. 

Efficiency representation: sensible, latent, and enthalpy 
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Summary 

This paper investigates quantitatively the energy conserva- 

tion achieved by balanced ventilation with heat recovery and 

upstream ground heat exchanger. The investigations were con- 

ducted on an occupied single-family house equipped with such 

a balanced ventilation system. The heat recovery unit of 

this system consists of a plate-type heat exchanger with a 

downstream small air-to-air heat pump. In addition this 

house is equipped with a ground heat exchanger. 

This balanced ventilation system with heat recovery and up- 

stream ground heat exchanger not only covers the entire ven- 

tilation heat requirement for the house, but also a part of 

the transmission heat requirement. . 

. i  

Symbols and abbreviations 

~rbund heat exchanger 

el. Hzg. Electrical storage heating units 

Gt Degree days 

WGT Heat recovery unit 

'l, m, Erdrohranf ang mean air temperature at the beginning of 
the ground heat exchanger 

'I,, m, Erdrohrende mean air temperature at the end of the 

. . 
ground heat exchanger 



Introduction 

In low-energy houses, the transmission heat requirement of 

the building is reduced by the high heat insulation standard 

to such an extent that the ventilation heat requirement is 

becoming increasingly significant. An important step in the 

direction of ventilation heat loss reduction is the in- 

stallation of a mechanical balanced ventilation system with 

heat recovery. The heat recovery unit can be a plate-type 

heat exchanger or a combination of plate-type heat exchanger 

and downstream small air-to-air heat pump. 

An additional option for reducing the ventilation heat 

losses is to instal a ground heat exchanger. The outdoor air 

is drawn through a pipe buried in the ground and only passes 

into the dwelling via the heat recovery unit. In this way 

the supply air is preheated in winter and partial cooled in 

summer, In addition, in the summer the outdoor air is par- 

tial dehumidified if the temperature falls below the dew 

point in the ground heat exchanger. This should not be un- 

derestimated with regard to comfort, since in summer supply 

air which is cooler and drier than the outdoor air is expe- 

rienced as pleasant. 

If the ground heat exchanger is correctly designed, the sup- 

ply air temperature at the end of the ground heat exchanger 

is, in winter, not lower than O°C,  even with extremely low 

outdoor air temperatures, This is very important in order to 

avoid problems regarding any possible icing up of the plate- 

type heat exchanger in the heat recovery unit. In the summer 

the cooling of the outdoor air is becoming increasingly im- 

portant because of the problem of easily achievable over- 

heating in modern, highly insulated low-energy houses. 



System of balanced ventilation with heat recovery and up- 

stream ground heat exchanger 

The ground heat exchanger set up for a single-family house 

in southern Germany was designed with regard to practical 

considerations. Mini- 

misation of installa- 

tion costs was a 

prime factor. In or- 

der to avoid the need 

for an additional 

trench and the re- 

155 lated extra costs, 
ldep -. 

the ground heat ex- 

changer was laid on 

the floor of the 

trench 

around the house. 

Fig. 1 Scheme of the ground heat 
This also determined 

exchanger the length of the 

heat exchanger, name- 

ly 42 meters. Because of the need to reliably take off the 

condensate produced in the summer, a corrugated tube was not 

used for the ground heat exchanger, but a smooth folded 

spiral-seam tube, and this was laid at an incline of 2 %. 

The inside diameter of the tube is 125 mm, the wall thick- 
ness 0.8 mm. The position of the ground heat exchanger with 

details of the laying depth and distance from the house is 

shown schematically in Figure 1. 

Figure 2 shows the scheme of the entire ventilation system. 

The outdoor air is conveyed through the ground heat exchang- 

er using a tube fan with a measured power consumption of 50 

W. The volumetric flow is 140 m3/h. After it has flowed 

through the ground heat exchanger, the supply air passes 

through the heat recovery unit and then it passes through a 



small tube network into the resi- 

d r e a t e r b  dential rooms and into the chil- 

house. The exhaust air is removed 

from the bathroom, toilet and kitch- 

en, The 'heat recovery unit consists 

of a plate-type heat exchanger and a 

downstream small air-to-air heat 

pump. The power consumption of the 

heat pump compressor is 500 W, that 

of the supply air fan 20 W and that 

of the exhaust air fan 16 W. In the 

o summer the small heat pump is not in 

operation and the plate-type heat 

exchanger is replaced by a double- 

duct piece, since the supply air 
Fig. 2 Scheme of the , 

ventilation 
cooled in the ground heat exchanger 

system is not to be subsequently reheated. 

Because the heat output of the 

ground heat exchanger in winter is lower at a certain tem- 

perature than the power consumption of the tube fan, and in 

summer it is not necessary to cool the outdoor air below a 

certain temperature, suction through the ground heat ex- 

changer can be sealed off using a cap controlled by thermo- 

stats. At the same time a second opening is released through 

which the outdoor air is directly drawn in via the roof. The 

thermostat is installed under the eaves and adjusted in such 

a way that the outdoor air is drawn in, at temperatures be- 

low 4OC and above 20°C, through the ground heat exchanger, 

and otherwise directly via the roof. The fact that this ven- 

tilation system is not also a room heating system is symbol- 

ized in Figure 2 by the heaters needed in addition in winter 

for room heating. In this case these are electrical storage 

heating units. 

To investigate the thermal technology of the ground heat 

exchanger, the temperature and relative humidity of the air 



drawn in upstream and downstream of the ground heat exchang- 

er and furthermore the wall temperatures of the ground heat 

exchanger are measured at a distance of 2 meters. For the 

energy-related evaluation of the heat recovery unit, the 

temperatures and relative humidities of the supply air and 

exhaust air are measured upstream and downstream of the sys- 

tem. The measured quantities are registered every five min- 

utes and stored for further evaluation after every hour as 

hourly mean values. In addition the operating times and pow- 

er consumptions of the tube fan for the ground heat exchang- 

er, of the compressor and of the supply air and exhaust air 

-. -. 
fan are registered. 

Results for the ground heat exchanger 

The ground heat exchanger plays a particularly important 

role. Thanks to the extremely high heat storage capacity of 

the ground, supply air is provided at almost constant tem- 

perature, regardless of that of the outdoor air. For this 

purpose, the length of the ground heat exchanger must be 

February 1991 
L = values at the start ot the earthtube 
2 = values at the end ot the earthtube 

tlrne Cdl 

correctly established 

as a function of the 

outdoor air temperature 

fluctuations 1 Fig- 

ure 3 and 4 show the 

temperature curve for 

the air upstream and 

downstream of the 

ground heat exchanger 

for a longer period in 

the winter period 

1990/91 and summer pe- 
Fig. 3 Temperature curve upstream 

riod 1991 under inves- 
and downstream of the 

tigation here. These 
ground heat exchanger 

temperature curves 



SUIY 1991 highlight the very 
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great decaying capacity 

as against short-term, 

extreme outdoor air 

temperature f luctua- 

tions, The way in which 

such short-term temper- 

ature fluctuations are 

reduced along the 

ground heat exchanger 

can be seen if we look 

Fig. 4 Temperature curve upstream at the example of a 

and downstream of the winter day as shown in 

ground heat exchanger Figure 5. In addition 

to the daily mean val- 
6 February 1991 

1 = da i ly  mean values 
2 = values  at maximum outside air temperatures 
3 = values  at mlnimum outslde air temperatures 
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course along the qround heat exchanqer C m l  

Fig. 5 Temperature curve along the 

wall of the ground heat 

ues for the wall tem- 

peratures, the wall 

temperatures at maximum 

and minimum outdoor air 

temperatures are 

plotted. Furthermore, 

the daily mean values 

are given for the air 

temperatures upstream 

and downstream of the 

ground heat exchanger. 

exchanger 

In winter the possible 

icing up of the plate-type heat exchanger as mentioned at 

the beginning is prevented by the supply air temperature, 

which is always above O°C. Furthermore, the almost constant 

supply air temperature, which is higher than that of the 

outdoor air, increases the output of the heat pump. In sum- 

mer, with extremely high outdoor air temperatures and humi- 

dities, the clearly cooler and drier supply air leads to 

greater comfort. The design principles of such ground heat 



exchangers were developed in /I/ and presented for the first 

time at the 12th AIVC Conference / 2 / .  

Results for the entire balanced ventilation system 

With the balanced ventilation system with heat recovery and 

upstream ground heat exchanger as shown here, not only the 

entire ventilation heat requirement of the house is covered, 

but also a part of the transmission heat requirement. 

The single-family house investigated with a residential area 

of 150 m2 had a heat turnover of 22,150 kwh in 1991, of 

which a total of 35 % was taken care of by the heat recovery 

unit (6,710 kWh) and by the ground heat exchanger (1,000 

kWh) . The remaining 65 % was covered by electrical storage 

heaters. The compressor and the fans of the heat recovery 

unit had a power consumption of 1,600 kwh, so that the per- 

formance number obtained for this system is 4.2. The tube 

fan of the ground heat exchanger had a power consumption of 

140 kwh during the heating period. The performance number of 

the ground heat exchanger is thus 7.1. In the months from 

June to September the ground heat exchanger provided cooled 

and dried supply air. The perceptible cold gain in this pe- 

riod was 330 kwh and the entire (perceptible and latent) 

cold gain was 870 kWh. For this purpose 77 kwh electrical 

energy had to be provided to drive the tube fan, which pro- 

duces a performance number in relation to the perceptible 

cold gain of 4.3 and in relation to the total 11.3. 

Figure 6 shows the heat turnover in kwh provided by the in- 

dividual systems and calculated from the degree day numbers 

(Gt) /3/ determined at the location of the house. Only 

slight deviations are evident between the heat turnover ac- 



Jan Feb Mar Apr Hay Jun Jul Auq Sep Oct Nov Dec 

t i m e  Cmonthl 

Fig. 6 Eeat turnover of the house 
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Fig. 7 Energy input to  cover the heat turnover according 

t o  Figure 6 

cording to degree day numbers and the actual heat turnover, 

and so the heat turnover according to degree day numbers can 

be' used very well for the purpose of comparative calcula- 

tions. Figure 7 plots the energy input over the year under 

investigations as needed to cover the heat turnover shown in 

Figure 6. This figure makes clear that balanced ventilation 

with heat recovery and upstream ground heat exchanger has a 

considerable energy conservation potential. To cover the 



heat turnover of 22,150 kwh needed to heat the house in 

1991, an energy input of 16,190 kWh was needed. The energy 

input thus accounts for only 73 % of the heat turnover, 

which gives an energy saving of 27 %. 

