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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 I Norweb HQ floor plan.
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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

(U-value 1.6 W/m’K). This moderate -

window area provides a useful degree e

of contact with the outside without S oue

causing problems for the heating and ﬁ"é'mm/j//
ventilating system. Solar shading is :
provided by overhanging canopies to all womnrszess ~ [T

floors, while balconies provide access ermmersm-- {f] MI |

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 W/m®> K
respectively. The design day (-4 C) heat loss is 443 kW equivalent to 45.5 Watts/square
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
changes/hour. Tracer decay tests showed that the actual fresh air ventilation rate in the
open plan areas was 1 air change/ hour. This is equivalent to 10-14 litre/second per
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person, which is generous compared to the CIBSE and ASHRAE guidelines of 8-10
litres/second 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 70°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 600x600mm. 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
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is switched off, to minimise energy usage, when:

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

The preheat/building 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 reading/writing 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 Watts/square 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 heating
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.
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S 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 [1] of over 4000 workers in 47 buildings carried out on 1985/86 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:

123 4 567
% satisfsactory neutral unsatisfactory
thermal comfort 56 31 13
ventilation 49 31 20
noise level 40 24 36
lighting 53 31 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.
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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 23+0.5 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 0.1m/s, and always less than 0.2m/s.

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 /s 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 (egivalent to about 51dBA) 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.
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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/m* 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.
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Figure 4 Monthly mean power data

The corresponding annual (1st April to 31st March) energy consumptions in kWh/m2
are:

general corrected
year boilers | chillers plant and total total
lighting | energy energy
1989/90 17.1 15.7 69.7 86.9 189.4 172
1990/91 16.3 18.3 714 100.6 206.6 188
1991/92 14.2 17.7 71.1 109.3 2123 193

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
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privatisation of the Electricity Supply Industry in the UK, staff office hours have been
longer than normal office hours 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/m®. The figures for the Norweb office are seen to be about half this value.

7 Indoor air guality 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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and analysis for the use of tracer gases in the evaluation of ventilation systems. A a e
advances have been in the direction of greater complexity and more sophisticated dar. an:
me:hods. Must of these advances are difficult for buildings researchers 10 understand, not
men:ion the confusion they have created for practitioners. This paper will aulempt 1o ret
basics and give guidelines for the practical applicarion of tracer gas methods for the evalu
of building ventilation systems. Methods which can be applied in a period of several hous
without the use of sophisticated equipment will be emphasized. Simple but accurate data
analysis methods will be presented including how 1o analysis data when equilibrinm or stea
state is not obtained. -The guidelines will include: simple methods to inject racer into a but
and obtain good mixing, methods to gather integral tracer gas samples, strategies for sclc
the location of injection, the location of sampling, the time interval between samples, the
duration of the test and the selection of appropriate analysis methods. Examples will beg i
from the author's experience in evaluating commercial and industrial facilities.
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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.
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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 fresh 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, the 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 1), 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.
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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 Qy, 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
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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. (Internal/external 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 results for the ceiling unsealed case correlated very closely with the air lcakagé 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 35-45m’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 80m>/hr, and the
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inflow from corridor to ward is between 14 and 36m>/hr. When the doors to the corridor
and the ward windows are opened, the outflow increases to between 107 and 150m*/hr,

whilst the inflow falls to between 6.5 and 10m>/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
85m’/hr; with the windows open, the air flow increases to between 81 and 118m’/hr.
Inspection of pressure da;ta 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 from 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
door/window 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 ﬁpwards, but also from the void to the

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

Condition Leakage rate

Doors and ceiling sealed -1 0.667m%/s at 50 Pa

Doors only sealed 1.567m’/s at 50 Pa

Ceiling sealed, doors unsealed 1.083m%s at 50 Pa

No sealing 2.133m%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 "hole" 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
veloclity 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
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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
Ycathedral 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 "hole"™ 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
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found to have a leakage area of less than 2 sq. in. (129 mm2)
{(CMHC 1990). A port was provided through the wall on the north
side to provide makeup air for air flowing through the ceiling.

Instrumentation

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 ‘the 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
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vents and the ridge vent. This component was selected as a
variable, after a preliminary analysis showed very little
correlation of ceiling air velocity with scalar (directionless)
wind speed.

Data were sampled at 4 minute intervals and hourly averages
were kept. The data for this study are for the period from
January 1992 to June 1992.

Findings

Six months of datauwere compiled to illustrate performance
during 1) January and February 1992 ("winter" data), 2) March and
April 1992 ("spring® data) and 3) May and June 1992 ("summer”
data) . Measurements of air velocity through the hole in the
ceiling were compared to the outdoor air temperature, and to the
north/south wind component. The results are shown in Figure 3
through Figure 8. These charts include plots of the hourly data
points, together with interval means and standard deviations
within the interval. A simple multivariate regression were
performed and the results are shown in Table 1.

An air velocity of 1 m/s through the pipe can be seen
during periods of cold temperature or during periods of high
winds. The section area of the pipe is 11.3 cm?. If the flow were
uniform through the pipe, this velocity would indicate a volume
flow rate of 4 m3/hr.

The results show considerable scatter, which is common in
any measurement of convective effects. The correlation
coefficient (R2) is less than .5, indicating that less than half
of the total variance of the data points is explained by these
two variables.

The comparison of the ceiling air wvelocity with the outdoor
alr temperatures indicates a clear trend for increased air flows
at lower temperatures. This is a simple illustration of bouyancy.
With the coming of spring, high outdoor (and attic) temperatures
instigated downward air flows, which appear as negative velocity
values in the accompanying figures. Flows at temperatures above

20 degC indicate downward flow during spring and relatively
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strong upward flow in the summer data set. Both of these effects
should be attributed to unexplained variation. If the data sets
are combined, the effects are seen to cancel one another, and the
trend toward zero net flow at that temperature is evident.

The first line of Table 1 shows that the mean velocity for
the entire data period is considerably higher in the winter (0.85
m/s) than in the summer months (0.36 m/s).

There is a slight trend for greater air flows at higher
outdoor wind speeds (north/south component). The correlation of
ceiling air flows with north/south wind component is clearly seen
-in Figures 4, 6, and 8. Table 1 shows the weakness of wind as an
explanatory variable. The t-value is the ratio of the regression
coefficient to the standard error for that coefficient. In this
case, given the lack of cross-correlation between outdoor air
temperature and north/south wind speed, the relative size of
these numbers may serve as an indicator of their relative
importance as explanatory variables.

Results from pressure difference testing were compared to
the ceiling air velocity during a two week period in January
1992. Those results are shown in Figure 9. In this case the
correlation coefficient (RZ) is 0.79, indicating rather close
agreement. Thus, close estimates of rates of air flow could be
deduced from measurement of pressure differences across the

ceiling plane.

Conclusions

Measurements of air velocity through a ceiling hole were
taken for three seasons in a laboratory containing test cells
under natural conditions. The velocities during the winter are
considerably higher than they are during the summer months. The
effects of outdoor air temperature and wind speed on ceiling air
velocities can be seen, though these variables together explain:
no more than half of the total variance in the velocity data. Of
the two variables, outdoor air temperature is more important. In
this test cell, ceiling air velocity correlated closely with

measured values for air pressure difference across the ceiling.
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Table 1

|statistic Jan/Feb Mar/April May/June
mean air velocity

(m/s) 0.85 0.73 0.36
R2ns .06 .03 .09
R%;¢0 .12 .42 .12
R%ns, ato .18 .47 .21
t-valuepg 9.2 9.6 11.7
t-valueyio 12.8 29.0 13.4

Note: R® is the correlation coefficient computed for the
individual variables: ns for north/south wind component, and ato
for outdoor air temperature. The statistic t-wvalue is the ratio
of the regression coefficient to the standard error for that
coefficient in multivariate regression. Higher values of R2 and
t-value indicate relative importance of that wvariable.
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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.
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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.
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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 lower temperatures is evident.
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Figure 4. Winter comparison of ceiling air velocity with north/south wind speed.
Effect of both north and south winds on ceiling air flows is evident.
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Air velocity vs. outdoor air temperature: Mar/Apr
1992
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Figure 5. Spring comparison of ceiling air velocity with outdoor air temperature.
Results above 20 degC conflict with findings from following months.
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Figure 6. Spring comparison of ceiling air velocity with north/south wind speed.
Effect of wind speed is less visible than during winter.
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Comparison of pressure difference and ceiling air
velocity, January 1992
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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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ABSTRACT |

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 N2O 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 Sheffield 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=0.00015329 and k2=0.4105174. 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 [1].
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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 COMVEN 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:
Table 1. COMIS input values

Description Input values

Wind speed 3,7,10,15 [m/s}]

Cavity volume per zone 0.2326 [m"3]

Weep hole devices zone 1,25 bottom 1 per zone

Weep hole devices zone 2-24 bottom 2 per zone

Weep hole devices zone 1-25 top 2 per zone

Cavity temperature 20 deg C

Crack temperature 20 deg C

QOutside temperature -10 and 20 deg C

Cp-values from wind tunnel study [1]

Crack flow characteristics from de-pressurisation test
k1=0.00015329
k2=0.4105174

The wind pressure coefficients chosen from the wind tunnel study characterise wind from
the north-west. Calculations using the COMVEN programme were only carried out for
the 20d floor on the west facing facade. The overall air flow from 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.
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Theoretical Airflow
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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
fresh 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 NoO gas flow
were kept at a constant rate of 94 L/min and 0.5 L/min respectively. The procedure for
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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.
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12

18 %13 ] €5
”weep hole device H
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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
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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 L/min. 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.
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Figure 3 and 4: Average gas concentration measured at the 18 sampling points
HICKS BUILDING EXPERIMENTS

The procedure for the experiments carried out on the 20d 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 [1]. 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 afier 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
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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 within the cavity may be dominant.

FUTURE 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 m/s, the more reliable record, after five
minutes results in 0.00963 m/s. These velocities correspond to a deducted air flow of
0.0016512 m3/s and 0.001156 m3/s respectively.

