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Preface

International Energy Agency

The International Energy Agency (IEA) was established in 1974 within the framework of the
Organisation for Economic Co-operation and Development (OECD) to implement an
International Energy Programme. A basic aim of the IEA is to foster co-operation among the
twenty-one IEA Participating Countries to increase energy security through energy
conservation, development of alternative energy sources and energy research development
and demonstration (RD&D). This is achieved in part through a programme of collaborative
RD&D consisting of forty-two Implementing Agreements, containing a total of over eighty
separate energy RD&D projects. This publication forms one element of this programme.

Energy Conservation in Buildings and Community Systems

The IEA sponsors research and development in a number of areas related to energy. In one of
these areas, energy conservation in buildings, the IEA is sponsoring various exercises to
predict more accurately the energy use of buildings, including comparison of existing
computer programs, building monitoring, comparison of calculation methods, as well as air
quality and studies of occupancy. Seventeen countries have elected to participate in this area
and have designated contracting parties to the Implementing Agreement covering
collaborative research in this area. The designation by governments of a number of private
organisations, as well as universities and government laboratories, as contracting parties, has
provided a broader range of expertise to tackle the projects in the different technology areas
than would have been the case if participation was restricted to governments. The importance
of associating industry with government sponsored energy research and development is
recognized in the IEA, and every effort is made to encourage this trend.

The Executive Committee

Overall control of the programme is maintained by an Executive Committee, which not only
monitors existing projects but identifies new areas where collaborative effort may be
beneficial. The Executive Committee ensures that all projects fit into a pre-determined
strategy, without unnecessary overlap or duplication but with effective liaison and
communication. The Executive Committee has initiated the following projects to date
(completed projects are identified by *. The final reports for these projects can be obtained
from AIVC): '

ANNEX 1 Load Energy Determination of Buildings*

ANNEX 2  Ekistics and Advanced Community Energy Systems*
ANNEX 3  Energy Conservation in Residential Buildings*
ANNEX 4  Glasgow Commercial Building Monitoring*
ANNEX 5  Air Infiltration and Ventilation Centre

ANNEX 6  Energy Systems and Design of Communities*
ANNEX 7  Local Government Energy Planning*

ANNEX 8 Inhabitant Behaviour with Regard to Ventilation*



ANNEX 9

ANNEX 10
ANNEX 11
ANNEX 12
ANNEX 13
ANNEX 14
ANNEX 15
ANNEX 16
ANNEX 17
ANNEX 18
ANNEX 19
ANNEX 20
ANNEX 21
ANNEX 22
ANNEX 23
ANNEX 24
ANNEX 25

ANNEX 26

ANNEX 27
ANNEX 28
ANNEX 29
ANNEX 30

Minimum Ventilation Rates*

Building HVAC Systems Simulation*

Energy Auditing*

Windows and Fenestration*

Energy Management in Hospitals*
Condensation*

Energy Efficiency in Schools*

BEMS - 1: Energy Management Procedures*®
BEMS - 2: Evaluation and Emulation Techniques*
Demand Controlled Ventilating Systems*

Low Slope Roof Systems*

Air Flow Patterns within Buildings*

Thermal Modelling*

Energy Efficient Communities

Multizone Air Flow Modelling (COMIS)

Heat Air and Moisture Transfer in Envelopes
Real Time HEVAC Simulation

Energy Efficient Ventilation of Large Enclosures
Evaluation and Demonstration of Domestic Ventilation Systems
Low Energy Cooling Systems

Daylighting in Buildings

Bringing Simulation to Application

Annex V Air Inﬁltration and Ventilation Centre

The IEA Executive Committee (Building and Community Systems) has highlighted areas
where the level of knowledge is unsatisfactory and there was unanimous aggreement that
infiltration was the area about which least was known. An infiltration group was formed
drawing experts from most progressive countries, their long term aim to encourage joint
international research and increase the world pool of knowledge on infiltration and
ventilation. Much valuable but sporadic and uncoordinated research was already taking place
and after some initial groundwork the experts group recommended to their executive the
formation of an Air Infiltration and Ventilation Centre. This recommendation was accepted
and proposals for its establishment were invited internationally.