The heat turnover of 22,150 kWh/a seems at first glance to 

be very high for a modern single-family house with 150 m2 

residential area. However, this absolute figure is inade- 

quate to evaluate the energy situation of the house, This is 

made clear by the fact that the location is not taken into 

account. If the same house were to stand not on its present 

site, but for example in Essen, it would display a 21 % low- 

er heat turnover, which is caused only by the difference in 

climate. While at the present location of the house the de- 

gree day number for the year under investigation was deter- 

mined as 4,560, and the normal outdoor temperature is -18OC 

131, in Essen one obtains a degree day number for the same 

period of 3,634. The normal outdoor temperature for Essen is 

-lO°C 131, 

More informative is an energy-related evaluation of the 

house, if it is compared with a notional house of the same 

dimensions whose outer shell still corresponds to the u- 

values (values for the coefficients of heat transfer) from 

standards, regulations or generally known recommendations. 

In Germany, these are the Heat Control Ordinance / 4 /  or the 

recommendations for low-energy houses 151. For this purpose 

the heat requirement of the house is newly determined with 

the respective u-values given for the outer shell and the 

heat turnover is calculated with the help of degree day num- 

bers (Gt). The values thus obtained are shown in Table I. 



* 

Heat turnover 

Table I: Heat requirement and turnover for the house in var- 

ious designs 

The comparison shows that the existing house has a 29 % low- 

er heat turnover than a design which just complies with the 

Heat Control Ordinance. Compared with the design which just 

meets the recommendations for low-energy houses, however, 

its heat turnover is 5 % higher. In relation to the trans- 

mission heat requirement then the house under investigation 

does not yet meet the requirements of a low-energy house. 

This is also made clear by the relatively low proportion of 

the total heat requirements accounted for by the ventilation 

heat requirements, namely 31 %. With low-energy houses the . 

proportion of ventilation heat requirement in relation to 

the total heat requirement is about 35-40 %. If we consider, 

however, that, as shown above, energy savings of 27 % are 

achieved by built-in balanced ventilation with heat recovery 

and upstream ground heat exchanger, this house can be called 

a low-energy house in spite of the 5 % higher transmission 

heat losses. 

A .  further variable which influences the heat turnover of 

buildings but cannot be recorded is the user behavior. All 

calculations which are used to determine the anticipated 

heat turnover assume the normal inside temperature /6/. This 

is for living rooms and bedrooms 20°C. In /7/ it was estab- 

lished for multi-occupation houses that, during the heating 

period, the room temperatures are over 20°C. The investiga- 



tions is also confirmed by this single-family house. Most of 

the rooms during the heating period had an average tempera- 

ture of more than 21°C. The higher heat turnover caused by 

these elevated temperatures can be seen in Figure 6. Since 

the heat turnover according to degree days does not take 

into account own-heat or solar heat gains, it always has to 

be higher than the actual heat turnover. Figure 6, however, 

shows that the heat turnover according to degree days in the 

months January and September to November is lower than the 

actual heat turnover. This indicates an increased heat turn- 

over due to user behavior. 
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SYNOPSIS 

A prototype of a low cost, low energy office building was built using a new 
Finnish component system building technology. 

Thanks to the energy efficient windows, the thermal insulation of the building 
envelope and the demand-controlled variable outdoor air flow HVAC system 
with heat recovery and energy-storing structures, the need for heating and 
cooling energy has been reduced to such a level that a low energy office can 
be cooled with outdoor air and with the aid of a heat recovery device. The 
building is kept warm with the support of its own operations almost throughout 
the year. It is possible to arrange a good individual indoor climate in this way 
almost without any purchased heating or cooling energy. There is need for 
heating only during the coldest but short periods in the night and during the 
weekends. Even during the summer heat periods, cooling energy produced by 
refrigerators operating on CFC is not needed. 

The prototype "METOP" for a low energy office was completed in the test 
house area of VTT in Otaniemi, Espoo 111, /2/. The prototype was built for 
testing the function of the new structural, electrotechnical and HVAC solutions 
which were developed in different studies (EBES, TAT, ETRR, LVIS-2000, 
RATA-2000) and in the development projects of different companies. The low 
energy office, whose total costs were quite low, was built using a new Finnish 
component system building technology and a factory preadjusted variable air 
volume HVAC system. 

A good, individually adjustable indoor climate has been realised by means of 
a self adjusting demand-controlled HVAC system with variable air flow. The 
aim is to create an environment in which heating energy needs to be purchased 
only during the coldest winter days when temperatures fall below -15 "C. 
Cooling energy produced by refrigerators operating on CFC is not needed. The 
follow-up studies on the indoor climate, efficiency and energy consumption 
will continue for two years. 



Figure I .  The industrial realization of the METOP low energy ofice prototype 
which utilizes the new Finnish component system building technology. 



NEW WINDOWS PREVENT COLD AND OVERHEATING 

In order to obtain a good indoor climate using a simple HVAC system, we 
must minimize the need for heating and cooling by means of different 
constructions and control solutions. The windows have an important effect on 
the heating and cooling need of an office room. 

Thanks to a new window solution (U-value 0.5 w/m2~),  it is possible to 
reduce the heat losses of the window to a quarter of that of a normal triple 
glazed window used in Finland. Even during hard frosts (outdoor air 
temperature -26 OC), the lighting alone can compensate the transmission heat 
losses of the office room (150 - 200 W). Window draughts are eliminated 
(indoor surface temperature above 17 "C). In addition, windows reduce the 
need for cooling extremely well. Only 12 % of the radiation energy of the sun 
comes through the window. The sun shield does not have any essential effect 
on the amount of the visible light coming through the window, or on the 
appearance of the window. 

At the beginning of July 1991, there was a heat period of about a week 
(outdoor temperature 14 - 29 "C), and at the turn of July and August, there was 
another hot period of two weeks (outdoor temperature 15 - 27 "C). 

At the end of the first heat period (Figure 2), the indoor temperatures in the 
late afternoon hours typically rose to 25 "C in the office room facing south, and 
at the end of the second period, it rose to 26 'C. 

Time, hours Time, hours 

Air temperature measurements in summer heat. Solar radiation measurements in summer heat. 

- Outdoor air temperature 
Indoor air temperature 

--- Radiation to the south window 
n * n n  Radiation through the south window 

Figure 2 .  Measurements at summer peaks. 



3. SPECIAL STRUCTURES PREVENT AND STORE COLD AND HEAT 

The facing elements and double prestressed solid planks of concrete which are 
used as installation floors and ground slabs are heat insulated with 120 mm 
thick polyurethane without CFC. The building is founded on foundation 
elements of concrete. The frame construction is made of pillars and beams of 
concrete. Hollow core slabs of concrete function as intermediate floors and 
roofs. The roof is heat insulated with a 350 mm thick layer of loose-fill 
insulation. The heat insulations of the office are slightly above the requirements 
of the National Building Code of Finland. 

The hollow spaces of the double prestressed solid planks and the hollow core 
slabs are partly used as installation spaces for building services and as air 
ducts. When functioning as air ducts, the structures form a short-term storage 
area for heating and cooling energy which is used by the HVAC system in 
heating and cooling situations. In winter, the frame structure can be heated with 
the air handling unit for night, and in summer, it can be cooled in the nighttime 
with cool outdoor air for daytime cooling. 

INDIVIDUAL TEMPERATURE AND VENTILATION 

The low energy office needs cooling almost continuously also during the winter 
because of internal heat loads (people, lighting, different machines and 
devices). There is a small need for heating only during the coldest but short 
periods in the nighttime and during the weekends. 

The outdoor air flow rate of the office mom (10 - 40 dm3/s) corresponds to the 
ventilation in winter, and it is also essentially smaller than in spring, summer 
or autumn when the excess heat can be removed from the building using 
outdoor air but without refrigerators using CFC. 

The demand-controlled variable air flow HVAC system of the low energy 
o f k e  offers the possibility to choose the level of the room temperature and 
ventilation separately room by room. 

The room air terminal devices, which control the indoor climate individually 
are equipped with reheating coils and a programmable DDC. The room air 
terminal devices have been preadjusted at the factory so that the air flows 
automatically adjust themselves to the right level. There is no need for 
expensive adjusting operations at the construction site. 



The computers of the office room are placed in the computer desk. The 
computer desk is connected to the HVAC system through the exhaust air 
terminal device. Temperatwres measured inside the computer desk on a typical 
winter day are shown in Figure 3. When the room requires heating, the heat 
from the computers automatically heats the room (time 8 - 10 in Figure 3). 
When the room needs to be cooled (time 10 - 16 in Figure 3), the computer 
desk automatically removes the heat given off by the computers from the 
building by means of the exhaust air. Heat recovery is applied to preheat the 
supply air when the outdoor air is cold. Over 60 % of computer's heat load is 
removed by means of the computer desk. The task of the computer desk is to 
function both as a heating and a cooling device either by utilizing or preventing 
the heat loads according to the circumstances. 

0 4 8 12 16 20 24 

Thursday 30.1 .I992 Time, hours 

Figure 3. Computer desk temperatures measured in winter. 

The HVAC system with a programmable DDC controls the air filtering, the 
cold and heat recovery, heating, cooling with outdoor air, forced indirect 
evaporative cooling, pressures and ventilation of the low energy office 
according to the demands of each room. A communication bus is used between 
the controller of the room air terminal devices and the air handling unit. The 
HVAC system has been completed and tested at the factory, and it is ready to 
operate after pipe and electrical connections. There is no need for expensive 
adjusting and tuning operations at the construction site. Thanks to its neat 
appearance, the silent HVAC system does not require any separate machine 
room. 



INTELLIGENT CABLING 

All rooms of the low energy office have small electric centres of their own, 
which are equipped with their own power supply. The electric centres control 
the temperature, ventilation, lighting and energy efficiency individually in each 
room according to the specific demand so as to minimize the need for cooling. 
Low energy fluorescent lamps are used for lighting the office. The computer 
desk as well as direct and indirect lighting are used at the same time to 
facilitate ergonomical computer work. 

CONCLUSIONS 

6.1 Follow-up studv 

Two-year follow-up studies on the indoor climate, efficiency and energy 
consumption will enable us to find out how the new component system 
building technology has succeeded in realising an ecologically sound low 
energy office &at provides a good indoor climate and low energy use - and 
which has the advantage of low total costs. 