Measurements in the cavity, with a wind velocity of 1.5 m/s from the Southwest resulted
in an air flow rate of 0.00211 m3/s. With a wind velocity of 4 m/s from 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 m/s and 5 m/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 COMIS
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.

Table 2: Calculated and measured results
wind direction | wind velocity | COMIS measured

1 ]calm <1m/s 0.001645 [m>/s] | 0.00165; 0.00156 [m>/s]
SSW 4 m/s 0.00262 [m3/s] | 0.0029 [m3/s]

3 West 5 m/s 0.00473 [m3/s] | 0.0048 [m3/s]

At a wind speed of 1 m/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 m/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 gredicts. However, the simulation results for a wind velocity
of 5 m/s were 0.004738 m°/s and were in good agreement with the measurement which
was 0.0048m3/s.

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 COMIS 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.
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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 [1]-[4]. Except some models the analysis of interaction between HVAC
systems and building infiltration is seldom studied [S].

In this paper our first objective is the study of a building coupled with HVAC
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 HVAC 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
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behavior is represented by power law functions (orifice laws).
Q=C(AP)¥

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]-[8].

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 thermophysical

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)

O> e . P2 >@

Figure 1 : Pressures at a Junction of a Tee

Table 1 : Different configurations of a Tee Junction.

e

Configuration Diagram

T splitting

T gathering

straight stream gathering

| lateral stream gathering

straight stream splitting

lateral stream splitting

K
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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,.J, we
assume a linear behavior of the fan; this curve passes through the two points (AP,
Qmax)and (APmax’ Qmin)'

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

\
Q
AP b Qmax
|
5
|
j !
' i
; APy
] Q Qmin ) o AP
) APmm \
Characteristic curve of a fan. model

Figure 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-) and polynomial laws (range 2+, 2- and 3+, 3-).
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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.

F2
F1
e 9 ' R
R T SO :
_u-' "’ l
¢= ‘."' 34 <= 2 e
3= 1- L2+ M F4 . : 2+ ! |
1] o ‘ !
(I 2 1 > 1[2 v 1 .
pe jp2= 1
F3 AP X Ap
' b = T 1 e =
......... Looe® ..-.-‘---J...’-"

Figure 3 : Characteristic curves of flow controllers.

4.- Pollutant transport and IAQ evaluation :

Furthermore, a pollutant transport module already existed in COMIS [10], 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 [11]}-[13].

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

£C= C, (=)

<C () >

with :

C.(«) : contaminant concentration in exhaust air at time «
<C(«)> : room mean concentration of contaminant

1=Nz
,‘g F;oC;
Co (@) =2l

i ngi ,

i=1

i=Nz
R
<C(w)>=it
Ly,

i=1

F,y : air flow rate from zone i through the exhaust duct to outside [m?/s].
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C, : Contaminant concentration in zone i.
V; : Room volume [m?]

The Contaminant Removal Efficiency is derived from the ventilation
effectiveness.

eC

c=——-—-
1 1+e€

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 :

E=C(t)

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

2
E=[c(e)de
t1

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

5.- Test case :

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 S 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

South West and North South roof | North roof | End of
facade East facade exhaust
facades A duct
+ 0.25 - 0.70 - 0.50 - 0.55 - 0.60 -0.75
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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 facades (windward and
upwind facades). 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 facade. 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 facade. 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).

- 8.2.- 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 CO, source pollutant in the living room (its
CO, emissive power is 0.01g/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 CO, 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 CO, 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.

6.- Conclusion :
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 esssential to use such
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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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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 (/1/). 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-e-model) solved with a new
iteration technique including a multi grid solver.

2. Measuring Equipment

- A test room was constructed at a scale of 1:5 to the test room (/2/,/3/), specified
by the international project IEA ANNEX 20 (/4/,/5/). A lot of measuring and
computationai 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 2m/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 1/h. 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 (DANTEC 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 (/5/) used to calibrate the probe right
beside the test room within a range of 0,1 to 2,0 m/s.
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As mentioned above, heat transfer coefficients are determined by means of the
ammonia transfer method (/7/) using the analogy between heat and mass transfer
and a computer aided image processing system (Figure 3, /8/). 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

o= —————ﬁNHa A (.l..,_r_)n
DNH3—L ) Sc

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-¢ turbulence model, the following system of
differential equations is formed by :

oU; — dU; 5| [ou; au; 1 0p fj  ouju
ot T Vi Y\ Tt e g T T ox
t Xj X; Xj X p 0x P X
oU;
oxj 0

8T _ oT T| — ou'T
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+ Uj i ox; axj( * axj]‘ +C1"’(k ax,\axJ ™

2@

&2 , 0T
'C2?+C1917Pr ax]

with v¢ = Cp-k2/e and a; = v¢ / Pry

In addition, appropriate initial and boundary conditions have to be specified.
Details are given by Rosler (/9/). The set of constants of the turbulence model is
shown in the table below.

Cp Cq Ca Pry Pr. Pry
0,09 | 1,44 | 192 | 0,77 1,3 1,0

Instead of solving the fully 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 / 10/.

4.Results

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

[a] = vaZ +v* -

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.
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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 further 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 (/3/).
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7. Photographs , graphs and diagrams

Photograph not available for Conference Proceedings.

Figure 1: The model "post-annex-20-room" with the moving system for
the probes (author : P. Vogel)
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Photograph not available for Conference Proceedings.

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

Cross-sectional area of the duct fittings (m2)
Concentration of tracer gas (ppm)

A

C

F Volumetric flow rate (m3/s)

q Injection rate of the tracer gas (m3/s)
k Velocity pressure loss-factor, dimensionless
\' Bulk velocity (m/s)

t Air temperature (°C)

Py Velocity pressure (N/m?)

Pg Static pressure (N/m?2)

Pr  Total pressure (N/m?2)

APt  Total pressure loss (N/m2)

Vr Face velocity, filter (m/s)

AP;  Pressure drop, filter (N/m?2)
AP;  Pressure drop based on tracer gas measurement, (N/m?)

AP,  Pressure drop based on pitot tube measurement, (N/m?)
B Barometric pressure (N/m2)
p air denstiy (kg/m3)
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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 ASHRAE Handbook "Fundamentals"2.
These values have been determined experimentally using traditional
instrumentation 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 developed flow and can be used to measure airflow over
wide range of velocities in ducts 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 ASHRAE 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
HVAC system. SFg tracer gas was injected into the duct fittings ata
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 conditions>:

F = (g/C) x 106 (D

The average air velocity is:

V = (¢/CA) x 106 2
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:

APt = kPv = kpV2/2 3)
Substituting equation (2) into equation (3) we have:

APt = 0.5k p(q/CA)2 x 1012 )

551



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

APT = 0.6(8/101.325)[293/(273 + t)] (¢/CA)? x 1012 5)

The loss factor, k, for various duct fittings can be found using the CIBSE
Guide "Reference Data" and ASHRAE 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 600mm filter. The
rectangular-to-round fan discharge transition connected to 200mm 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 controlied 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.

SFg tracer gas was injected into the duct at a constant rate using mass flow
controller, type F100/200, made by Bronkhorst High-Tech BV, Ruulo, Holland.
The mass flow controller had a maximum flow capability of 3.9 L/min 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. Ps 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
analyser.
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3.2.

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.

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).

iti) 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.

RESULTS AND DISCUSSION
k-factors For Duct 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 = 0.5pV?2) 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 ASHRAE Handbook,
respectively.

553



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

Reynolds No.| 1.94 x 105]1.90 x 105{1.82 x 105] 1.65 x 10°| 1.38 x 10>
F 0.42 041 0.39 0.35 0.29
Vi 13.26 12.94 12.34 11.29 931
Pvi 104.64 100.05 91.08 75.91 51.93
Vo 20.73 20.22 19.28 17.64 14.54 |
Pyv2 255.46 244.25 222.35 185.34 126.79
APy -150.82 | -144.21 -131.28 | -109.42 -74.86
Ps1 169.00 160.00 147.00 124.00 82.00
Py 53.00 50.00 45.50 38.50 27.00
AP 116.00 110.00 101.50 85.50 55.00
APr -34.82 | -34.21 -29.78 -23.92 -19.86

| I
=== - = = = - -
i T2
o | Ps2
0 Vip— TR2 o
| |
I I
d) |
z @

Similar experiments were carried out to determine the k-factors for other
components of HVAC 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 resuits 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.
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Table 2

Velocity pressure loss-factors for duct fittings

Velocity Pressure Loss-factors
Type of Duct Fittings k) _
CIBSE { ASHRAE | Pitot Tube |Tracer Gas
90° Branch 1.64 1.62 1.99 1.56
90° Bend 0.67 0.24 0.63 0.49
Contraction 0.13 0.09 0.18 0.14
Duct Exit
Without Bellmouth 1.00 1.00 1.19 1.15
Duct Exit
With Belimouth 1.09 1.00 1.03 1.02
Orifice _ 1.04 Not Given 1.00 0.78
Perforated Plate 7.76 6.77 5.91 5.00

4.2.

Table 3

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.

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.

Correlation between pressure drop and face velocity for clean filters

Types of Filter Pitot Tube Tracer Gas

Glass Fibre AP;=-5.698 + 17.791 V¢ AP; = -5.483 + 19.683 Vg

Synthetic Fibre | APy=-7.239 + 25.847 Vi | AP;=-6.123 + 28.094 Vg

Bag APr = 6.492 + 45006 Vi | AP[ = -6.149 + 43.401 V;

Table4  Correlation between pressure drop and face velocity for dirty filters

[ Types of Filter Pitot Tube Tracer Gas

Glass Fibre APy = -7.399 + 22.998 V¢ AP =-5.576 + 22.307 V¢

Synthetic Fibre | APr=-24.991 + 76.715 V¢ | APy =-20.129 + 72.917 Vg

Bag APg =-23.609 + 89.326 Vy | AP;=-19.920 + 91.301V¢
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V)

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 [(APt -
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 11.1% respectively.

CONCLUSIONS

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

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.

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.

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.