The aims of the Centre are the standardisation of techniques, the validation of models, the
catalogue and transfer of information, and the encouragement of research. It is intended to be
a review body for current world research, to ensure full dissemination of this research and
based on a knowledge of work already done to give direction and firm basis for future
research in the Participating Countries.

The Participants in this task are Belgium, Canada, Denmark, Germany, Finland, France,
Italy, Netherlands, New Zealand, Norway, Sweden, Switzerland, United Kingdom and the
United States of America.
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Energy Requirements for Conditioning of Ventilating Air
Donald G. Colliver, Ph.D., P.E.

SYNOPSIS

The energy impact involved between bringing in outdoor air for indoor air pollution
reduction and the energy required to condition this air are investigated in this report. Long-
term hourly weather data from several European and American locations were analyzed to
determine the average conditions of air over the period of record of the data. These data
were then analyzed to determine the psychrometric process theoretical heating, cooling and
moisture removal energy requirements for a constant mass of airflow per hour (MJ-h/kg).
This paper summarizes the information contained in a longer report [3].

It was found that a significant amount of energy is required to condition air which is used
for ventilation. The annual energy required per kg-dry-air/hr of airflow varied from 22.1
MIJ-h/kg for Los Angeles to 102.5 MJ-h/kg for Omaha. In Europe the range was from 45.6
MJ-h/kg for Nice to 101.1 MJ-h/kg for Saint-Hubert. In Europe most of the energy was used
to heat the air to the desired setpoint. In America there were significant amounts of both
heatmg and cooling required. Much of the variation was due to the amount of moisture in
the air which had to be removed in air condmomng In situations where air conditioning is
used, a s1gmficant amount of this energy is used in dehumidifying the air. For example, in
Miami 86% of the energy is used for moisture removal. It was also found that the energy
used was highly sensitive to the heating, cooling and relative humidity setpoints.

1. INTRODUCTION

Outdoor air is brought into buildings for many different reasons such as free cooling,
"fresh air" and pollution reduction. Over the last several years structures have been built
tighter to reduce air infiltration and conserve energy used to heat the air coming into the
building. Several standards and organizations have been specifying minimum amounts of
"fresh” outdoor air for indoor air quality purposes. There have been several questions
however about the energy impact and/or tradeoffs involved between bringing in outdoor air
(for pollution reduction) and the energy required to condition this air. This work is intended
to provide an initial estimate of the theoretical energy required.

2. OBJECTIVES

The objectives of this work are: first to determine the theoretical energy requirements
per constant mass unit of outdoor air used for ventilation for a number of different climates
and locations in North America and Europe; and secondly to determine the variation of this
annual ventilation heating and cooling energy requirements due to the setpoints for
temperature and humidity.



3. PSYCHROMETRIC PROCESSES ASSOCIATED WITH VENTILATION

A psychrometric chart is a visual presentation of the possible characteristics of an air-
water vapor mixture and is often used to describe the possible conditions or statepoints which
may be obtained by the air. The psychrometric chart is commonly used to determine the
heat and moisture changes in the air as it goes from one condition (such as 32 °C, 65%
relative humidity outdoor air) to another condition (26 °C, 40% relative humidity) such as
inside a building.

The psychrometric chart can also be used to determine the heat and moisture which must
be added or subtracted from the air. Therefore if the average conditions of the outdoor air
are known, the theoretical energy which must be added or subtracted from the air to heat,
cool and/or dehumidify it when the air enters the building may be determined.