It was noticed during the first heat periods that the control program of the DDC 
of the air handling unit needed to be developed, and this is why it was 
impossible to take full advantage of the free cooling effect of the outdoor air. 
When the effect is fully used next summer, the indoor temperatures of the 
office rooms can be lowered even further from the present values, which are 
already quite good. 

6.2 A good indoor climate thanks to new technical solutions 

Thanks to the energy efficient windows, the thermal insulation of the building 
envelope, which is slightly above the present level, and the demand-controlled 
variable air flow HVAC system with heat recovery, the need for heating and 
cooling energy has been reduced to such a level that the low energy office can 
be cooled with outdoor air and forced indirect evaporation cooling. The 
building is kept warm with the support of its own operations almost throughout 
the year. It is possible to arrange a good individual indoor climate in this way 
without any purchased heating or cooling energy. In Finland's climatic 
conditions, a good indoor climate, good energy efficiency and sound ecological 
principles require the use of demand-controlled, variable outdoor air flows. At 
the same time, it will be possible to adjust the climatic conditions individually 
in each room of the office. It is also possible to rearrange the indoor climatic 
conditions if the structures or the use of the office building are changed. 



TECHNICAL SOLUTIONS OF THE mTOP-BUILDING 

- Energy economic windows and building envelope. 
- Air tight structures. - Use of the installation floor and hollow core slabs as 

installation spaces. - Utilization of the structures as a short time storage of heating 
and cooling energy by means of an intelligent HVAC system. - Utilization of the external and internal heat loads when heating 
is needed and their removal when cooling is needed thanks to 
an intelligent HVAC system and structures. - A new kind of intelligence in the control strategy. - The possibility to choose the quality of indoor climate 
individually in each room. - Heat recovery in winter and cooling recovery in summer. - Maximum efficiency of heat recovery with a new type of freeze 
protection. - Heating with return air at night in winter if required. - Cooling with outdoor air at night in summer when needed. 

- Massive machine rooms for air handling units are unnecessary. - No separate heating and cooling systems are needed. 
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A heat recovery system reclaims heat from outgoing stale air, supplying it to incoming fresh 
air. The energy benefit is greatest if it supplies all the fresh air to the house and none enters 
via uncontrolled openings, hence ventilation heat recovery (VWR). 

A sunspace (or conservatory) attached to a dwelling will almost always be at some tem- 
perature above ambient. Heat losses by conduction through the adjacent building fabric and 
ventilation losses via cracks will be reduced. This effect is modest; however, Baker [I] has 
proposed that drawing ventilation air from a sunspace can save substantial amounts of energy, 
provided ventilation can be preferentially drawn from the conservatory rather than through 
adventitious openings throughout the dwelling. 

In a CEC Demonstration Project, the authors are using a variety of mechanical systems and 
retrofit conservatories to examine the benefits of such systems. 

Data is presented which shows that the combination of VHR with sunspaces does not 
maxirnise the benefits of either, A variety of strategies is presented which attempt to optimise 
this combination - they illustrate the flexibility of the simulation model used; but do not 
succeed in justifying the sunspace/VHR combination. However, the study has shown that 
energy is available by heat pumping on the VHR exhaust. 

Attention is also devoted to sunspace design parameters; glazing type is shown to have a 
considerable effect on sunspace temperature. 

1 Introduction 

Attached sunspaces can reduce the energy requirements of the dwelling to which they are 
attached. There are 3 distinct mechanisms by which this occurs: the sunspace receives direct 
solar gains; its presence affords "buffer" protection to the adjacent rooms, reducing con- 
ductive and convective losses; it pre-heats ventilation air entering the building via the sun- 
space. 

Unfortunately, conservatories can also be accompanied by an increase in energy con- 
sumption. This is the result of the conservatory being regarded as extra living space and, 
accordingly, heated. 

There are, therefore, 2 major areas of concern: firstly, to determine how to achieve the 
available energy savings most effectively; secondly, how best to avoid the sunspace actually 
increasing the energy consumption of the building. 

Various approaches have been adopted in order to harness the available energy within 
sunspaces, and a selection of these are now outlined. 

A group of council houses in Newham [2] have been equipped with solar roofspaces. This 
was done when the houses were being refurbished. Roofspace air is delivered directly to 
the house (see figure 1). The heated air is drawn down through a vertical duct, by means of 
a fan. The house has a separate heating system; in order to maximise the benefit of the 
roofspace air, the central heating setpoint is above the roofspace air setpoint. Monitoring 
revealed the savings due to the roofspace to be approximately 20% of the total energy 
requirements, though the savings varied considerably according to how conscientious the 



Figure 1 Roofspace air for pre-heat Figure 2 Conservatory air for pre-heat 

occupants were, and also whether or not they used the potentially large day-time gains. This 
system can only use roofspace air advantageously if the roofspace air temperature exceeds 
that of the house. 

Roofspaces have no concurrent amenity value, and are therefore only likely to be economic 
when roof refurbishment is necessary. A conservatory has amenity value; its contribution 
is a bonus. This is also its weakness; extracting heat from it reduces this amenity value. 
Also, it is generally less effective a collector than a roofspace due to its position. However, 
due to its prevalence this study is primarily concerned with conservatories. 

When sunspace air is used directly, benefits can only accrue at times when the conservatory 
or roofspace temperature exceeds that of the house. However, in the case of tightly sealed 
dwellings, the heating of ventilation air is a substantial proportion of the energy load. Thus 
Baker [I] has identified that "the main role for sunspaces attached to well insulated houses 
is in pre-heating ventilation air". Using sunpaces in this way means that a benefit is gained 
at all times, because the sunspace always sits at a temperature above ambient. 

The single-glazed sunspaces attached to a group of experimental houses in Peterborough [3] 
reduced the energy consumption by some 15%. The intention was to utilise the air in the 
sunspace for ventilation pre-heat (see figure 2), as well as anticipating the benefits of 
buffering. However, zone to zone air movement measurements indicated that much of the 
available energy could be lost; when the sunspace temperature is high, air is actually drawn 
from the living space to the sunspace. This suggests a fan is necessary if pre-heated air is 
to be systematically drawn from sunspace to living area. In these houses the kitchen and 
bathroom extract fans went some way towards achieving this. 

As standards of air-tightness in houses have improved, the heating load due to the ventilation 
requirement has assumed increasing importance. One effective strategy is to install a warm 
air heating system with heat recovery. The delivered warm air also constitutes the ventilation 
to the house; nearly all the fresh air entering the house enters via the heating system. 

If there is a sunspace attached to such a tightly sealed house it is possible to draw this fresh 
air from the sunspace. Air pre-heated in this way will tend to reduce the energy saving 
potential of the heat recovery unit. The savings from these features are unlikely to be additive, 
but they may exceed the saving from either feature alone. 



A group of well insulated and tightly sealed houses at the Shenley Lodge Estate in Milton 
Keynes [4] have been constructed with solar roofspaces. Air from the roofspace is used as 
pre-heat to a Johnson-Starley [5] gas warm-air heating system with heat recovery (see figure 
3). By this means solar pre-heat air is used whenever the heating system is operating; the 
roofspace air need not be warmer than the house air. 

Figure 3 Roofspace air for pre-heat to a VNR 

Delivering pre-heated roofspace air directly to the heat recovery unit allows the rbofspace 
air to be used advantageously even when it is cooler than the house temperature, but adifferent 
shortcoming is introduced; pre-heated roofspace air is sometimes being cooled down by the 
outgoing stale air. 

This study seeks to determine whether a conservatory, supplying pre-heated air to- a VHR 
system (see figure 4), is capable of supplying useful amounts of heat to the main building. 
Different systems are examined in an attempt to overcome shortcomings highlighted by 
previous studies. The results emerging from Shenley Lodge show that the pre-heated sun- 
space air is sometimes actually hotter than the supply air emerging from the heat recovery 
unit. In order to take full benefit from the energy contained within the sunspace air, it has 
been suggested that the usual sequence of the air flow should change when this condition 
applies, so that fresh air first enters the heat recovery unit, then goes to the sunspace, before 

Figure 4 Conservatory air for pre-heat to a 



entering the house (see figure 5). When the temperature of the sunspace air falls back below 
that of the VHR output, the system reverts to the original sequence, air first entering the 
sunspace and then proceeding to the heat recovery unit. 

Figure 5 Air stream from VHR to conservatory to house 

The impact on conservatory amenity value is also considered; here another issue arises. 
Sunspaces in the UK are often built to provide extra living space as well as to obtain a "garden 
in the house" effect. This means they are often heated. The actual constructibn of the 
sunspace, and the materials used, are therefore of great importance, whether or not the 
sunspace is to be used for pre-heated air for the house. 

At the Stokkan house in Trondheim [6] the sunspace has been deliberately constructed using 
high performance glazing, and has been fully integrated with the rest of the house at the 
design stage. The sunspace is a pleasant area with an outdoor "feel" but with indoor furn- 
ishings and comfort expectation. In the relatively cold climate of Trondheim the sunspace 
is expected to provide worthwhile pre-heat, but at the very coldest times it will be heated. 
Although such an integrated approach can only be successfully adopted if the house is 
new-build, the experiences arising from this study can still be heeded forretro-fit applications. 

This study is, therefore, also concerned to iden.tify the design factors which influence its 
impact on the energy consumption of the dwelling. 

2 Modelling 

The APACHE [7] thermal simulation programme has been widely used throughout this study. 
APACHE allows a detailed building model to be simulated together with heating plant 
controlled by almost any control strategy. In particular the modal switching described in 
section 1 can be simulated, by defining 2 distinct modes of operation. Switching between 
the modes is controlled according to the setpoint, (Tsqm - Tk) = 0. The temperatures 
Tsw,and T,, refer to the sunspace and the heat recovery supply to the house. The modes 
of operation are as follows: 

(i) Air flows first through sunspace, then to the heat recovery unit, when (Tswam 
- T k )  < 0, 
(ii) Air flows from the heat recovery unit to the sunspace, then to the house 
warm air ducting system, when (Tsmp,- Th) > 0 



Figure 6 Air flow system diagram for simulating modal switching with APACHE 

This situation is represented in APACHE by setting up a system diagram (see figure 6); this 
includes the air flow, the rooms and the heating components. The modal switching is 
accomplished by defining dummy heater batteries, which are able to "track the temperature 
of any node to which they are referenced. In the first mode air flows into the sunspace from 
outside, is pre-heated, then enters the VHR unit, before being delivered to the rooms. This 
mode is in operation when dummy heater battery (A) tracks the temperature of air emerging 
from the sunspace and when dummy heater battery (B) similarly tracks the temperature at 
the VHR supply. The air stream, having been successively heated at both sunspace and VHR 
then proceeds to the rooms. Figure 6 shows the tracking connection for heater battery (B). 