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 ab tracer species

P pressure C point C in Fig. 1

AP pressure difference D1 pressurisation fan for zone r
3P AP across air flow passage section e,0 outside

Q flow rate m pressure ring defined by [1]

Qi flow rate; i=2,3,4,e; (Fig. 2) meas measured flow rate

Qij flow rate from zone i to zone j 0 beginning of test

q flow rate through a passage section true actual flow rate

R flow resistance of a passage section superscript

subscripts ! a condition at which AP=AP"'

1,2,3,4,r zone number as seen in Fig. 1 & 2

1. 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 1tubing 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.

apasEsEsaEns siiuiiii

Qutside: e

Zone 3

passage
section 3

passage
sectione

o

passage
sectionr

i :
Fig. 1. Schematic of a branched connection linking two zones and the outside.
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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 "e". 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 examination of the multifan pressurisation method

There are two versions of this method, i.c., 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 paper{1] 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,

Outside: e ’I‘Qe
Zone 2 l Zoner, Zoned
«
Q2 Q4

Fan \LQS

Fan

Zone 3

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

to measure the leakage distribution for zone r is to obtain the O — AP curve or the function Q(AP) for

all the flows Qe, Q2, Q3 and Q4 over a AP 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 Q2(AP) is
to be measured then zone 2 is called the flow recipient zone for that measurement.
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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, Q3 and Qs are measure at each of the steps of pressure differences
AP, (AP = Pr -Pm), thereby obtaining the Q(AP) 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(AP)
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
Qo1 is measured at each step. One then has Q3(AP) = Qoi(Pr - Pm) - Qo1(Pr - Pmo). Note Pmo = Pr, so

Q:(AP) = Qui(AP) - Qoi(0). 1
The other Q(AP) functions are obtained in a similar manner. Details can be found in Ref. [1].

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 AP is
linear:
AP /q =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(AP). At the point of AP=0.5P
(i.e. Pr =P, P3 = Pm = 0.5P; Pe = 0), according to Eq. 1
Q3(0.5P) = Qp1(0.5P) - Qp1(0) (3}
First, consider Qp1(0). It is known at that moment, Pr = P; Ps = P and Pe = 0 and according to mass
conservation,
Qo1 =q;
qr + 9= Q¢ 3)
where qr, 9, and q,, are the rates of flow through the passage sections against the corresponding resistance
Rr, R3 and Re, respectively. Eq. 3 can be transformed into

B-F P-P _P-P
R R R

substituting the resistances and the pressures in Eq. 4 with their values, one has Pc = 2P/3 and thus

@

P-P, 1P
N=g (0)=—2—-—€ - ___
0n(0)=4,0)==7=5=3%
Qp1(0.5P) can be obtained in a similar manner:
1P
0.5P)==——
00 (0.5P)= >
and thus from Eq. 2 one obtains
1P 1P 1P
0.5P)=————— =——
&(0.5P) 2R 3R 6R
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In other words, if the meter readings for Qm are absolutely accurate, the measured flow rate for Q3
is P/6R. The true value for Q3 can be calculated using again Eq. 4. Remembering Pr = P; P3 = 0.5P; Pe =
0; one obtains q, = P/2R; q, = P/2R; as well as

q;=0 ®)

Eq. 5 shows that there is no air flow going from zone r to zone 3. The true or practical value of Q3
is zero. At this particular pressure difference, the relative error of measurement is infinite.

Apply the above analysis method to every point in the AP range to obtain the Q3(AP) function, it
is found that the Q3(AP) measured using the deduction technique, assuming all readings are absolutely
correct, is :

AP
AP = — 6
QS( )meas 3 R ( )
while the true or practical function is
%; AP>0.5P
Q:(AP),,, = ™
0, AP<0.5P

therefore, the relative error caused by the inadequacy of the deduction technique for this particular case is

P-AP
P

———: AP>0.5P
error = QS(AP)meas*QB(AP)tme — ZAP (8)

QS(AP)tme
w, AP<0.5P

As scen 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 sufficiently "long and narrow" passage sections were used in the above examination. This is
purely for clarity and simplicity purposes, since their Q(AP) 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 sectlons whose
Q(AP) functions are in the power law or quadratic forms[3], i.c, Q=K AP™ or AP =Ku Q2 +K2 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(AP) functions can be
represented, in most cases, by the following type of equation:

=f(OP) a12)
where f is a monotonously increasing function. In other words, the flow rate through the passage section
in question, g, increases with the pressure difference across it (OP). 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 (AP") in the AP range, at which P3=Pc and therefore q,=0 and Q3=0.
(The existence of this point is obvious and easily proven.) According to the deduction technique (Eq. 1),
there is
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O,(AP') = O (AP') = 0, (0) (13)
Since 0, (AP') = 0, if the deduction technique is correct or valid, then there is Oy, (AP') =
Oy, (0) or, noting O,y =g, ‘

q,(AP')=q,(0). a4

Denote the condition at which AP = AP by superscript ' and AP = 0 by subscript "o". Eq. 14 is then
written as

qr= Aro (15)

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

P'=6P'+6P'; P, = 6P, + OPF,,. So, onc has

8P = 6P, as)

From Eq 16 and 12

q.=4., an
Because g, = 0, then from the law of mass conservation, it can be obtained

q,=9, 18)
Combining Eq. 15, 17 and 18, one has

9o =0 19
However, in reality, the relation between the two flow rates is

90 =24, (20)

because ¢, = ¢,, due to passages being identical and, q,, +¢,, = 4,,-

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 successfully 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 difficulty 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.
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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.

dC
4 Ttal =—=C,0, —C,0, +C 0, (26)
dC, _
n "'d“t'bl- ==~Cy Qo —CoQp, +Cp, Oy 7
dC :
v, 7(‘2 = alQlZ - Ca2Q2l - CaZQZO (28)
dcC,
v, d:z = Cb1Q12 - Cb2Q21 - CbZQZO (29)
On—00+0,-0,=0 (30)
O =0y +0, -0, =0 Gl

where for m €(0,1,2), n €(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 fo 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, €.g. by using a fan, into zone 2 at a flow rate of "q". Consequently, the
flow rates through the passage sections are q, = ¢/2, q; = ¢/2 and g, = q. So the true rates of the flow
between the zones and between the zones and the outside are Qo1 =0, Q0= ¢/2, Qo2 =q, Q20 =¢/2, Quz =
0 and Q2 = g/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 Calo and Co20. 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, Vz,
Cal, Ca2, Co1 and Cr2. If the measurement instrument readings are absolutely accurate, then

Vi=V=V (32)

Ca2=0 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

dC,
“;i?bz— = —qZCbz (34

Integrating the above equation, noting V2=V, q,=q and the initial condition of Cv2 = Cv20 at t=0, one
obtains the Cv2 history

4
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G =Cp0 € 7V (35)
For zone 1, the mass conservation of tracer a requires

dacC
h=—="9Ca (36)
and the mass reservation for tracer b requires
dc,
4 dtbl =-¢,Cy +9,C, L))
Eq. 36 is solved in the same was as for Eq. 34, to obtain
‘ _at
Ca=Cno® ¥ (8)
Eq. 37 can be transformed into the form below
d -z
aCy Ao =LLc ev 39)
da 2V 2V
with the initial condition of Cb1 = 0 at t=0. The solution for this equation is
g -2
Cn=GCo © =G, ¢ 7 40)

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: Qo= 0, Q10 = ¢/2, Qo2 = q, Qz0 = ¢/2, Q12 =0 and
Q21 = g/2, 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 successful 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 left 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 are
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, #, j €(0,1,2), is independent of the path
through which Qij arrives, thus the influx rate of tracer a will be Cs2Q21 whether Q21 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. 27-31. Thus the equations representing the two zone tracer
decay technique are always correct regardless of the connection types present. Therefore if Vi, Va2, Cai,
Ca2, Cv1, Co2 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 muitizone 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
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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 interzonal 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 comnection in terms of tracer measurement
interpretation is much too great, for, in addition to "flow from zone i to zone j is Qij when they pressure

difference between them is APJj " 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 téchnique 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 al [1]. 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 al [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
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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 [S]. 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.

Table 1. Summary information on the various set-ups

Number Zone sizes Zone Pairs with
. of Zones 1 2 3 4 5 Connecting Cracks

Set-up 1 1 1.027
Set-up 2 2 1.027 | 0.530 1-2
Set-up 3 4 1.027 | 0.530 { 0.292 | 0.182 1-2 2-3 2-4
Set-up 4 5 1.027 1 0.530 | 0.292 | 0.182 | 0.233 | 1-2 2-3 2-4 2-5
Set-up 5 2 10.35 | 10.35 1-2
Set-up 6 3 10.35 | 547 | 4.88 1-2 1-3
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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.

bleleding
orilf'!ajce tracer fans
plate detector
. - isample
8 v itubes
v : oyt
01 db | zone 3
1 oz op
crack 1 =
—=Q12 ==
mixfin g zone 4
an —d
oo "'-)024
zone 1 zone ¢ o9e Al
ip.r. opening

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 m’, 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
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"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 Qi2, Q23 and Q24 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 above 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 (SFe)/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 10ACH --- were still much
higher than what is acceptable --- 0.5ACH [5] --- 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. [1].
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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, AP
drives air, Qi2, into zone 2, building up the pressure there, AP»,APx, which in turn
drives air, Q23 and Q24, 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 AP»,AP» and AP, 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, Q13 and
Qu4, 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, AP 13 and AP 14
must be kept equal during the test. '
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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].
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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, Q12 of set-up 2 in Table 2 is the flow rate through the
crack 1-2 of set-up 2 indicated in table 1.

Table 2 Combined technique measurements as subjected to large pressurisation flows.

Set-up 1 | Set-up 2 Set-up 3 Set-up 5§
O Q2 Q23 Qs Q12
Combined Method (m3/h) 3.47 1.84 1.77 2.22 28.7
Calibration (m3/h) 3.78 1.91 1.61 2.42 29.5
Relative Error (%) 8.2 3.7 9.9 8.3 2.8
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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 10%, showing that combined technique is of good accuracy.