The amount of sensible energy need to heat or cool air is calculated from:
Sensible = (C,,+W*Cpp)(taysept = Lap-outsiae) 1)

where:
C,. = Specific heat of dry air (1.0056 kJ/kg-dry air-°C)
W = Amount of moisture in the air (kg)
C,. = Specific heat of water vapor (1.86 ki/kg water-°C)
tap-sape = Setpoint dry-bulb temperature (°C)
taousicc = Outside dry-bulb temperature (°C)

Latent heat is that energy which must be added or withdrawn when water is vaporized
(in the case of humidification) or condensed (in the case of dehumidification) from the air.
The latent heat transfer, or the energy which must be used for moisture control with
humidification/dehumidification, can be determined from the amount of moisture which must
be added or removed as:

Latent = L * AW - Q)

where:
L = Latent heat of vaporization (2501.3 kJ/kg water)

The amount of water which must be subtracted from the air is:

AW = Haeipt - Houtside (3)
where:

H,.. = Humidity ratio of the air at the setpoint (kg water vapor/kg dry air)

H,.. = Humidity ratio of the outside air (kg water vapor/kg dry air)

If two independent measurements (such as dry-bulb and relative humidity) and the air

pressure are known, the others characteristics (such as humidity ratio, wet-bulb temperature,
dew-point temperature, etc) may be determined from the psychrometric chart or from



equations which mathematically describing it. The computerized psychrometric routines used
in this work [5, 9] are available via anonymous ftp in the directory /pub/bae/psych at the
site: ftp.ca.uky.edu.

The psychrometric chart may be divided into several regions where the air being
described by that region undergoes the same psychrometric process to reach the desired
condition of temperature and moisture content. If the average condition (over all the hours
the air is within that region) for the air within that region is known, then the energy and
moisture which must be added or subtracted may then be determined. The conditions of the
outdoor air fall into six different regions on the chart with respect to the desired condition
of the air in the building (see Figure 1).

Psychrometric Chart, S-l

With Regi of Pi Ind d
0.035
& 0.03
g %6
2 0.025
o
4
s 0.02
= #5
@ 0.015 +
z
B 001 + " 25.6 C 40%
£ I —
.3 #a
£0.005 Region #1 s
o t 4+ + -t t 4 t

[} 5 10 15 20 25 30 35 40
Dry-Bulb Temperature, C

Figure 1. Psychrometric Chart with Regions of Processes Used to Reach Desired Statepoint

Region 1: Outdoor Dry-Bulb Temperature Less Than Heating Setpoint (T4 ui00r < Tpphserp)
(Heating Region)

This is the typical wintertime condition when heat is being added to the ventilation air.
In this case only sensible heat is added to the air to reach the desired statepoint since
typically moisture is not controlled in heating situations. There is no intentional latent heat
exchange in this region.

Region 2: Outdoor Dry-Bulb Temperature Greater Than Heating Setpoint but Less Than
Cooling Setpoint (T ypsep < Tav-outoor < Tave-serpd (NO Heating or Cooling Region)

This is the condition when the outdoor air does not need to be either heated or cooled.
It represents the moderate weather conditions typically encountered during the spring and fall
or at other times when neither heating or cooling are needed. This also represents the
situation when the outdoor air is being introducing into the building for natural ventilation.
In this case there is no sensible or latent energy exchange required to condition the air.

Region 3: Dry-Bulb Temperature Greater Than Cooling Setpoint Temperature and Wet-
Bulb Less Than Desired Wet-Bulb (T g.outcor> Tavesetpts Tob-oudoor < Twbe-setp) (EVaporative
Cooling Region)

The air in this region has a higher dry-bulb temperature than desired, however the
outdoor wet-bulb temperature is less than the wet-bulb of the design setpoint. This condition
is typically associated with hot, dry weather. Evaporative cooling (a process which



approximately follows the wet-bulb line) can be used in this psychrometric region to provide
the desired reduction in dry-bulb temperature. The sensible energy used to cool the air comes
from the latent heat of evaporization of the water added to the air. Since there is an exchange
of sensible and latent heat in this region and in practice the energy required is for
pumping/spraying which has comparatively small energy expenditure, the sensible and latent
energy requirements for this region will not be included in the total energy requirements.