When the control condition dictates a change to the second mode, dummy heater batteries 
(A) and (B) are switched off and (C), tracking the VHR supply, and @), tracking the sunspace, 
are activated. 

Figure 7, showing temperatures at node (N) in the systeqdemonstraterthe modal switching 
is occurring as sunspace and heat recovery temperatures cross over. 
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Figure 7 Temperature profile of node (N) showing modal switching 

Figure 8 Telford test house 



3 Test Houses 

3.1 Telford test house 

House 1, situated in Telford, is a lightweight, timber frame detached house, with a floor 
area of 190m2. Figure 8 shows a projection of this house, produced using AutoCad. Tracer 
gas tests, using the Bruel & Kjaer [8] photoacoustic gas analyser for detection, were carried 
out and indicate an air change rate of 0.15, which increases to 0.3 1 if the solid fuel fire is lit. 
The sunspace is comparatively large (20m2 floor area, 67m3 volume), is single glazed, and 
is perceived primarily as an exterior zone for rearing young plants, and a buffer to each of 
the bedrooms. 

The sunspace supplies ventilation pre-heat to a Genvex 315 [9] unit. This unit contains a 
cross-flow heat exchanger and an air-to-air heat pump. In the heat exchanger stale house 
air, from extracts in the kitchen and bathroom, surrenders heat to the incoming fresh air. 
The exhaust airstream then flows directly to the evaporator of the heat pump, and if the 
thermostat situated on the landing indicates a temperature less than 20"C, the heat pump is 
switched on. The fresh air is then heated further by passing over the, condenser of the heat 
pump, before being ducted to bedrooms and lounge. If the additional heat available from 
the heat pump is not required, the Genvex operates in heat exchange mode only. 

A damper enables fresh air to be drawn directly from outside when the sunspace temperature 
is likely to fall below a certain temperature, or when the house temperature is too high and 
requires only ventilation. Prior to installation of the Genvex unit the solid fuel firk was the 
only source of heat; consequently winter temperatures in the house have frequently been 
uncomfortably low. 

Table 1 shows APACHE simulations conducted for this house. 

TABLE 1: SIMULATED ENERGY CONSUMPTION, TELFORD TEST HOUSE 

Two sets of results appear in the table; the first compares predicted energy consumption for 
this house if it is to be maintained at or above 20°C; the second set shows the results of 
simulations conducted for the installed system alone. Following monitoring of the house 
the simulation model will be fully calibrated; at present it is the diflerences between each of 
the results presented which are of interest, and these will now be discussed. 



The simulations demonstrate that the savings from using sunspace air for ventilation pre-heat 
(with the VHR unit switched off), and those for using the VHR unit (with the sunspace left 
in buffer mode) are not additive. 

With neither the VHR unit operating nor the sunspace being used for pre-heat, the projected 
energy consumption is 15 163 kWh. Using the sunspace alone reduces this figure by 1883 
kWh. Using the VHR unit alone reduces the figure by 4317 kWh. Using both together the 
reduction is 4810 k W ,  if the savings were wholly additive this figure would be 6200 kWh. 
Given the presence already of the VHR system, the sunspace in pre-heat mode saves a further 
493 kWh, which is approximately one quarter of the saving, had the saving been additive. 

The saving produced in this way varies seasonally. Using the sunspace for ventilation pre-heat 
in preference to leaving it as a buffer zone saves nearly 500 kWh (4.8%). The saving varies 
from only 2% in January (absolute saving of 34kWh) to 8% in April (absolute saving of 59 
kWh), and to 14.5% in July (absolute saving of 40kWh). This causes an average reduction 
in sunspace temperature of up to 2"C, which will reduce amenity value in the winter. This 
particular sunspace is not used for sitting, and is seen as an area exterior to the house. 

When the VHR unit and sunspace pre-heat are used with no auxiliary heating, the overall 
reduction of energy consumption is about 3.7%, compared to leaving the sunspace simply 
as a buffer zone. The savings vary from 1.3% (14 kwh) in January to 7.7% (36 kwh) in 
April and 11.2% (26 kwh) in July. The total predicted energy saving is about 270 kwh. 
The pre-heat increases the average temperatures in the house by about 0.3"C in the depths 
of winter and by 0.8"C in the swing seasons. The sunspace temperature is reduced by 1.3"C 
- 2.O"C. 

The greatest savings are during the swing seasons when the outside temperature may be quite 
low but the sunspace can be the recipient of large solar gains. Although the savings are 
small, they are being achieved at a very small extra cost, given the presence already of a 
sunspace. However, the sunspace temperature is lower, so there is a cost in terms of amenity 
value. The reduction in temperature is not very great, because this sunspace is quite leaky, 
so that even if air were not being drawn in for subsequent entry to the warm air heating 
system, it would suffer a substantial infiltration rate. 

The anticipated energy benefit in switching modes, is not apparent from these simulations, 
although the sunspace is maintained at a higher temperature. 

It is noticeable that for auxiliary heating to 20°C the simulation shows a significant increase 
in energy consumption. A possible reason for this is that the simple switching (according 
to a comparison of VHR output and sunspace temperature) may be causing the system to 
remain in mode 2 (VHR then sunspace) for longer than was originally intended. When the 
switch to mode 2 occurs fresh air is no longer drawn into the sunspace, so its temperature 
will rise, as will the temperature difference between the VHR output (now supplied directly 
by cold, fresh air) and the sunspace. The corollary of this is that when the sunspace 
temperature begins to fall, the system will remain in mode 2 substantially beyond a time at 
which it can more usefully operate in mode 1. If modal switching is to be used, its control 
needs devising very carefully. 

An examination of some weekly profiles of temperatures for a typical week in April shows 
that, when the sunspace air is not being used for pre-heat (figure 9) the sunspace temperature 
exceeds that of the VHR supply for more than 40 hours, and the temperature difference is 
as high as 15°C. When the system is operating in sunspace pre-heat mode (figure lo), 
however, the times for which the sunspace temperature exceeds the VHR output temperature 
are is reduced by half and the differential is also much less. In general, simulations indicate 
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Figure 9 Temperature profile, no pre-heat 

Figure 10 Temperature profile, with pre-heat 



that when there is a constant flow of air through the sunspace there are few times when the 
sunspace temperature significantly exceeds the VHR supply temperature, except when the 
house temperature is already at a satisfactory level. 

Using the sunspace for ventilation pre-heat to this particular house should be worthwhile, 
but only because the sunspace is not regarded as a sitting area by the occupants. The gains 
are slight, but they can be achieved at a correspondingly small overcost. The greatest benefit 
from sunspace ventilation pre-heat is derived when ambient temperature is low, solar radi- 
ation high, and heating to the house is required. It is also possible that there are times when 
the removal of heat from the conservatory not only heats the house but also cools the 
conservatory to a more comfortable temperature. 

Figure 11 Bath test house, classical shape sunspace 

3.2 Bath test house 

House 2, situated in Bath, is a large, masonry construction, bungalow. Figure 11 shows an 
AutoCad projection of this house. It has an air change rate of 0.23, measured using the 
tracer gas method, together with the photoacous tic gas analy ser. 

The sunspace supplies ventilation pre-heat to a Johnson-Starley [5] gas warm air central 
heating system with flue gas heat recovery. The heat recovery unit is supplied partly by 
recirculation air, with sufficient extra air drawn from ambient or through the sunspace to 
meet the ventilation requirements of the 2 inhabitants. 

The exhaust air from the heat exchanger flows across the evaporator of a heat pump; the 
compressor supplies heat to water in a closed pipe which runs to, and is embedded within, 
the sunspace floor. Thus the extra energy available from the heat pump is delivered to a low 
temperature sink, and helps offset the energy losses from the sunspace due to the pre-heat. 
The sunspace will not endure such large fluctuations of temperature, and careful control of 
the times and conditions for which the heat pump is switched on may increase the duration 
of thermal comfort in the sunspace for a small energy penalty. 



An electronically controlled chain mechanism on the windows will be used for cooling. The 
sunspace is double glazed with a low-e film on one pane; it is perceived as an extra area of 
living space. 

At the design stage, various shapes were considered, each having almost identical floor area 
and volume (see figures 1 1,12,13). Simulations indicate that the Wedge shape provides 
slightly higher winter temperatures (0.6C warmer than the Upswept version, and 0.7-C 
warmer than the Classical shape); its major facade is due South whilst the other designs face 
20" East of South. There is also slightly less over-heating incurredin the Wedge andupswept 
versions, with their "reverse sloping roofs". A comparison of simulated house energy 
consumption for each sunspace shape reveals a less than 1% overall difference; for reasons 
of usable floor-space and aesthetic appeal, the Classical shape was chosen. 

Figure 12 Wedge shape sunspace Figure 13 Upswept shape sunspace 

Simulations have also been conducted to examine the relative benefits of different glazing 
types. Table 2 shows the daytime "over-temperatures" (amount by which the sunspace 
temperature exceeds ambient temperature) for the sunspace at Bath in January. 

TABLE 2: SUNSPACE OVER-TEMPERATURES FOR VARIOUS GLAZING OPTIONS 



Weekly profiles for early January (figures 14 and 15) show a double glazed low-e coated, 
tightly sealed sunspace used to supply pre-heat is reduced to a worse thermal environment 
than a single glazed sunspace not being used. Figure 14 (no pre-heat) shows the double 
glazed sunspace is about 6°C warmer than the single glazed sunspace. When the double 
glazed sunspace is used for pre-heat, however, its temperature is reduced to 5°C lower than 
the single glazed sunspace. 
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The work in progress to identify salient design parameters will continue, so that the influence 
of, for example, sunspace orientation, and frame and glazing bar construction, will be fully 
investigated. 

4 Conclusion 

(i) Simulation results suggest that using sunspace air for ventilation pre-heat to a heat recovery 
system produces a measurable benefit. 