Table 3. Leakage distribution results obtained using the combined technique.
| l Set-up 4 | Set-up 6

I Q23 | Q24 | Q2s f Q12 Qi3
Combined Method (m3/h) | 2.09 | 224 | 194 | 3525 33.8 |
|
I

I
|
Calibration (m3/h) | 2.00 | 246 1.90 | 371 369 |
| RelativeError(%) | 45 | 89 21 | 5.1 9.2 |

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

Summary

Spillage of combustion products from open flued combustion
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 1/s or a minimum
extract rate of 30 1/s if incorporated in a cooker hood!. 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 £ill 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
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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
Pressure? (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
after Timusk et al.?). 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 flowv 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 al.?) 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.
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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
fewver 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

simul taneously.

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 size

Air brick position Boiler size
Boiler fuel Flue diameter
Flue construction Wind speed

Wind direction Internal/external

temperature difference

3. Gas Fired Boilers

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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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 1Indoor Pollution Levels
During all tests, the level of CO, 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 103
ppm for CO, and 50 ppm for CO. The 10 minute exposure limits
are: 15 x 10% ppm for CO, and 300 ppm for CO. The maximum levels
recorded in the kitchen were:

Cco: 15.2 ppm CO,: 8.7 x 10% ppm = 0.87%
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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 m® 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
wvhat 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 1/s and 30 1/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 kitchens!. 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 1/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.
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"4. Other Gas Fired Combustion Appliances

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.

5. 0il Pired Boiler Results

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. 0il 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
boiler’s 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
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in pressure difference. An increase in pressure difference of 1
Pa reduced the proportion of oxygen in the flue gases by 0.025
%. The proportion of oxygen in the flue gases recommended by the
manufacturers is 4.5 %Z. 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 Vork

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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An Investigation of the Potential use of Thermography for
Building Air Leakage Measurements

J. W. Roberts, S. Sharples and I. C. Ward.
University of Sheffield

Synopsis
The heat loss associated with the external fabric of a building has been greatly reduced by
the increased levels of modern 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 knowlédge 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 thermography in order to establish the
flowrate and therefore quantify the air Jeakage.

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.
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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 minimised 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 commiting time and money to the study of airflow via temperature measurements
it was considered prudent to carry out a preliminary test to verify whether this method
would give a reliable answer, or if it would have no correlation 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-1.

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.
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Figure 1: Graph showing preliminary experimental result 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
[1] in 1986. He stated that the magnitude of the change 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.
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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 fourApossible
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 — 100um and
should not be confused with infra-red photography which only utilises 0.75 — 1.2um -
the so-called photographic infra-red spectrum.

The thermography camera was situated 1m 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 00:00 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.
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Figure 2: Graph showing temperature change of airflow through 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 pre-fabricated crack is measured
over 3 hours. As figure 2 shows, the temperature rises sharply 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 air/heat flow a theoretical simulation has been started using the computational fluid
dynamics package Fluent®.
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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.
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Figure 3: The grid of cells as defined to cover the chosen area .
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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.
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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 application 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
88m? 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/m3]
qj  Airflow from the zone j to the zone i [m3 /4l

Q Air flow matrix

Sik  Tracer source emission rate in the zone i during the kh test [kg /9]
S Tracer source emission rate matrix

'Ti  Air temperature of the zonei (K]
Vi Volume of the zone i [m 3],
Xi  Vector containing the six air flows qij coming to the zone i.

Yi  Vector containing the tracer gas rate injected in the zone i.
2

Ox  Variance of variable x

o ij ~ Kronecker's symbol

I. INTRODUCTION

A review of numerical codes about multizone air flow studies has been
recently achieved for COMIS project [1]. This review shows that none of multizone
codes now developped have been validated .
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A few years ago, LASH, CETHIL, 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.

I.1 Optibat: the experimental tool [2]

A few years ago, CETHIL developped a real scale experiment made of a
88m? 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.

= a ooz Rooznd
< °°'.111> (Zone 2> { Zone3)

Ldving oo
(Zona S

Fiwchen
(Zone &>

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).
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Figure 2: Schematic representation of the climatic conditionning principles

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

I.2 The experimental project

Since its conception, this experimental facility has been mainly devoted to the
validation of various thermal models developped by CETHIL. In orderto use itas 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.

II. 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°C,
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:

-18t 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. During 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 PT100 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.
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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.

Tracer gas concentration (ppm)

Zone 1 Zone 2 Zone 3 Zone 4 Zone 5 Zone 6
Test 1 9.74 0.51 | 0.081+:0.008} 0.09:0.008]| 3.5810.08 | 2.8540.11| 3.59+0.1¢
Test 2 0.1+£0.009 | 9.941+0.34 | 0.1210.008] 2.8910.08 | 2.44::0.054] 2.65+:06.051
Test 3 0.09+0.01 0.11+0.01 | 9.97:+0.23 { 3.4230.11 4.98+0.09 3.54:0.09
Test 4 0.1+0.008 | 0.13%0.006] 0.143:0.006 | 9.86:0.24 | 6.96+0.11 | 10.13+0.15
Test 5 0.96:0.008] 0.06::0.008 | 0.07:0.008] 0.11+0.008] 10+6.3 1.79+0.11

Test 6 0.06+0.003] 0.061+0.006} 6.06:0.006| 0.18+0.02 10.10:1:0.0008 9.87+0.35

Tracer gas rate emission (10% m3/h)

Test 1 4.6+0.07

Test 2 3.42:4:0.07

Test 3 4.95+0.07

Test 4 12.41:+0.18

Test 5 6.17:0.09

Test 6 8.77+0.12

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:

V.dC S (c.-C.)

i ik _ Uik jk ik

Ta =71t q;1-8,) ®
1 1 j

- .(1-3..) ..(1-8.)
Vidli 5§ 0% Zqu( ji

T? dt j Tj j Ti (In)

We used two methods to solve these systems:
I1.1 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:
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QC=S8 on
Cik and Sik represent the values of the ki tracer (test) in the ith zone .

The interpretation of air flow matrix ( Q) requires a few explanation [7]: the
diagonal elements q;; 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 -qjj 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 gi( by writing:

;
q.. = q..
ii j=0 ij av)
>
qQ.n=9q;. — .
o~ %™, 2y V)
In the same way, the exfiltration flows q(j is determined by writing:
6
qg.= 2 q..
U (VD
6
qoi=qii_j§1qji VD
The total infiltration or exfiltration flows for the optibat cell is:
6 6
9p= 2 9= 2 9y,
0 =1 i0 i=1 0i (VII)

The second approach we have used to describe the same air flows is the
disconnected approach. This approach consists in studiing each zone independently
and determining all the flows .pF4,8].

I1.2 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-adjacent zones do not exchange air
directly without mixing in the intermediate zones %4].

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:

CX.=Y,
i i X
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where

Ci(J, k) =

c(j, k) —c(i, k)

T.
J

()

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

X

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 Xj

The second method considers all the six tests and using the mean square

method, we also identify Xj. 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

j i Outside Zone 1 Zone 2 Zone 3 Zone 4 Zone5 | Zone6
Outside 130.5+3.3 | 46.46.3 | 33.75+1.8| 48.6+1.8 | 2.28+12.1 | -1.9%1.5 1.443.3
Zore 1 0.2742.22 | 47.416.6 0.1+0.0 0.2+0.0 46.1£8.7 | -2.0+0.8 -1.3+2.1
Zone 2 -1.2+1.2 0.3+0.0 34.5£1.9 | 0.420.0 36.10+3.7 | 236104 | -3.50+1.2
Zone3 | -5.642.2 | 02+0.0 | 0.240.0 | 500410 | 428247 | 161212 | 37423
Zone 4 2.8+£17.20 0.0+0.0 | 0.1+0.0 -0.2+0.0 [129.3+14.0 | 43.9+3.9 | 82.1+16.9
Zone5 | 45.9+4.0 | 0.210.0 0.2+0.0 0.3£0.0 0.3+0.0 62.3+4.3 | 15.311.6
Zone6 |88.4+11.7 | 0.310.0 | 0.20.0 0.3+0.0 1.5320.1 | -0.3+0.0 | 90.4+12.21

Table 2: Interzone air flows gj; (m3/n) calculated using global approach

j i QOutside Zone 1 Zone 2 Zone 3 Zone 4 Zone 5 Zone 6
ousde | Teh | %6 | 374 | s | 0 va | 55
Zone 1 0.5 474 0.1 0 46.9 0 0
0.5 47.5 0.1 46.9
w2 | 5 Lo |y [tz 3 | o | oo
zoes | s | 0 | %p | | @ | o | 0
s | 0 | g0 | % | as | s | %0 | e
Zones | 353 | o 0 v | |22 3
zwes | ST [y [0 [0 [ [ OTS

Table 3: Interzone air flows gjj (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:
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III. 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.

III.1 Global approach

We have shown that:
Q.C=S (X1)
using the matrix indices explicitly:
-1
.= 2 S.C.,.
4= 2 Tk K (XID)

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

66 99 66 9
i Pk "Ppk pk Pk “~pk pk
Using equation (XII), we can show that:
aq..
qlJ =5. C 1
GSpk ip “Kj (XIV)
aq ..
13 —_q. cCl
ank ip “kj (XV)
The formula for the variance becomes:
66 66
2 -1,2 2 -1,2 2
o, =22(.C,. )% +22(q. C.." )
9 px P K Spk Pk P K Cpk (XVD

In the same way, we calculate the variance of qi(, q0i and q( 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.
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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.

ACKNOWLEGEMENT: We thank the French Environment and Energy
Management Agency (ADEME) and the Rhéne Alples Region for their support to
this study. :
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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 CO,-emission in order to lessen the
greenhouse effect. One of these concepts is the CO,-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 CO,
that can ce prevented from emitting into the atmosphere through the in-
stallation of ventilation systems with heat recovery.

Contents

Introduction page 3

2. CO, reduction in the buildng and construction industry page 3
Energy conservtion and CO, reduction through mechanical
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1. Introduction

With the resolution on CO,-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 CO,-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. CO,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/m?2a. Peak values of 350 kWh/
m?2a 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 transter 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/m?2a 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-
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hensive measures aiming at the efficient use of energy as well as at the substi-
tution of energy sources.