Region 4: Outdoor Dry-Bulb and Wet-Bulb Temperatures Greater Than Cooling Setpoint
Temperatures, Dew-Point Less Than Setpoint (T g, uoor > Tavc-setprr Lwb-outdoor = Lwbe-setpts Lap-
oudoor < Tapesespr) (Refrigerative and Evaporative Cooling Region)

Air in this region may be partially cooled with evaporate cooling (up to the dew-point
of the setpoint) and then external energy must be used to remove the remaining sensible heat
if moisture conditioning is achieved. In many cases, cooling is only controlled based upon
dry-bulb temperature and moisture is controlled with the system design. For the purposes of
this study, the total energy required is the net of the sensible and latent heats.

Region 5: Outdoor Dry-Bulb Temperature Greater Than Cooling Setpoint Temperature,
Outdoor Dew-Point Greater than Setpoint and Less Thar Saturation (T g oudoor > Tave-setpts
wa-outdoor > wac-setpt 1poc-setpt < po-outdoor < poc-sat)

(Refrigerative Cooling Region, Dew-point less than Setpoint Saturation Temperature)

Air in this region must have both sensible heat and moisture (latent heat) removed to
maintain the desired setpoint. The amount of moisture removed may be used to determine
- the amount of latent heat which is removed for humidity control. The sensible and latent
energy requirements in this region are defined by eqns 1 and 2.

Region 6: Outdoor Dry-Bulb and Dew-Point Temperatures Greater Than Cooling Dry-Bulb
Setpoint Temperature and Dewpoint at Saturation (T g oudoor > Tavc-setpts Twb-outdoor = Lwbe-setpts L dp-
outdoor > Tapesar) (Refrigerative Cooling Region, Dew-point greater than Setpoint Saturation
Temp)

Air in this region is hot and humid. The latent (moisture) heat removal is the significant
energy requirement to maintain the desired conditions. The sensible and latent energy
requirements in this region are defined by eqns 1 and 2.

It should be recognized that the energy values presented are for the minimum theoretical
enthalpy changes of the air and the total amount of equipment energy used in Regions 4,5
and 6 may be larger than the theoretical energies given due to the system design and
equipment efficiencies.

4. PROCEDURE

Estimates were made of the theoretical amount of energy needed to condition a constant
airflow rate of one kg of dry air per hour (kg/hr) of outdoor air used for ventilation. These
estimates were made using measured hourly weather data from a number of locations and
the theoretical .energy and moisture change needed to condition the air to the desired
statepoint. The weather data for each location were analyzed to determine the number of
hours the outdoor air conditions fell within each psychrometric process region and the
weighted average air property for each region. The sensible and latent energies required in



each of the psychrometric process regions were then determined by calculating the energy
difference between the air statepoint representing the average condition for all the hours
within that region and the air at the desired setpoint. Energy values from each of the
processes were then combined to determine the total energy per unit mass of ventilation. The
effects of equipment and different heating and/or cooling techniques are not included due to
the wide variety and efficiencies of possible equipment. Summary weather data are provided
in [3] to determine these effects if desired.

4.1 ENERGY TRANSFER SUMMARY

The sensible energy which must be used over all the psychrometric regions to heat to the
desired heating setpoint and cool to the desired cooling setpoint is the sum of the heating and
cooling energy requirements, or:

Seng, =S; + | S; + S5 +S¢ | &)
where S represents equation 1 and the subscript represents the region.

The total latent energy which must be removed to obtain the desired cooling humidity
conditions is:

Latyy = | Ly + Ls + Lg | (6)
where L represents equation 2 and the subscript represents the region.