(ii) The simulations suggest that the individual benefits attainable by using sunspace air as 
ventilation pre-heat, and by using a ventilation heat recovery system are not additive. 

(iii) If the sunspace is to be built anyway, and if there is already a warm-air heating system, 
the overcost to obtain this freely available energy is very small. 

(iv) Drawing the air out of the sunspace for pre-heat has an adverse effect on the sunspace 
environment; the importance of this factor depends on how the owners perceive their sun- 
space. If it is seen as an area exterior to the house (as in the Telford house where it is used 
for protection for young plants, general storage area, and active play area), then lowering 
the temperature may not matter. If the sunspace has been carefully designed to provide a 
well sealed garden sitting room, then it is not sensible to use it for pre-heat since the tem- 
perature within can be lowered to below that of a single glazed sunspace, 

(v) If the owners are likely to heat their sunspace, as occurs frequently in UK, then it would 
not be sensible to extract warm air; indeed, if people demand warm sunspaces, perceiving 
them as an additional living space, then the sunspace construction, particularly the glazing 
materials used, and the air-tightness, are matters for utmost care. 
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Heat recovery in ventilation systems 

Synopsis 

In well insulated buildings the ventilation heat is sometimes higher than 
the heat losses by transmission. For a air change rate of 0,8 per hour the 
specific heat flux must be calculated with 25 w/m2, so heat recovery can 
save some energy. In all considerations the saving in the heating system 
must be compared with the additional energy for the fans, because this 
energy is of a higher quality. 

To optimize the heat recovery system, the different designs of the heat 
exchanger, the annual running hours and the annual hours for heat re- 
covery must be taken into account. Heat recovery heat exchangers can be 
optimized with an efficiency of about 60%. To reach a higher overall effi- 
ciency a heat pump included in the system is a good possibility in special 
cases. To compare the different systems and combinations an overall COP 
can be derived not only for the heat pump but also for the heat exchanger. 
This is very important for the right decisions, because the aim can not be 
to save heating energy by spending more electricity. 

List of symbols 

heat exchanger area 
specific heat capacity 
heat capacity flm 
form coefficient 
enthalpy flm 
overall heat transfer coefficient 
constant of material 
length 
mass flow 
electric power 
pressure drop 
heat flux 
temperature 
specific volume 
air flow rate 



heat transfer coefficient 
heat recovery efficiency 
dynamic viscosity 
efficiency of power (fan) 
number of thermal units, ntu 
thermal conductivity 
thermal characteristic of heat exchange 
ratio of heat capacity flux 
temperature difference 
maximum temperature difference 

1. Introduction 

Commonly heat exchanger systems are suited for heat recovery in big 
buildings, but nowadays energy consumption becomes also important in 
the domain of dwellings. Especially thermal high insulated buildings have 

2 only a transmission heat loss between 10 to 15 W/m , but a constant ven- 
tilation heat loss of 25 w/m2. For decreasing this first part, different 
types of air-to-air heat recovery units are used, exhausting the air from the 
most polluted rooms (kitchen, bathroom, toilet, etc.) and taking it through 
a heat exchanger. Here the supply air is warmed up and flows into the 
bedrooms and living rooms. 

The heat recovery units can achieve an efficiency of 60% depending on 
their design. A recouperative system allows only the heat recovery of the 
sensible heat whereas regenerative systems recover supplementary moi- 
sture. Conventional recouperative heat exchangers consist of solid walls 
like tubes or plates which divide the exhaust and the supply air. A more 
sophisticated system is the heat pipe system with finned tubes filled with a 
layer of wick containing a working fluid. One end of the pipes is exposed 
to the warm exhaust air stream, so that the liquid evaporates and the 
vapour flows to the other end which is in contact with the cold supply air 
stream. Here the vapour condenses and the heat is transferred to the cold 
air with an efficiency of nearly 70%. 

One of the regenerative systems is the rotary air-to-air heat exchanger, a 
large slowly rotating wheel containing a metallic or non-metallic media 
for heat and moisture recovery which allows the transfer of sensible and 



latent heat. This wheel isn't used in dwellings because of the danger of 
odour transfer. 

2. Characteristic numbers of heat exchangers 

For a description of the heat exchange process between two fluids some 
characteristic numbers are useful. 

FIG. 2.1: Air flows through a heat exchanger and different thermal cha- 
racteristic of heat exchanges. 



Fig. 2.1 shows the different air flows through a heat exchanger and the dif- 
ferent definitions of the thermal characteristic of heat exchange + relating 
to the temperature, the water content and the enthalpy. Considering the 
maximum temperature difference 90 of the heat exchanging streams and 
the temperature difference At of one of the fluids between inlet and outlet 
of the heat exchanger, the thermal characteristic of heat exchange is: 

For recouperative heat exchangers it is also useful to consider the transfer 
of moisture or of enthalpy. So there are additional thermal characteristics 
of heat exchange: 

The heat flux of a mass flow M with the spezific heat capacity c and tem- 
perature decrease At is determined by the following relation: 

Assumed there is no heat exchange with the environment, the given heat 
from the one air stream (1) is completely taken from the other air stream 
(2). Then the quotient of the temperature difference is the following: 

Considering the equation for the heat transfer through the wall 

the number of thermal units IE is defined as: 



Another characteristic number is the relation of the heat capacity flux w: 

Here the bigger heat capacity has to be in the denominator of w ,  so w is a 
number between 0 and 1. 

The amount of +, IG and w depends on the type of heat exchanger (parallel, 
counter or cross flow). 
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FIG. 2.2: Temperature relations in different types of heat exchangers. 

Fig. 2.2. shows the temperature relations between a warm (w) and a cold 

(c) air flow in parallel and counter flow heat exchangers. 
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FIG. 2.3: Operating characteristic for different types of heat exchangers. 

In FIG. 2.3 the thermal characteristic of heat exchange + is plotted against 
the number of thermal units rc with the parameter o for different types of 
heat exchangers. The relations between +, rc and o show the highest ther- 
mal characteristic of heat exchange for counter flow heat exchangers. 
Remembering Fig. 2.2 it is evident that parallel flow heat exchangers have 



the lowest @ of only 0.5 (w = 1) because of the temperature relations 
between the cold and warm air stream. 

But Fig. 2.3 is also useful to optimize heat exchangers. Assuming a coun- 
ter flow system with an efficiency of 60% and w = 1, then the thermal cha- 
racteristic of heat exchange is 1.5. To improve the efficiency factor up to 
8096, we get a $ of 4, so a 2.7 times larger heat exchanger surface is nee- 
ded. This provides beside higher investments an increasing pressure drop 
and a higher power consumption of the fans. So there is an optimal opera- 
ting point for a fan depending on several influences. 

3. Material of heat exchangers 

For heat exchangers different materials, f. ex. aluminium, glass, plastic, 
etc. with various thermal conductivities A are used. The overall heat trans- 
fer coefficient k is dependent on the heat transfer coefficient cr and the 
thermal conductivity A. 

Assuming the same a - values for the cold and the warm side of the heat 
exchanger of for example a, = a, = 17 w/m2K and a thickness of s = 1 
mm it follows: 

aluminium (A = 200 W/mK) kd = 8,s w/m2K 
glass (A = 476 W/mK) kd = 8,4 w/m2K 
plastic (A = 0,35 W/mK) kp, = 8,3 w/m2K 

So it is evident that the impact of material is of secondary order and the 
most important value for the overall heat transfer coefficient is the a - 
value which increases with the mass flow. But at the same time the num- 
ber of thermal units K and also the thermal characteristic of heat 
exchange @ decreases, because M is in the denominator of K.  

Beyond that, the time for passing the heat exchanger is too short to pro- 
duce a real improvement of heat flux. In addition an increasing velocity 
provokes a higher pressure drop, so that a higher power consumption is 
required. To estimate the impact of all influences, a theoretical treatment 
of heat transfer and fan power is useful. 



4. meoretical treatment 

Based on theoretical knowledge of the heat transfer mechanism and the 
influences on the fan power consumption, various equations are derived 
to determine the relation between the different characteristic numbers. 
The precise mathematical formulation of the heat transfer problem is the 
Nusselt number: 

Under consideration of the fan power 

P = 
A p e $  - - A p e i e v  

'If 'If 

we get the following equation: 

1 fi 3.4 2.7 
p = -  

'If 

with KSt depending only from the material and the fluid: 

5. Boundary conditions and optimization 

Under consideration of the efficiency of electrical generation in power 
stations the boundary condition for useful heat recovery is: 

3 * A ~ e L * v  = * e c . ) e f ) o  
'If 

So the pressure drop additionally provoked by the heat exchanger is limi- 

ted by the following equation: 



To optimize the heat exchanging process, the required electrical power 
and the non-transferred heat flux has to be a minimum value: 

3 P + AG = minimum 

The non-transferred heat flux is: 

Then it follows: 

I h 4 ~ e B 0 *  - - minimum 
l + K  

This equation allows only a qualitative judgement of the impact of the dif- 
ferent influences like the area and the length of the heat exchanger, the 
mass flow, the kind of fluids, etc.. 

6. Investigations 

In order to determine the efficiency of a special heat pipe system of a ven- 
tilation window, a €*-value is defined as the relation of the enthalpy flux 
difference between the room air and the exhaust air to the required fan 
power. 

- * 
E = 

Hroom air - Hexhaust air 

Fig. 6.1 shows the fan power increasing with the mass flow and its impact 
on the heat recovery efficiency E*. Under consideration of the factor 3 for 
the generation of electrical power for this system only a fan power up to 
40 W is economical for heat recovery. 



FIG. 6.1: Mass flow and efficiency of a heat pipe system as a function of 
the fan power. 
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7. Annual running hours 

A heat exchanger in a ventilation system represents an additional 
pressure drop, so the fan power increases. In order to calculate a realistic 
efficiency for a heat recovery system, the annual hours for the heat 
recovery in relation to the total annual running hours of the system with 
the higher pressure drop must be taken into account. 

Here some ventilation systems offer the possibility to take off the heat 
recovery unit in times where it isn't needed, so the required fan power 
decreases. 

8. Summary 

The impact of ventilation heat losses are increasing because of the im- 
proved insulation of buildings, so heat recovery systems are used to save 
more energy. But the higher pressure drop of the heat exchangers causes 
additional power consumption of supply and exhaust fans. This must be 
offset against the energy reclaimed from the air streams under considera- 
tion that electricity is of a higher quality than heating energy. 