The heating load requirements of so-called Niedrigenergiehduser (,low-
energy houses*) are again much lower: single- and two-familiy dwellings of
that type require only between 50 and 90 kWh/m?a, 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 losses comes
along with important hygienic problems yet: these airtight windows ¢an
function properly only if they are kept closed during the heating seasen.
Since this is hardly practicable, it is indispensable 6 equip the building
with a ventilation system in combination with heat réesvery in order to pre-
vent high ventilation heat losses.

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 context further posi-
tive effects can be achieved through small heat pumps. These are capable
of substituting fossile energy sources in room air-coénditioning systeiis by
means of heat recovery.

3. Energy conservation and CO, reduction
through mechanical ventilation combined
with heat recovery

Since, as described above, the building sector has an enormeus ghare in
the total CO, emissions, as a consequence, many decisive reduction
measures will focus on this sector. Here, heat insulation and correspond-
ing insulating measures are of high importance. However, afy 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 systematically.

Several studies proved that the ventilation heat requirements of an average
70 - 90 m? apartment lies around 5000 kWh/a, depending consid@rably 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 ,Wohnungsliiftung mit Wérmeriickge-
winnung* (building ventilation with heat recovery) show how much CO, can be
saved with these new standards. (* HEA = Hauptberatungsstelle fir Elektrizi-
tatsanwendung = Advice Centre for Electricity Application)

The HEA calculations suppose that a 70 - 90 m? 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.
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Oil-fired apartments produce 6094 kg/a CO, emissions with system (1), 5243
kg/a with system (2) and 4396 kg/a with system (3), whereas gas-fired apart-
ments show the following numbers: 3854 kg/a (1), 3377 kg/a (2) and 2550 kg/a

(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 marks/kg 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 well 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
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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 successtful 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 — CO, 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 g/kg
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 [1]. A WHO
working party [2] recommended provisional standards for mite concentration in household
dust:

Sensitisation Acute risk
Allergen (ug Der p1/100 mg dust) 0.2 1.0
Mites (mites/100 mg dust) 10 50

Exposure to a level of less than 10 mites/100 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.
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3 Ecology 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 25°C 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 value of 7 g/kg. 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  Control 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
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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 (MVHR). 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 keptin 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 Temperatures

Group Code Means over month
Ta Tdp glkg
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 59
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.

501



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/Fresh" and "Dry/Humid". 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 g/kg. 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 20.2°C. 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 (P<0.05).

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(1+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
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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
LR1 BR1 MAT1 LR2 BR2 MAT2

Group A 1 0.681 0.531 0.000 0.342 0.342 1.164
2 1736 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 2343 2.691 3.116 2.312 2.915 2.774

9 1369 2390 1.220 0.806 1.996 1.504

Mean 1417 2243  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 7 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 1.091

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 mites/100 mg dust
Group B bedrooms 144 mites/100 mg dust

,?J

a

Table 3. Correlation between first and second samples

Living room carpet c2=027+0.85¢cl. 2=0.51. n=11
Bedroom carpet c2=0.12=0.89cl. 2 =0.74. n=11
Mattress c2=0.42+0.56cl. 2=044. n=7

c1 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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transformed values. The transformed value of O corresponds to 0 mites per 100 mg of
dust, 1 t0 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
atall. 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 (P<0.01, 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/kg, 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/kg, close to the critical value. The geometric mean mite concentrations
in the bedroom carpets were 9.5 in Group A, and 147 mites/100 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 mites/100 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/kg. 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.
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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 satlsfactory
experimental methods before moving on to a larger survey.

A

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 first
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.

10 Acknowledgements

This project was carried out in association with Dr C A Hunter of the Timber Division,
Building Research Establishment, who was responsible for the collection and analysis of
the dust samples.

The mite analysis was carried out by Mr I G Jeffrey of the Scottish Agricultural Science

Agency, East Craigs, Edinburgh. Additional analysis was done by DrJ Korsgaard of
Aarhus, Denmark. :

506



11

10

References

COLLOFF,MJ

Practical and theoretical aspects of the ecology of house dust mites in relation to the
study of mite-mediated allergy.

Rev Med Vet Entomol, 79: 611-30, 1991.

PLATTS-MILLS, T A E and DE WECK, AL

Dust mite allergens and asthma - a world wide problem.
Report on International Workshop, Bad Kreuznach.

J Allergy Clin Immunol, 83: 416-27, 1987.

BLYTHE,ME
Some aspects of the ecological study of the house dust mites.
Brit J Dis Chest 70: 3-31, 1976.

KORSGAARD,J
House dust mites and absolute indoor humidity.
Allergy 38: 85-92, 1983.

HART, B J and WHITEHEAD, L
Ecology of dust mites in Oxfordshire.
Clinical and Experimental Allergy, 20: 203-9, 1990.

SCHOBER, G

Absolute indoor humidity and the abundance of allergen producing house dust mites
and fungi in the Netherlands.

Brussels conference ICS 860. ed C J Bieva et al. pp 395-99, 1989.

VERVLOET, D, PRADAL, M, PORRI, F and CHARPIN, D.
The epidemiology of allergy to the house dust mite.
Revue des Maladies Respiratoires, 8: 59-65, 1991.

KORSGAARD,J
Ventilation and House Dust Mites,
Der Allergiker 1: 16-18, 1988.

HARVING, H, HANSEN, L G, KORSGAARD, J, NIELSEN, P A and OLSEN, O F
House dust allergy and antimite measures in the indoor environment.
Allergy 46 Suppl 11: 33-38, 1991.

THIND, B B and WALLACE, D J

Modified flotation technique for quantitative determination of mite population in
feedstuffs.

J Assoc Anal Chem 67, 866-8, 1984.

507






1 L 599%

Ventilation for Energy Efficiency and Optimum
Indoor Air Quality
13th AIVC Conference, Nice, France
15-18 September 1992

Poster 20

The Penetration of Gaseous Pollutants Into
Buildings in the Case of a Sudden Contamination
of the Outdoor Air.

K.E. Sirén

Helsinki University of Technology, Sahkémiehentie
4, 02150 Espoo, Finland

489



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 hous~ and its leakage charac-
teristics can be fixed on certain levels for calculation purposes. Both
floors have five rooms and the floors are connected by stairs. The total
floor area of the living space is 140 m®. No description of the ventila-
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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 ns, value varyed from 1 1/h to 15 1/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 [8,9]. 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 21.0 °C.

3. COMPUTING TOOLS

To calculate the infiltration, exfiltration and internal net air flows, the
multizone simulation program MOVECOMP [10] 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 [11] 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 [12]. 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-
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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 [4,14] 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:

2|

LA (1)
Y [fci(ehden
L 0

=1

<D*(t)> =
C,,. (£ dt’

O%ﬁ(‘f

where N is the number of zones in the building, C,(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'(t)>) is the quantity used in this context.

6. RESULTS

An example of the cumulative frequencies of thc relative mean dose is
presented in Fig.1. Here the location by which :he weather data is
determined is Helsinki, Finland. The period for :he weather data is one
year. All inner doors are wide open. Four diffc:ent levels of air tight-
ness and five different exposure times t=1h, 3h, 6h, 12h and 24h were
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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 [15].

7. CONCLUSIONS

From the viewpoint of sheltering, the tightness of the building holds a
key position. In a leaky building, depending on the exposurc 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, gquality 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/m* and the
average of yearly accumulation rate was 3.5 g/mf*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 o0il 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 wventilation 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.
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2 MATERIAL AND METHODS
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 °C. 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. Descriptions 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)
1 7 7 2.8 6 7
2 7 7 2.7 6 7
3 4 4 2.7 12 5
4 14 14 0.9 6 5
5 67 4 1.7 4 6
6 31 31 2.7 6 6
7 31 31 2.6 6 6
8 51 4 2.3 7 5

2.2 Sampling

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).
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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 BOTTOM LINE
length of the OF THE DUCT
sampling area. :

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/m?) and vyearly accumulation rate
(g/m?**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 1lost by
annealing the dried (105°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 Burker‘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, Betula 1.4 ng and Poacae - c. 20 ng (6).
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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/m? (n=44, ranged
1.2 to 58.3 g/m?). The yearly accumulation rate of dust was
3.5 g/m**year (1.2-8.3 g/m’*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 which may 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. Filtration 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.
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The average proportion of total pollen was 71 mg/g, of which
about 90% was originated from coniferous trees (Pinus,
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 EUS5 or better, which should be able to
separate particles sized as large as analyzed pollen grains
were, over 1l0um. It is obvious that in the systems studied
there have been or had been frame leakages or ventilation was
used periodically without filters.

RELATIVE DUST ACCUMULATION RATE

Figure 2.
Relative rate
of dust
accumulation
in supply air
ducts by using

filters with . EU3 EU4 EUs Eu? Eus
different . CLASS OF FILTRATION EFFICIENCY
filtration —

efficiency.

The average counts of viable fungal spores in the dust of air
ducts was moderate low, 990 CFU/g (range 180-2340 CFU/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 wviable
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 10* 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
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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 odour 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 odour threshold concentrations of the samples were determined by
sensory evaluation using olfactometer and untrained odour panel. Experiments
were made both in laboratory and field settings.

The largest odour threshold concentration of 168 o.u./m® was determined during
the frying of herring. In accordance with the definition, here 50 % of the
panellists do not observe any odour 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
"Ventilation 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 /1/. 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 odour 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 odour found in the exhaust air of apartments, it was decided to
examine the odour threshold values of exhaust air during the cooking of
common foods when strong odours are produced.
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LITERATURE 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 from 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 from the literature.

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 dm®s, which corresponds to
present official regulations /2/. 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 efficiently draws in fumes
from food being prepared.

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 frying, 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 dm®, while the filling of the
sample bag took around one minute.
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5.1

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 odour threshold concentrations of the samples were determined by sensory
evaluation using the Strohlein olfactometer according to the German standard
VDI 3881 /3/. The olfactometer creates increasing concentrations from neutral
air and the sample gas until the test person acting as the detector can
distinguish an odour in the sample gas flow. On the basis of the test persons’
findings, the olfactometer calculates the odour concentration of the sample in
the form of odour units/m*® (o0.u./m®). The odour concentration refers to the
number of times the sample gas flow must be diluted for 50 % of the odour
panel members not to observe odour in the sample gas flow.