Under consideration of all influences on heat exchanger efficiency taken 
by theoretical and practical estimations as well as calculations of the 
annual running hours and the required additional fan power, it is possible 
to design a economical heat recovery system for different applications. 
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SYNOPSIS 

fluctuating airflow thorough buildings is caused by temporal and spatial variations 
of wind-induced pressures around building envelopes, and include pulsating airflow 
and eddy penetrations. Two approaches using a multi-zone pulsating airflow model 
are introduced in this paper to study the eddy penetration and multi-way airflow 
through large openings. In the first approach, the eddy flow is considered to be 
caused by imperfect correlations among pressures at different points of an opening. 
The concept of aerodynamic admittance functions is employed to modify the wind 
pressure spectra to represent the net effect of fluctuating pressures over the area of 
the opening. The other approach considers a large opening as composed of a 
number of smaller airflow paths, each permitting only pulsating airflow. Theoretical 
solutions are compared with field experjmental results from the BOUIN test-house 
at CSTB, fiance. 

LIST OF S OLS 

A,, L,, A2, L2: effective opening areas and opening depths, 
K1, n,, K2, n2: power law coefficients and exponents, 

-. - i ~ ,  ",, p : q19 G2 : mean values of wind-induced pressures, internal pressure and 

airflow rates , 

pY(t), &(t), p i(t), ql(t), q2(t), q '(t) : fluctuating components of pressures, 
internal pressure, airflow through openings, and compressibility airflow, 

f, o: frequency and angular frequency, f = 2no 

~ l " ( o ) ,  P,w(o), P,(o), Q,(o), Q,(o), Q '(6,) : Fhrier transform of coflesponding 
variables, 

SP;(a), SP;(o), 5''" ,,,(o), SPi(o)  : spectra and co-spectrum of two wind-induced 
P1 Pz 

pressures, and internal pressure spectnun, 
Hprl(o), H'%(w) : transfer functions between external and internal pressure, 

xl(o) : aerodynamic admittance function, 

P air density, P, atmosphere pressure, 1.4, j , p. 

1. INTRODUCTION 

Airflow through openings in building envelopes and internal walls is caused 
by the combined effects of three driving forces: wind-induced pressures, thermal 
buoyancy and mechanical systems. This airflow can be divided into steady-state 
airfow and fluctuating airflow. Steady-state or mean airflow is generated by mean 
pressure differences due to driving forces. The primary unsteady variables that 
cause fluctuations in airflow are temporal variations in wind-induced pressures. 

Fluctuating airflow through individual openings caused by temporal 
variations in pressure differences can be divided into two types: the pulsating flow 
and the penetration of eddies. The pulsating flow results from the wind fluctuation 
and the compressibility of air in the building internal space. Fluctuations in the 
wind causes simultaneous positive or negative pressure variations at an opening. 



The inside air is thus either pressurized or depressurized. The eddy flow is due to 
the turbulence in the air stream. They create a rotational effect on the inside air. 
This leads to an exchange between the inside air and the outside air through 
openings. 

A model has been developed for predicting pulsating airflow in multi-zone 
buildings [1,2]. Inputs to the model include: the building airflow system (rooms, 
openings, and connections), the frequency characteristics of wind-induced pressures 
and their correlations, and output from a steady-state airflow model. In this paper, 
this model is extended to account fob the effect of eddy flow, and is compared to 
field experimental data. 

2. BOUIN TEST HOUSE AT GSTB, 

Field experiments were conducted in France by CSTB to study single sided 
ventilation [3]. The test house at Bouin (Figure la) was a single zone building on 
an exposed site near the Atlantic coast. The volume of the test house was 93.6 m3. 
The equivalent air leakage area of the house was measured and was less than 5 cm2. 
The building was mounted on a turntable that can be rotated during an experiment. 

A sharp edged slot of 40 cm wide, 2.5 cm high and 1 cm thick was located 
in the building envelope. During the experiment, this opening was positioned to 
face the wind direction. The wind-induced external pressures, i n t d  pressures, 
wind speed and direction, and tracer gas concentration were measured 
simultaneously at a rate of 10 Hz. 

(a) BOUIN Test House (b) Pressure Tapping Points 

Figure 1. BOUIN Test House and Slot Opening 

The wind pressure was measured close to the opening. This pressure was 
equal to the difference between the total pressure and the external static pressure. 
The pressures were also measured at eight points within the opening (Figure lb), 
both inside and outside the building, allowing the direction of flow to be known 
locally. Full details of the site and the measurement used can be found in Riberon 
and Villain [4]. 



3. PULSATING OW MODEL 

In the pulsating airflow model presented in [1,2], the analysis is performed 
in the frequency domain. The task of calculating the pulsating airflow due to 
temporal variations in wind-induced pressures is decomposed into an infinite series 
of simple problems. Each problem calculates the corresponding portion of airflow 
caused by the simple sine wave pressure at a single frequency. The total airflow is 
then obtained by summing up all these infinitesimal portions of airflow at single 
frequencies. The formulation procedure for nodal governing equations of fluctuating 
airflow is demonstrated in the following using the BOUIN test house as an example. 

In the steady-state calculation, the test house is modelled as a single-zone 
building with two openings. Opening 1 is the purpose-provided slot opening, and 
opening 2 represents the total leakage of the house envelope (Figure 2). The air 
mass balance for this building is written as: 

K,(F; - P)' + q(F; - F4% o (1) 

Slot Opening Porosity 

Figure 2. Modelling BOUIN House 

For fluctuating airflow through the openings, the pressure differences are 
balanced by the forces required to overcome the flow resistance and the inertia of 
sit in the openings, i.e.: 

where Mi - pL@,, the subscripts i = 1,2 and is the same for the following 
equations. 

The nonlinear terms in the above equations are approximated to linear 
relations using a statistical linearization method. The linear fluctuating airflow 
equation for the openings can be expressed as: 

The coefficients 4 are assigned to values such that the statistical variances of the 
nonlinear terms and the linear relations are the same. Equation (3) is then Fourier 
transformed into the frequency domain, and the fluctuating airflow equations in the 
frequency domain can be expressed as: 



The compressibility of air in the room influences the fluctuating airflow 
through the building. The air mass increments due to pressurizations of the air 
volume in the building and decrements due to depressurizations are modelled by an 
imaginary airflow path which connects the room with the atmosphere. This 
compressibility airflow, &t), is related to the fluctuating internal pressure by: 

Applying a Fourier transformation, the fluctuating airflow equation for the imaginary 
compressibility airflow path can be written in the frequency domain as: 

Qi((0) - - 5 pi(a)  (6) 

The airflow system of the B O W  house, therefore, can be modelled by three 
openings in the frequency domain: the purpose provided slot opening, the porosity, 
and the imaginary airflow path for air compressibility, The governing equation can 
be obtained from the air mass balance: 

Q l ( 4  + Q2(4 - Qi(4 - 0 (7) 

Applying fluclating airflow equations (4 & 6), the governing equation with the 
internal pressure as the unknown variable is obtained. Transfer functions for the 
internal pressure can be calculated as: 

When the spectra and co-spectnun of the wind pressures are known, the spectnun 
for the fluctuating htemal pressure is calculated by the spectral relation: 

In turn, the RMS (root-mean-square) value and other statistical information of the 
fluctuating internal pressure can be derived from the spectnun. 

4. MODIFIED FlLUGTUATING LOW MODEL 

The mean and RMS values for variables of interest are displayed in Table 
1. Figure 3 shows the magnitude and phase plots of the transfer fun~tionf$,~(a) 
for both experimental estimation and theoretical calculation based on the pulsating 
airflow model. 

The discrepancy between theoretical and experimental results shown in 
Figure 3 can be attributed to the fact that the pulsating airflow model does not 
consider the eddy flow due to the spatial variations of wind pressures over the 
opening. The pressures on the area of the opening are assumed to be simultaneously 
pushing in or pulling out the air through the opening at all points. In reality, 
however, the pressures at different points on the opening are not perfectly 
synchronized or correlated due to the presence of eddies. Although these pressures 
have (or are assumed to have) the same statistical and stochastic properties, there 
are differences between these pressures. The differences are influenced by the 
distance between the two points, the turbulence characteristics, and eddy sizes. 



Table 1. Ex~erimental and Pulsating Airnow Model 

Porosity 
I l$=8.3424~10-~ I input n,=0.5 

Note: NA: not available or not applicable. 

frequency (Hz) frequency (Hz) 

Theoretical ...... Exp 

Figure 3. Resulb of hlsating Nlodel: (a) MIagnibde and (b) P 
of Transfer Function Beween External and Internal hesmres 



As a solution, a function is introduced to obtain the net effect of the 
imperfectly correlated pressures. Since the net force is always less than the "point" 
pressure (multiplied by the opening area), the function should be bounded from 
above by a value of 1. Because the differences are related to eddy sizes or the 
frequency, this function is related to the frequency. The concept of this function has 
been utilized in wind engineering to calculate the dynamic wind loading on building 
envelopes 151. The function is referred to as an aerodynamic admittance function. 

In the proposed 
approach to account for 
the eddies in the airflow 
through the opening, the 
aerodynamic admittance 
function is chosen to be 
the coherence function *., 
of  w i n d - i n d u c e d  
pressures at  two 0.8 

representative points. h 
Figure 4 shows the Po-. 10-a 10-1 aw 10' 

experimental estimation frequency (Hz) 
of the coherence 
function and fitting. The Fjigure 4. Coherence Function as 
fitting curve will be used Aerodynamic Adnaittance FuncGon 
for later calculation. 

Once the aerodynamic admittance function is obtained, the net effect should 
equal to the "point" value modified (multiplied) by the aerodynamic admittance 
function. In the theoretical calculation the "point" force is the power spectrum of 
the external pressure at the opening. Therefore, the cal 

as the input force. A r analysis shows this is equivalent to using a 
transfer function: 

in the theoretical calculation. 

The comparison between experimental esthations and theoretical 
calculations by the modified model is shown in Figure 5. The plots show an 
impovement of the model over the pulsating model in predicting the 
transfer function. Table 1 also shows that the predicted RMS value of the internal 
pressure by the modified model is closer to the experimental results. The new 
approach also results in a larger RMS of airflow at the slot opening. 

The second approach for modelling large openings is to consider airflow 
through an opening as composed of several separate airflows (sub-flows). Each sub- 
flow is a pulsating airflow and is modelled as one distinct airflow path using the 
pulsating airflow model. In this way, the limitation to pulsating airflow is 
overcome, and eddy flow or multi-way airflow through large openings can be 
accounted for in the prediction. 



frequency (Hz) frequency (Hz) 

Theoretical . .. .. . Experimental 

Figure 5. Results of Modified Model: (a) Magnitude and (b) Phase Plots of 
Transfer Function Between External and Internal Pressures 

multi-way airflow 

pulsating airflow mode 

10-1 100 10' 

Figure 6. Results of 1Multi-Path Model: Magnitude Plot of Transfer Function 
Between External Pressure and Internal Pressure 

The slot opening of the BOUIN house is modelled as two flow paths. The 
theoretical results based on this modified model is shown in Table 1 and Figure 6. 
The predictions of the transfer function and RMS value for the internal pressure, as 
well as for the fluctuating airflow, show an itnprovement over the original pulsating 
aiflow model. 

The total air exchange across an opening is determined by both the mean and 
fluctuating airflow rates. The amount of flow reversal due to contributions from 
fluctuating components can be calculated from the RMS values and by assuming 
n o d  distributions for the temporal variations in the airflow rates. The last column 
of Table 1 shows the percentage of fluctuating aidow that is involved in flow 
reversal through the slot opening. Let this percentage be P, the total air exchange 
across the opening is the summaation of the mean airflow rate (6) and 3/2 of its 

fluctuating component (a,). Calculations (Table 2) show that due to fluctuations 
in the airflow, the air exchange across the slot opening is approximately 40 to 60 
percent more than the mean value. 



Table 2. Airflow Rate (Us) Through Slot Opening 

5. CONCLUSION 

The pulsating airflow model and its modified versions for large openings 
perform analyses in the frequency domain, and take the spectra and co-spectra as 
input. The model provides predictions on statistical characteristics of the resultant 
airflow. The frequency analyses have the advantage of less computations over other 
models based on time domain simulations. The greater stability of the wind-induced 
pressure spectral information compared to the time signals also makes the model 
easier to apply in other general situations. 

In accounting for fluctuating airflow through large openings, two approaches 
are employed. One approach utilizes the concept of aerodynamic admittance 
function. The net force that is pushing out the air through the opening 
is considered to be the "point" pressure 
function. The coherence function is 
approach considers airflow through a large opening as composed of multi-way flows 
and models the opening by several flow paths. The new approaches are applied to 
field experimental data from B test house in France. The comparison shows 
that both approaches are quite effective in explaining the experimental results. 
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Synopsis 

Multi-zone models are a common tool for calculating air and contaminant 
exchange within rooms of a building and between building and outdoors. 
Usually a whole room is then modelled by one calculation node with the 
assumption of homogeneously mixed conditions within this room whereas in 
real cases temperature and contaminant concentrations vary in space. The 
exchange to the neighbouring nodes via the flow paths is then a function of 
the local values of these variables. Detailed knowledge can be obtained from 
the solution of the transport equations for the air flow pattern within the room at 
the expense of far higher computation cost. 

This work shows a new approach called "method of detailed node values" to 
include results from detailed calculations in multi-zone models to give a better 
description of the real cases. Parameter transfer between a multi-zone 
program and a detailed air flow simulation program is discussed for different 
flow paths of practical imortance. 

The method is demonstrated in an example case with air in/exfiltration, 
ventilation and contaminant propagation, and discussed in a second example 
with large openings. This new method promises to improve the multizone 
model predictions with few additional CFD computations. 

I .  introduction 

Multizone models are computer tools for calculating air and contaminant ex- 
change between rooms of a building and between the building and outdoors. 
Usually a whole room is modeled by one calculation node (a zone) under the 
assumption of homogeneous conditions within this room. 

In real cases, however, temperature and contaminant concentrations vary in 
space. The exchange to the neighbouring nodes is then a function of the local 
values of these variables near the flow paths within each zone. Examples 
where detailed results are important for the multizone problem include: 

* detailed multizone indoor air quality and detailed multizone ventilation 
efficiency simulations 

* pollutant spread from a zone with a non-homogeneous concentration (i.e. a 
local source) into other rooms and therefore a complex room concentration 
pattern 

rooms with thermal stratification (e.g. displacement ventilation, open doors 
and windows) 

Detailed knowledge can be obtained from the field solution of the transport 
equations for the air flow pattern within the room, at the expense of relatively 
high computation cost. Methods to include detailed results in multizone pro- 



grams are therefore desirable to improve the predictions of the whole building 
transport behaviour. 

On the other hand, it can quite generally be useful to calculate the boundary 
conditions for a specific ventilation problem and for desired climatic conditions 
with the multizone program. This holds especially for cases with a combined 
mechanical/natural ventilation system, i.e. small mechanical exhaust systems 
with inlets and infiltration paths considerably influenced by stack and wind 
pressures. 

This work shows a new approach to include results from detailed single-room 
calculations in rnultizone models to give a better description of the real cases. 
Parameter transfer between a multizone program and a detailed air flow simu- 
lation program is discussed. The method is then applied to an example case 
with air infiltration and exfiltration, ventilation and contaminant propagation. 
For the case of an open door or window, detailed information on the risk for 
cold draughts and uncomfortable temperature gradients can be obtained. 

The presented method may thus be very helpful in the conceptual and the 
design stages of advanced ventilation systems for residential and small office 
buildings. 

2. Method for linking results of detailed air flow pattevn 
calculation with multizone models 

2.1. Brief description of multlzone models 

In a multizone model a building is represented by a network of nodes and 
links (flow paths) between nodes. Usually a whole room is modeled by one 
calculation node (a zone) with the assumption of homogeneous conditions 
within this room. Different connections (flow paths) between zones are 
described by functional relationships between mass flow and pressure 
difference. Figure 1 a shows a simple example of a house, and Figure 1 b its 
network representation for the rnultizone modeler. 

A system of algebraic equations derived from mass continuity is then set up. 
The equations are explicitly solved for pressure, and mass flow; humidity and 
concentrations of contaminants are then derived from the calculated mass flow 
rates. Temperature is used as a known input for the calculation of the mass 
flow between two nodes; even stratification profiles can be provided as input 
to the presently used program COMlS [Feustel et al. 1990, 19921. 

In the example of Figure 1 b the node values 1 and 2 are calculated; the other 
nodes serve as boundary conditions. The results are in general time-depen- 
dent in accordance to the climatic data used in the input. 



door 

Wind Room 1 Room 2 

a )  b) 

Figure 1: a) Example house with two rooms. The left room with internal details shown is 
the one chosen for the CFD calculation. b) Multizone network of the whole building. 

The case of an open door or window is traditionally treated by keeping the 
inside temperature fixed. New modules under development for COMIS 
provide estimates for the time dependence of temperature and temperature 
gradients, and CFD can give a detailed picture of the velocity and temperature 
field. 

2.2. Brief description of a CFD program 

In a CFD (Computational Fluid Dynamics) program for the calculation of a 
single-room air flow pattern, the room is divided into a large number of cells 
(typically 10'000) and for each cell transport equations for mass, momentum, 
energy, turbulence quantities and concentrations of contaminants are solved. 
Variables solved for and under discussion for this application are: pressure, 
velocity components, temperature and contaminant concentrations. 
Turbulence variables depend on the turbulence model used and are not of 
concern for the present application. 

In the present example the commercial code PHOENlCS was used [Rosten 
and Spalding 1987, Chen et al. 19901. The calculations have been performed 
in steady state, but could also be solved for time-varying boundary conditions. 
In most cases it is usually preferred to calculate stationary solutions for three 
or four different boundary conditions rather than the dynamical behaviour of 
the room air flow. 



2.3. Evaluation of a method 

A new method had to be worked out for combining detailed air flow pattern 
results with multizone programs, because no previous work is known for such 
an application. 

At first an approach was considered to enhance the resolution of the multizone 
program itself by including several horizontally and vertically divided 
subzones with appropriate flow paths between them. The subdivision of a 
room in subzones should be done depending on the characteristic flow pat- 
terns. Figure 2a shows an example of a room with a radiator (after hard et al. 
1991) with 5 subzones and a predominant flow pattern in each subzone. The 
detailed air flow pattern calculation should then give details for each subzone. 

Figure 2: a) Substructuring in subzone model for a room with radiator (after C. Inard, 
1991). b) Interface of new method for example room 1 of Figure 1 : 1,2 window infiltration 
paths, 3 door exfiltration path, and kitchen exhaust. 

For this situation hard et al. (1 991 ) obtained good agreement with measured 
data, but the flow pattern had to be known in advance. In a general case it is 
difficult to divide a room in such subzones. Even if it is possible in one case, a 
moderate parameter variation can change the flow pattern of the whole room 
and the division in ordered subzones has to be modified. As a further problem 
the available COMlS code cannot handle the desired subzones. 

So another approach deferring all the detailed calculation to the CFD code 
was chosen. The complete room air flow pattern of one zone or node is 
calculated by CFD with appropriate boundary conditions at the connections to 
the.other nodes. The remaining problem is then basically a discussion of the 
interface values at the connections to other nodes between the multizone 
program and the CFD program. 

A suggested preliminary name of the whole method is "method of detailed 
node values". Instead of one average variable value (C1 and C2 for the nodes 
1 and 2 in the example of Figure 1 b and 2b), a different variable value is 
provided for each flow path connected to the considered node(@ (as indicated 
in Figure 2b). 



3. Interface parameters 

3.1. Flow paths considered 

Multizone programs like COMlS provide many flow paths which the user can 
choose for his particular needs. We discuss here only those of practical 
importance for the present connection to air flow calculations: 

* Fans (ventilation supply, exhaust), flow controller 

* Leakage flow paths with infiltration or exfiltration 

* Large openings (open doors, open windows) 

In the example case the method is applied to some of these flow paths. An 
application to cases with large openings is shortly outlined in principle. 

3.2. input and output parameters 

All the variables mentioned in Sections 2.1 and 2.2 can be transferred from 
one program to the other but will be handled differently. For each of the two 
programs they can be either input value (i.e. boundary condition) or output 
value (i.e. a result) or irrelevant, depending on the flow direction and the type 
of flow path. 