The acceptability of an odour was determined by asking members of the odour
panel how they perceived the odour at the moment it was detected. The odour
panel comprised 6-8 persons, all members of staff at the VIT Chemical
Laboratory.

RESULTS AND EXAMINATION OF RESULTS
QOdour threshold values of exhaust air

The odour 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 members’ assessments of odour acceptability are shown in Table 2.
Some of the panellists considered the strong odour values found during the
frying of onion to be acceptable, while the strong odour values found during
the cooking of pancakes and herring were generally considered unacceptable.
Acceptability is a subjective assessment.

The largest odour threshold concentration of 168 o.u./m® was determined during
the frying of herring. In accordance with the definition, here 50 % of the
panellists do not observe any odour when the sample gas is diluted 168 times.
Correspondingly, 84 % of panellists did not note any odour 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 odour 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.
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5.2

53

The test in the single-family house indicated that increasing the exhaust air
flow to 45 dm®/s did not have a significant effect on the odour concentration of
the exhaust air.

Permissible proportion of exhaust air in supply air

For each food preparation situation, the largest odour 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 odour other than that caused by cooking.

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
odour tests (frying herring) of 0.6 % (the highest 2-minute mean was 0.5 %). -

CONCLUSIONS

On the basis of the cooking tests performed, up to 0.6 % exhaust air can be
permitted in supply air without food odour 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 odour threshold concentrations nor on target values for exhaust air
proportions were found from the literature.
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TABLES

Table 1. Permissible proportion of exhaust air in supply air. Literature survey.

Leakage between supply and | Canadian Standards Association, Residential
exhaust air streams in heat reco- | Mechanical Ventilation Requirements.
very not more than 5 %.

If the carry-over exceeds 3 %, | CEN ENV 308:1991, Heat exchangers.
the pressure difference shall be
determined before carrying out
the efficiency tests.

Leakage between supply and | Quidelines for type approval tests for heat recovery
exhaust air streams may not | devices. 6.5.1983. Finland.

exceed 10 %, when the pressure
difference between exhaust and
supply is 200 Pa.

Infiltration between apartments | Levin, P. Air leakage between apartments, 9th AIVC
at the pressure difference of 50 | Conference, Gent, 12-15.9.1988.
Pa, 3 apartments measured.

Re-entry from exhaust to supply | Savolainen, T. etc., Neulamiki test houses: Ventilation
air, short-term measurements in | and indoor air quality. University of Kuopio, Depart-
a test house. ment of Environmental Sciences. Report 4/1988.

Table 2. Panel members’ assessments of odour acceptability.

Frying onion Odour Acceptability
concentration
o.u./m Yes | Donot | No
know
1. Background 2 2 2 2
| 2. 0min 28 2 2 2
3.2 min 3 1 2 3
4.5 min 34 2 4
5. 10 min 56 3 3
Making Odour Acceptability
pancakes concentration
o.u./m Yes | Donot | No
know
1. Background 0
i 28 3 3
3. 3 min 48 1 1 4
4,6 min 107 2 4
5. 12 min 41 1 5
Frying Odour Acceptability
herring concentration
o.u./m Yes | Donot | No
know
1. Background 3 2 4
i 48 1 1 4
3.3 min 73 1 1 4
4.6 min 72 2 4
5. 10 min 168 : 6
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Table 3. Permissible proportion of exhaust air in supply air (frying herring).

Exhaust Test site Odour Permissible
air flow concentration proportion
o.u,/m3 %
20 Laboratory 168 0,6
20 Single-family home 54 1,9
45 Single-family home 43 23

Table 4. Permissible proportion of exhaust air in supply air (laboratory tests).

Permissible
Cooking Odour concentration proportion
situation (P50) max 1 100 %
o.u/m3 (P50)max ~ 1V 7
Boiling cabbage 43 2,3
Frying onion 56 1,8
Making pancakes 107 0,9
Frying herring 168 0,6
Smoking 48 2,1
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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 humidity (RH) have been mea-
sured in the following modes:

% natural ventilation only
% wall mounted fan, setpoint 70 % RH, and natural ventilation
% fan in the exhaust duct, 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 humidity
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.

% Mould groth in the shower-room or bathroom (wet rooms) if the
RH is kept above 75 % RH. This gives a "safety factor"” not to
exceed 80 - 90 % RH at the surface in colder corners in the wet
rooms.

% Condensation on double glazed windows during wintertime
causing higher maintenance cost and inconveniences.

% The risk for interstitial condensation because of imperfectness
in the water vapour barrier.

The moisture production in a dwelling is very much dependent on the
occupants’ activities. The number of people and their age may give an
indication of the probability of having a high RH indoors. About 3/4 of
all single family houses in Sweden have natural ventilation. Local
exhaust is normally installed in the kitchen as a kitchen hood above
the stove and only used when preparing food.
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the shower-room. No bath in the tub takes place and thereis 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 at 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 Vs (80 m>/h). The sensing element is a 1 mm thin triangular piece
of wood (beech, Fagus Silvatica) glued on a copperplate. The water
vapour absorbed in the wood gives a mechanical action and at the set-
point the fan is switched on.

From the beginning the intention was to test at 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 carried 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.

Monitoring

An automatic monitoring 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 at 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 measuring faults according to the manufacturers are estimated
to be:

* for measuring RH - +-2 %
* for measuring temperature - +-0.2 %
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The overall purpose with the project was to use electricity more
efficient in single family houses heated with electrical radiant panels.
About 1/4 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 1is 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 [h""] measured accordmg to Swedish standard. The measured air
change rate was 0.19 nt giving an air flow rate of about 17 I/s.

Shower-room Living space 129 m2
4 N 1 1-storey woodframe
l Flat roof
N TH 1: Double glazed windows
. : RH| B Natural ventilation with
; " l kitchen hood fan
B L . Air tightness
*RH T n50 6.9 ach/h
4 RH Relative Air Change rate: 1
. Humidity Test House 0.19 h’
T T:t’fgf;;ﬁ"e L Mean for 6 houses 0.124 bt
to mean indoor T Range 0.19-0.30h"
>T  Tomperatwe | B The family has lived in
in the exbaust the house since 1978.
duct A 4 person - family
Children: 2 girls 10 and

15 years old

Figure 1. Short description of the test house.

The family 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
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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
Mode Showeraoom| Kitchen | Outdoors
RH RH % RH %
Natural ventilation 53 57 73
Fan in exhaust duct ' 59 60 88
Fan on wall + natural ventilation Dec 54 57 82
" Jan w1l 54 56 73
w2 49 55 66
w3 50 52 77

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 family 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 |{Mean room| Outdoors
duct from temp
Shower-room

Natural ventilation 224 22.0 +18
Fan in exhaust duct - 214 +5.3
Fan on wall + natural ventilation Dec 21.5 224 +0.1
" ; Jan w1l 21.6 21.8 +0.5
w2 | 220 22.0 -08
¢ 73 7| 226 22.0 .12

During a period of 3 weeks there were 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 during 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 time to reach normal level takes from 6 h to 10 h. It can be
observed that when the fan in the duct is not in operation, the decay
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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. '

ARH% *° —— natural ventilation

40 HH\— — — — - .... fanin duct not working

average
indoor RH

-10 h

0 1 2 3 4 5 6 7 8- 9 10

Figure 2. The decay of water vapour with natural ventilation

ARH% 4

——  fan on wall

20 .... fanin duct

10

average
indoor RH °

10 h
0 1 2
Figure 3. The decay of water vapour with a humidity controlled fan

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 at all to
the occupants. The temperature 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 running time.
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Table 3. Examples of RH-differences between peak and mean values
at different temperature drops in the exhaust duct and
running time of the fan.

RH difference |{Fan operation |Temperature |Decay from Outdoor

peak and mean |time drop peak to temp

Shower-Room h in exhaust duct 60% RH, h °'C

°C

26 2 4 2 24
29 1 4 1 3.6
24 1 7 1 -1.3
36 3 14 3 -11
29 1 2 1 0.6
35 3 1 2 55
31 1 12 1 -0.3
24 15 11 2 15

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 Hz0/m? air

12

TV WO SORN S N SO W Y T TN JONS WORK ONE T TN TN T SO T SO YA TS VY | FUON S T YO T T W WO S
¢ -+ttt -ttt ay

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.
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RH %

Temperatures [C]
Indoors 21.9
Duct 22.0
Outdoors -0.8
. RH[%]
- Kitchen 52
. Shower-room 49
: QOutdoors 77

Jan-26 = Jdam-18 2 Jan-28

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 duct 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 concluded 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 in the duct the RH goes up to the same level
as for the kitchen. The level is also higher than for other cases during
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wintertime. In the case with a fan in the duct the natural ventilation
can not work, thus causing more humidity 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 during the two winter months February and March.

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 any draft problem to the occupants.

As the main purpose was to get a better controlled indoor humidity in
a longer perspective, a week for mould growth 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 at all as it was impossible to use it at the set
point of 55 % RH and that it stopped around 60 % RH at the set point
of 70 % RH.

The temperature rises immediately after that the fan on wall has stop-
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 at the
expected average RH may lead to a too low RH, thus wasting energy.

Conclusions

The installed fan mounted on the wall gives the occupants a tool to con-
trol the indoor environment with respect to RH. At a level of slightly
above 50% RH the family perceive comfort. At this level there is no con-
densation on windows, rapid decrease of RH in the shower-room, the
backdraught is not recognized, and the fan is easy to use.

The accuracy 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 at
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55 % RH because the natural ventilation can give this level even if the
set point is chosen to be higher, at least at winter conditions. Which
set point to be chosen is, however, dependent mainly on the temperature
difference.

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.
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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 [1]. 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:

Vp=—E- 1+ V1)V
Tk ¢y
V.V=0 )
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, 1 the dynamic viscosity of the fluid, and ¢ 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 :

where D is the bulk diffusivity of radon in bulk soil, Cry 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, Arn is the
radon decay constant, and € is the porosity of the media.
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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 1).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 impermeable 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.
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Figure 1: Schematic representation of the typical house as modeled 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
permeabilities, 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
(#250 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 [4], probably
because the effective permeability of soils around houses is greater than the average of several
point measurements.
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Table 1: Gravel permeabilities and Forchheimer terms.

Gravel N° 1 Gravel N° 2 Gravel I\_L3
Permeability [m?] 2 108 1 107 3 107
Forchheimer term [s/m] 6 13 20
0.12 — Bl . = 1 3.5 ACH
asemen 1
1| SSV Flow to Soil Flow ]
0.10 |—o—no gravel —&— No gravel | 3 ACH
| —a— Gravel N? 1 —a— Gravel No 1 ~ 2.5 ACH
Ty 0.08 1 —O— Gravel No 2 | —&— Gravel No ]
"E I —3— Gravel No 3 —E— Gravel N773/ 1 2 ACH
=, 0.06
% 1 1.5 ACH
T  0.04 ]
- 1 1 ACH
6.02 : 1 0.5 AcH
0.00 # o s . 0 ACH
10" 10°° 1077

Soil permeability [m?]

Figure 2: Predicted flows of air in the SSD system and flows of air cxtractcd from the basement

. through the cracks in the slab. Basement depressurisation is -10 Pa. Applied pressure 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 [5]:

Rla! = VR;p + Rde (4)

where Ryq is the total building air exchange rate, Ryyp. is the typical air exchange rate (0.4
ACH [6]) and Raqq 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 3.10-7 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 10-19 m2 and 10-1! m? and gravel n° 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 Bg/m3, 90,000 Bq/m3 and 180,000 Bq/m?3) and
three different winter conditions: A) Tyt = -10 °C; B) Tout = 0 °C; C) Tout = +10 ¢C, 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 m2 uniformly distributed on its sides. Its volume is 122.5
3
m>.

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]:

where the depressurisation due to the stack effect is:
Ap, = pgAT(z,-2,)/ Ty, (6)

and zf-zp , the difference of elevation between the pressure neutral point and the basement

floor level is 3.75 m., Ap,= 0.6 Pa for a wind speed of 3 m/s.[7], p is the density of air, g the

acceleration of gravity, AT the indoor - outdoor temperature difference and Tint the indoor
temperature.

The resulting indoor radon concentrations are calculated by:

Entry «C,, + Or.. * Can outdoor
CRNJWW - niry+«C, QQTa RN ,outdo 7
Tot

where CRry,indoor is the indoor radon concentration, CRrNoudoor iS the outdoor radon
concentration equal to 9 Bg/m3, Entry is the radon entry rate normalised by the deep soil
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radon concentration, Ceo, and Qo 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.

Table 2: Radon Entry rate and indoor radon concentration without any mitigation system.
Out. Soil | Airchange | Basem. | Entry CRN,int * CRN,int CRN,int
Temp. | Perm. | Rate [ACH] ] Depres. Rate | Coo=30000] Coo=90000 Coo=180000
'Cl | m?% Pal | [em3/s] | (Bg/m3] [Ba/m3] [Bg/m3]
10 | 10-10] 0.46 5.1 195 370 1100 2200 |
0 10-10 0.40 -3.6 150 320 950 1900
+10 | 10-10 0.33 -2.1 89 250 740 1500
-10 {1011 0.46 -5.1 24 55 150 290
0 10-11 040 | -3.6 17 46 120 230
+10 | 10-11 0.33 -2.1 10 36 92 170

Case 2: With a SSD system ‘ :

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.

Oroy =Dy + O + O, (8)
_P Q_)
Ap... 2( = 9)

where: Qstack, Qwind are the flows due to the stack effect and the wind effect, Qex; is the flow
extracted by the system from the basement, and Apex; is the depressurisation induced by the

ch t

Table 3: Basement depressurisations and building air exchange rates when a SSD system is operated with a-

150 Pa. depressurisation at the pit.
Out. Soil | Induced Total SSD Flow Flow Indoor Air
Temp. | Perm. | Depres. | basem. Flow from | entering | Radon change
Depres. basem. | basem. Cone. rate
['Cl | [m?] [Pa] Pa] | [m3/s] | [m3/s] | [m3/s] | [Bgm3] | [ACH]
©-10 | 10-10 -2.6 -7.7 0.036 | 0.031 0 9 1.0
0 10-10 -2.6 -6.2 0.037 0.031 - 0 9 10
+10 1010 -2.7 -4.8 0.037 0.032 0 9 0.99
-10 10-11 2.8 -19 0.034 0.033 0 9 1.1
0 10-11 29 -6.5 .| 0.034 0.033 0 9 10
+10 10-11 -29 -5.0 0.034 0.033 0 9 1.0

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
fumalce or other appliances into the house. The ventilation rate of the house is also increased
greatly.
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; ilation n

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 Bg/m3.
From equation 7,

(10)

tot

_ [3600'] "~ Entry«C,
VOI -J CRN.indaor - CRN.autdoor
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.

60.00-"“»A.1‘..,|. 2l | IV IR
] kK =10""m?,
~(0) soll L
55.00 < : ,m.l=1°'7"‘2' et 5
""-g - C_=30000 By/m®. | |
=. 50.00 -
(o3
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£ 45.00 ]
=
[+
o :
40.00 -
35.00 +——

0 0.01 0.02 0.03. 0.04 0.05 0.06 0.07
Exhaust ventilation flow [m®/s]

Figure 4: Indoor radon concentration 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.

4 : A balanced ventilation m with heat r is install
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 Bg/m3 (=~ outdoor radon concentration), 2) 37
Bq/m3? and 3) 150 Bq/m3. (EPA guideline). Air exchange rates are given by equation 11,
flows in the balanced ventilation are given by :

Ot = Oy — V leack + Q:ind (11)

where Qpg 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 Bg/m3.
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Similarly only premitigation levels lower than 210 Bg/m3 and 1030 Bq/m3 could be reduced
to 37 Bq/m?3 and 150 Bq/m3, 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” climate 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
[10]. The indoor temperature is 20°C, the building balanced point is 15.6 °C, and the heating
season for Chicago is from October to April. The heating load imposed by ventilation is given
by:

E=p.C,.Vol.RY (T, -T,)8; (12)
)

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, 0; 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:

10 i

NPC=CC +0PC [%ﬂ (13)
i=1 L

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. [11]. 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 -10°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
0°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 Enérgy Information Agency, Annual Energy
Outlook 1992, p. 66

L]

* Source: Conservation Energy Systems Inc, vinEE, Mineapolis,‘USA
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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 (<250
Bg/m3), 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.

Table 5: Net Present Cost of a balanced ventilation with heat recovery over 10 years.

Out. Soil Indoor Radon PNC PNC PNC
Temp. Perm. | Concentration Cao 30000 Ceo 90000 Co 180000
*C] [m2] [Bq/m3] over 10years | over 10 years | over 10 years
-10 10-11 37 2250 3600 NR
0 10-11 37 2100 3000 44690
-10 10-10 150 2600 NR NR
-10 10-11 150 NA NA 2370

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 (< 250 Bq/m3). 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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1 Summary

Due to the complexity in describing the simultaneous effects of a number of factors that influence the climate
of an attic space it has proven to be difficult to make simulations of it.

This report deals with the problem of using different computer programs for ventilation, heat and meoisture
balance in an integrated way so that a proper description of the expected attic climate can be achieved.

A general overview of attic space climate and the factors affecting it will be given and it will be described
how the simulation packet works. Results from a simulation will be given and commented upon.

2 Attic space climate
2.1 General

The most important parameters for describing the aitic climate as far as the hygro-thermal behaviour of the
attic space is concerned are relative humidity values and temperatures for the air in the attic space itself and at
the surface of materials exposed to the attic space. Knowing these parameters and their variations quite a lot
of conclusions can be drawn regarding the expected durability of the materials, the energy performance etc.

The attic space climate is determined by a number of factors such as ventilation rate, outdoor climate,
moisture exchange by convection between the attic space and the heated part of the building, insulation
degree of the attic floor, solar radiation on the roof, radiative and convective hest exchange in the aftic space,
moisture and other properties of materials used etc.

2.2 Ventilation

The purposes of ventilating an attic space is to remove moisture and to decrease the temperature in the attic
space. In most cases purpose provided ventilation devices are installed in order to ventilate the attic space
naturally, by means of wind and sometimes stack forces. The most simple and perhaps also most common
way to provide these vent devices is to leave a slot open (10-30 mm wide) at the eaves of the roof. In this case
the ventilation of the aftic space is depending on the prevailing wind conditions around the building.

Every attempt to predict the heat and moisture conditions of an attic space must involve a calculation or at
least an estimation of the ventilation flow, otherwise calculations cannot be undertaken.

The most severe problem in calculating or estimating the ventilation is to determine what the wind close to
the building really is like (speed and direction). Even if the wind is known there is a problem to select reliable
pressure coefficients for the intake and outlet openings. Furthermore, you must know the geometry of the
flow paths of the ventilation openings.

The wind-driven ventilation of the aftic also influences the pressure difference between the attic space and the
heated part of the building, thus affecting the convective moisture exchange.
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2.3 _Heat balance

The heat balance of the aftic space is governed by a large number of factors such as the outdoor climate
(including solar radiation), the indoor climate and the insulation level of the attic floor, convective heat
exchange, radiative heat exchange efc. and again the ventilation. If condensation / evaporation takes place at
" some surface(s) this will also influence the heat conditions.

2.4 Moisture balance

The moisture conditions of an attic space are governed by the outdoor climate, the convective moisture
exchange between the attic and the heated past of the building and the moisture exchange between the attic
space and the materials in #t, (absorption or desorption). If the relative humidity should be considered, also the
teroperatures of the air and at surfaces must be taken into account.

3 Simulation package
3.1 General Iayout

A ventilation program provides the beat balace and the moisture balance programs with an algorithm for the
ventilation rate of the attic as a function of wind velocity and direction. There is also an algorithm for the
convective moisture and heat exchange hetweeen the attic and the heated part of the building.