Pressure: The node pressure as a result of the multizone program can be 
given to the CFD code, but is irrelevant in the case of a single-room calcu- 
lation as discussed here. In a case where a flow path like an exhaust pipe 
would be included in the calculation domain it could be used. However it is 
generally preferred to use velocity boundary conditions rather than pressu- 
re boundary conditions for numerical reasons. However it is possible to 
transfer local pressure differences due to temperature or air velocity 
differences to the multizone program allowing for higher accuracy (Figure 
6c gives an impression of the local pressure field in a room). 

Velocities or mass flow belong to the main variables of concern here. 
Usually the multizone model will calculate first the whole network and 
therefore the resulting mass flows provide the boundary conditions for the 
CFD code. In some cases however (e.g. in a room with several large 
openings) it can also depend on the local air flow pattern and therefore be 
an unknown. 

Temperature and gradients as a result of the CFD calculation can in some 
cases be given back to the multizone program and be used as input for a 
calculation with higher accuracy. 

Concentrations are the other main variables of concern. They will be input 
or output variable depending on the flow direction. 



Table 1: Input(i) and output(o) parameters for CFD program for different flow paths. 

Ventilation inlet 

Ventilation outlet 

Leakage infiltration 

Leakage exf iltration 

Large opening 

Table 1 shows an overview of input and output parameters for different flow 
paths, as seen from the CFD program. The role of the different variables 
depends mainly on the flow direction. The case of the large opening must be 
treated specially because bi-directional flow is possible and often occurs. 

All the output parameters which are results from CFD calculations will then be 
fed back to the multizane program. In some cases it is even possible that the 
mass flow depends strongly on the local conditions (e.g. in a room with two 
large openings). In such cases the whole procedure can be repeated two or 
three times, i.e, the CFD results are fed back into the multizone program which 
is run another time, and the new results put again into the CFD program and 
so on. This procedure could be called an external iteration. 

For the contaminant transport the new concentrations (the above-mentioned 
output parameters) can be fed directly into the contaminant modules of the 
multizone program without a second run. The Swiss version of COMlS (called 
COMERL) which was actually used for this application was adapted for this 
special type of input. With such local values, also time-dependent contaminant 
concentrations can be calculated under the assumption that the room air flow 
pattern remains unchanged. 

Concentrations 

i 

o 

i 

o 

ilo 

Velocity 

i 

i 

I 

i 

ilo 

4. Example cases 

Temperature 

i 

o 

i 

o 

ilo 

The first example (sections 4.1 to 4.4) shows how the air flow pattern in a room 
in a simple building is calculated with a CFD program while most boundary 
conditions are given from the output of a multizone program. From the CFD 
results temperature and concentrations at those locations where outflow 
occurs can be fed back to the multizone program. The contaminant transport 
can be calculated with the new input values. 

The second example (in section 4.5) gives a short discussion on cases with 
large openings. 



4.1. Case description 

We consider the typical residential building from Figure 1. The situation 
represents a living room and kitchen combination, as seen in more details in 
Figure 3. The kitchen ventilation is mechanically forced by an exhaust system 
above the cooking plate running at 200 m3lh. The cooking plates are assumed 
to have a convective heat transfer of 500 W to the air. For the cooking process 
a unit contaminant source of S=0.01 mlls is assumed (For a weight factor of. 
1 .O, it corresponds to an olfactory source of 1 olf [Fanger 19891). For higher 
source strengths, the concentration results (given in ppm) can be scaled up by 
the same factor. The walls are treated as adiabatic. 

Infiltration Exhaust Exfiltration or Infiltration 

Figure 3: Sketch of the living room & kitchen, with two windows and infiltration area, 
kitchen combination and exhaust, and door and exfiltration area. To the right the number 
of cells in each direction are given, with a total of 11424 cells for the CFD program. 

4.2. lnput from multizone program 

The values for the crack flow through the windows and the internal door into 
the adjacent room have been calculated with the multizone program for two 
meteorological wind conditions assuming typical building wind pressure and 
leakage data, and exhaust fan characteristics. The cracks have been modeled 
by rather large areas because of the coarse grid resolution chosen; a finer grid 
would only change the resulting air flow pattern in the near-crack region, and 
is not needed in the present example. 

In the first situation (case K4) without wind, half of the exhaust volume flow is 
infiltrated from the windows, the other half from the adjacent room (through the 
door). In the second situation (case K5) a strong wind (1 0 m/s) has been 
assumed from the left which leads to a total infiltration through the window 
cracks of 240 m3/h, and therefore to an exfiltration of 40 m3lh through the door 
crack to the adjacent room. 



The temperature of the outside air was assumed to be 20°C, and of the air 
from the second room 22°C; contaminant concentration of inflowing air is 0. A 
list of these parameters is contained in Table 2. 

4.3. CFD results 

Figure 4 shows as an illustration, for case K5, the resulting air flow pattern, 
temperature and contaminant concentration contour lines in the planes y=9 
and 19, and x=9. The position of these planes (in units of cell numbers) is 
indicated in Figure 3. The air inflow at the window cracks and outflow at the 
exhaust and near the bottom of the door, temperature stratification in the room 
(21°C near the bottom, and +1 Wm) and contaminant distribution can be nicely 
seen. The stratification would be important for the multizone problem specially 
in connection with large openings. 

Table 2 gives also the results (bold face) of the variable values at the flow 
paths to the neighboured nodes (exhaust and door crack) for cases K4 and 
K5. 

Case K4 (no wind) Volume flow Velocity Temperature Concentration 

Table 2: Input parameters and results (bold) lor the N o  cases K4 and K5. 

4.4. Results of the detailed node value method 

In the present example, the most interesting results are those for the 
contaminant concentrations. Table 3 compares the results of the multizone 
program a) under the usual assumption of homogeneous mixing, and b) with 
the CFD result as additional input. Figure 5 illustrates the terminology of the 
following analytical discussion. 





Cout 

Cout 

Figure 5: Terminology for case K5. 
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In the no-wind case (K4) also the door is an inflow path. The balance for node 

1 (our example room) states then for the volume flow rates (\j= rh/ p ): 

For the contaminant concentration (we consider one contaminant species) we 
get for the multizone model: 

The outdoor concentration coutdoor and the concentration in the adjacent room 
C2 are 0 because the contaminant source is inside of Room 1 . C1 is the 
average concentration in Room 1, which is in this simple case calculated by 

c, = 
S 

= 0.1 8 pprn 
exh 

The detailed node value method leads to the same concentration result at the 
exhaust because there is only one outflow port. Note that in this case the 
concentration in the typical occupied area in Room 1 is 0.1 1 ppm, also lower 
than the calculated C, . 

Case K4 (no wind) Room 1 Room 2 Exhaust 

Case K5 (wind) Room 1 Room 2 Exhaust 
) Multizone only (perfect mixing) / 0.15 pprn 1 0.15 pprn 1 0.1 5 pprn 

Ib) Detailed node value method 1 0.12 ppm 1 0.09 ppm 1 0.185 pprn I 
Table 3: Node value concentrations for the nodes living room & kitchen (Room I), 
adjacent room (Room 2) and exhaust, in the two cases K4 and K5. For Room 1 typical 
values in a height of 1.6 m have been taken. 



In the wind-case (K5) Equation 2 for the multi-zone model, again with Gout = 0, 
is changed to: 

S = Gexh c1 +Gdaorcl (4) 

The multizone average value C, is then 0.15 ppm, whereas the detailed node 
value method equation reads as . 

S = exh Cexh + Vdoor Cdoor (5) 

The concentrations are c2 = cdoor = 0.09 ppm in the adjacent room near the 
door and Cmh = 0.1 85 ppm for the exhaust from the CFD results (the values 
can be read approximately from Figure 4). 

In this simple example, which was chosen to illustrate the essential features, 
no additional multizone run was necessary to produce the desired results, but 
in a general case the procedure would go on as described in Section 3. For a 
time-dependent multizone calculation ,e.g., of a time-dependent source S(t) = 
So f(t), the above results could also be applied, e.g., to the concentration in 
Room 2 being C2 (t) = Cdoor f(t). This is based on the assumption that the room 
air flow pattern is still the same. This is fulfilled in the present example, but 
must be verified in a general case; otherwise more CFD runs are needed to 
give additional informations. 

4.5. Open doors and windows 

A multizone program calculates mass and heat flow through open doors and 
windows by using simplified algorithms based on the Bernoulli equation 
(Schaelin et al. 1992). The algorithm uses the average zone temperatures 
(both air and wall temperatures can be used) and an estimated linear zone 
temperature gradient. Also estimates for the velocities in the opening plane 
can be made available. However no information is available on the verrtical 
and horizontal variation of the air temperature gradient as a function of the 
opening arangement. 

A link to a CFD program should be very helpful to predict the ventilation 
efficiency as a function of the position of the openings, and could indicate 
when cold draughts at floor level become a problem (CFD can help finding 
comfort problems with open doors and windows), e.g. as a function of the 
opening angle or when more than one window are opened. 

Figure 6 shows air flow pattern, temperature and pressure contour lines of a 
twodimensional calculation of a room with an open door and a heater inside. 
The CFD computation domain includes the outdoor environment in this case. 
This example serves as an illustration how the temperature and pressure vary 



/ Temperature (DC) 

Figure 6: Air flow pattern, temperature and pressure contour lines of a room with an open 
door and a heater inside (calculation from Schaelin et al. 1992). 

inside the room. The pressure varies in this example due to stagnation 
pressure of the wind, due to the temperature stratification and, in the corners, 
due to the deceleration of the air flow. 

5. Conclusions 

A new method for linking CFD detailed air flow pattern results with 
multizone models has been presented. The accuracy of results of multizone 
simulations is limited by the assumption of homogeneously mixed 
conditions in each node. This condition is violated in many cases of 
practical importance. Therefore the accuracy can be considerably 
enhanced by the presented method. 

The proposed name of the method is "method of detailed node values". 
Instead of one variable value used for each node, a different value is 
provided for each flow path connected to that node. 

The method is demonstrated with a simple example and shows a more 
accurate prediction of the contaminant spread. The method can and will be 
expanded to more complicated cases. It can be used to determine detailed 
transfer values of all the variables solved in the multizone program like 
pressure, mass flows, temperature and contaminant concentrations. 

The method so far is suited for applications to cases where detailed air flow 
knowledge in a few rooms or only one room (in the important ones) is 
sufficient to give a better prediction of the overall air and contamination 
transport. In these cases, the method promises to improve the multizone 
model predictions with few additional CFD computations. 
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