For the ventilation as well as the other calculations performed a data file of outdoor climatic data is used
(Malms, Sweden, 1971 - a widely used natural reference year for energy calculations in Sweden).

The ventilation algorithms are used in the heat balance program, describing all the convective paris of the
heat balance. The heat balance program then performs ftraditional calculation on heat transfer due to
conduction and radiation coming up with a set of temperatures for the attic air and surface temperatures.

The data produced until now is used in the moisture balance program taking into account sorption and
desorption in materials, thus producing final data on humidity in the attic space.

3.2 Software
321 . MILNBS

The MLNBS code was originally developed by G Walton at the NBS in US, WALTON (1982), and further
_developed by M Liddament at the AIVC in UK (unpublished). It is essentially a multi-zone infiltration and
ventilation program In this work a two zone simwmlation is performed, one zone being the attic space and the
other the heated part of the building. As a result of running the program all air flow rates of interest are
calculated as a function of the wind velocity and the temperature difference between the attic and the heated

part of the building.
The calculations are performed for different levels of airtightness of the walls of the building and the bottom

floor in the attic. The calculation resulis for a building specified in part 4.1 of this report are shown in figures
3.2.1.a - 3.2.1.f For all the calculations the wind velocity used is the local wind velocity at roof top level.
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The pressure coefficients used originate from the AIVC Air Inﬁhmuon Calcnlation Techniques Guide,

(Liddament, 1986)
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322 DEROB-LTH

DEROB or Dynamic Energy Response of Buildings is a computer program in Standard-Fortran with
generalized algorithms for the calculation of temperatures and energy in arbitrarily designed buildings. The
program was originally developed by F.N. Arumi at the School of Architecture, University of Texas, Austin,
US, (Arumi & Wysocki, 1979 and Arumi, 1979). The work with the development of the program was started
iii 1971. The program has been furiher developed at the department of Building Science, Lund University.
The version used for the calculations is called DEROB-LTH.

3.23 PIVIND

Moisture absorption and desofption at surfaces exposed to the attic atmosphere is calculated by using the
moisture transfer equation

g=0deltn * gradv
where
g = density of moisture flow rate
delia = vapour permeability
v = vapour concentration
and the boundary condition

2= beta * (vinr 8 vattic)

where
beta = gurface coefficient of vapour transfer
Vsur = v at material's surface
vaftic = v in the surrounding attic air

The surface temperatores of the various building elements surrounding the aftic are taken from the DEROB
stmulation. The temperature distribution between the surfaces is considered linear, thus disregarding all
effects of heat capacity.

To carry out the calculations it is necessary to know the vapour permeability as a fonction of the moisture
content and the hygroscopic sorption curve (relation between moisture content and relative humidity).

A simple forward difference method is used to solve the equations and for each time step the evaporation from
the surrounding surfaces (gevap) to the attic is calculated.

For each time step a new attic vapour concentration ig then calculated:

vaftic new = vattic,old + Rout*dt/V¥(vout & vattic old) +
+Rin*(vin & vattic old)*dt/V + dt/V*gevap
where
Vattic new = new vapour conceniration in the aftic air
vattic old = old vapour concentration in the attic air
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Rout = air flow to the attic from the outside

Rin = air flow to the attic from the inside
dt = time step

v = gttic volume

Yout = outdoor air vapour concentration
vin = indoor air vapour concentration
gevap = density of evaporation flow rate

4 Simulation application
4.1 General input data

The calculations have been performed for a building by the size of 7.4 m * 7.2 m with a height to the eaves of
2.5 m. The building has a roof with a ridge height of 0.75 m.

The roof of the house consists of a 22 mm thick wooden panel and a roof felt. The roof is supported by trusses
(45 mm * 145 mm). The attic floor is insulated with 200 mm of mineral wool (lambda = 0.04 W/mK). The
indoor moisture supply (in the heated part of the building) is 0.003 kg/m3.

The wind pressure coefficients used are shown in figure 4.1.2.

‘Wind pressure coefficient
Surface Wind acting on Wind acting on
long side (dir A) gable side (dir B) o
o X /’
» -
1 03 03 0l >
2 0.4 03 - “
3 0.5 03 A
4 05 03 - -
5 03 03 el ’ < 0
6 03 0.4 e i gl ’
7 03 03 T dirA
8 03 03 SN
9 0.4 04 P
10 04 03 &
11 0.5 04
12 05 03 / dirB

Figure 4.1.a Wind pressure coefficients used in the sinulations

The ventilation of the attic space is provided by a 20 mm wide slot at each roof eave along the longer side of
the building.
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The results of the ventilation and convection calculations performed by means of the MLNBS program were
generalised for introduction as algorithms in the DEROB-BKL and the PIVIND programs i the following
way
Verndilation of affic space with outdoor air
For wind direction perpendicular to the eaves (0 deg)
q=004u
where
q = ventilation flow rate (m3/s)
u = wind velocity at roof top (m/s)
For wind direction perpendicular to the gables (30 deg)
q=001u

Convection from (positive) or fo (negative)
the heated part of the building info/from the attic space

L50 = 3 m3/m2h ('normal’ airtightness)

For0deg q=0.0060-0.0014u
For 90 deg ¢ = 0.0014 + 0.0010 u

150 = 10 m3/m2h (leaky)

ForOdeg q=0.0060-0.0020u
For 90 deg q = 0.0014 + 0.0020 u

4.2 Output data with comments

In this section results from a simulation will be presented and commented upon. The mere intent of this is to
demonstrate the possibilities of the program packet rather than giving a detailed description of the results for a
longer period. The month chosen is October and the reason behind the choice is that erpirically we know that
this may be a month with an outdoor climate giving rise to rather severeitnpactson the moisture levels in the
attic space.

The simwlation is performed for wind pespendicular to the eaves during the whole period and with ‘normal’

airtightness of the attic floor (see above in section 4.1). The outdoor conditions are determined by the climatic
conditions in Malmo, Sweden in 1971,
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Fignre 4.2.2

The figure shows the air temperatires outdoors and in the attic space. It can be seen that the aftic air
temperature always exceeds the outdoor air temperature. The difference can be up to around 10 deg C,
probably on sunny days.

Vapour concentration (kg/m3)
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Figure 4.2.b

The figure shows the vapour concentration outdoors and in the attic space, as well as the difference between
them For a number of days a periodical behaviour of the vapour concentration in the attic space can be
traced, while in most cases this is not seen for the outdoor condition. This is more easily seen in the graph for
the difference in vapour concemtration. The main reason for these variations is probably the moisture
exchange between the materials in the attic and the aftic air. This could be studied more specifically in figure
424 :
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Ventilation
. October
0.6
ST in
g oe - ¥
g »
e 0317
S
T 02 1 ) PA
=
= .
>° 0.1 M »
: 1] I
0.1 i+ — .
0 48 96 144192240288336364 432480528576 624672720
24 T2 120168216264312350408 456 504552600648696744
: Hour no.
l -~ From outdoor — From inside I
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 building First of all it can be seen that, compared to the
ventilation, the convective exchange is small. This is probably due fo the fact that the simulated case is the
most *favourable' (normal airtightness of the attic floor and wind hitting the long-facade of the house; see
section 4.1 for details!). The ventilation rate however varies considerably due to different wind velocities
during the period. For the period studied there seems to be a peak in ventilation during daytime. The attic has
a volume of 40 m3 so the ventilation rate of 0.2 m3/s e.g. corresponds to 0.2¥3600/40 = 18 ach, This seems
to be a proper estimation of the average during the period.

Moisture exchange
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Figure 4.2.d

The figure shows the moisture exchange between the different parts of the envelope of the aftic and the attic
air. Most surfaces seem to have a relatively modest exchange (close to 0 g/s) while others give relatively large
contributions (Roof W, roof E and the trusses especially). By comparing this figure with figure 4.2.a it can be
seen that large desorptionof moisture is closely connected to sunny days, while,on the opposite, sorption takes
place on cold nights.
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Figure 42

The figure shows the global moisture exchange for the attic space as a whole, both momentarily and
accummiated for the whole month. The peaks for the momentarily case, also seen in the last picture, are still
there. The accumulation graph shows that during this month there is a drying out of the attic with appr. 7 kg
water, with variations in accumulation between 30 kg and - 15 kg

Temp & RH Roof W
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Figure 4.2.f

The figure is a XY-plot of relative humidity at a surface (roof W) against surface temperature. As can be seen
there seems to be a concentration of dots around appr 15 degC and RH around 60 per cent. The variations
are however large. There is a potential with this kind of plots for predicting the risk for mould growth on
surfaces in an aitic space since certain combinations of temperature and RH represent different risk levels for
mould growth (Nevander & Elmarsson, 1991).
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Ventilation requirements in modern buildings

Synbpsis

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 unit/decentral 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 air/heating 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/m2K]

k., average of the overall heat transfer coefficient [W/m?K]
Qu total heat requirement [kWh/m?a]

QV ventilation heat requirement [kWh/m?a]

QT transmission heat requirement [kWh/m?a]

t temperature [°C]

hiu



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 tranfer 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
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between the glass of the window to trap the energy of the sunlight during
the day and the long-wave thermal 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 indoor surface temperature in which we are interested at the
moment, we can reach a k-value of less than 1.0 W/mK 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
thermodynamics 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
summer on the inside.

4. Ventilation heat requirements

Figure 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 figure 4.1 shows the annual expenditure of energy of a
single family dwelling. This building, built before 1978, needed
approximatly 290 kWh/ mZ2a, which means nearly a fuel consumption of 28 1
fuel oil /m?a. The right beam illustrate the expenditure of energy by using a
mechanical ventilation system with heat recovery.

Since 1982 a regulations of energy demand for buildings is given by law.
The second beam shows the conditions of the present situation in Germany.
The result shows the reduction of the transmission heat requirements
clearly. That means, that the losses, due to the uncontrolled ventilation
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have a main share in the total expenditure of energy. The inset of a heat
recovery system leads to improvements by nearly 15% related to the total
expenditure of energy.
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