The theoretical total energy which must be supplied to maintain the desired conditions
is the sum of the sensible and latent heat transfers or:

Energy pua = Sen 4y + Lat iy @)
4.2 WEATHER DATA SOURCES

Measured hourly weather data from a number of locations in North America and Europe
were used to determine the average outdoor weather conditions. Long-term (30 years) hourly
weather data for 238 US locations are available in the SAMSON data set [8]. A subset of
these weather data sets was selected based upon their climate classification region [4, 7] to
be representative of the range of climates and weather conditions experienced in America
[2]. European locations were selected based upon the availability of hourly weather data.
Hourly weather data for most of the British locations were obtained from the CIBSE
Example Weather Years, EWY [6]. Weather data for other European locations and four
additional UK locations were obtained from the CEC Test Reference Years [1]. The selected
American and European locations are presented in Table 1.

4.3 DETERMINATION OF THE AVERAGE CONDITION FOR EACH
PSYCHROMETRIC REGION

The "average air" in each psychrometric region for each location was determined by



analyzing the measured weather data. Coincident matrices or arrays were made which
contained the number of hours each dew-point temperature occurred coincidentally with each
dry-bulb temperature. These X-Y arrays (X dry-bulb temperature vs Y dew-point
temperature) contained the number of occurrences of Y dew-point temperature which had
occurred at X dry-bulb temperature. Thirteen (12 monthly and one yearly total) matrices
were determined from the long-term weather data for each location. One °C bins were used
for both dry-bulb and dew-point temperatures.

The "average air" statepoint for each region was then determined from the matrices by
assuming that it was a mixing process of all the occurrences of conditions within a
psychrometric region. In this situation each dry-bulb/dew-point combination was weighted
by the number of hours of occurrence of that condition in the historical data set. Dry-bulb
and absolute humidity for the given dew-point were the psychrometric parameters used in
the mixing routines. The psychrometric properties were calculated using C** routines [5,9].
Standard air pressure based upon station elevation was used for all the mixing calculations.

The average percentage of the annual hours in each psychrometric region and the
.corresponding average dry-bulb temperature and humidity ratio are given in [3] for each of
the locations investigated. The percentage of the total number of hours in each region is
given for four locations in the pie charts in Figure 2.

Hours in Each Psychrometric Region

-8 + High Daw-Point {0.0%})

6 - High Daw-Point (0.0%}

2 - Neutrol {32,1%)

4 + Hoating (6£.5%)

1 + Heating 198.8%)
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£ - Coollng 118.8%)
1 - Hewting {33.8%}
4+ Sama Evep 19.1%)
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3 - Evep Cool (15.8%)

Phoenix 2. Nousl 26.0%)

Figure 2. Pie Chart with Percentage of Hours in Each Psychrometric Region
5. RESULTS AND DISCUSSION
5.1 ANNUAL HEATING ENERGY REQUIREMENTS

The amount of sensible heating required for conditioning a constant airflow of one kg-



dryair/hr of ventilating air to 18 °C was determined for each of the locations and is
presented in Table 1. This setpoint was used to closely correspond to a setpoint commonly
used in some American standards which relate to air infiltration and ventilation (ASHRAE
Standards 119 and 136). ‘

There is a significant amount of energy used to heat the incoming air. For the 18°C
setpoint it varies from approximately 101 MJ-h/kg for Saint-Hubert, Belgium (cold climate)
to 3.3 MJ-h/kg for Miami, USA (warm climate). These account for 99.6% and 2.3% of the
total energy for each location respectively.

Sometimes it is assumed that the entering air needs to be heated to a temperature less
than the setpoint due to solar and internal heat gains. A sensitivity analysis of the energy
required to heat the air to 1,2, and 3 degrees less than the setpoint (i.e. 17, 16, & 15 °C
respectively) was conducted. It was found that for the locations selected in this work which
had a significant amount of heating required that there was approximately a 10% (7.2
M1J-h/kg) reduction in this energy for every °C of reduction in the setpoint. The expanded
version of this work [3] also contains an equation with location dependent coefficients which
describe the variation of the heating requirements over a range of setpoints from 5 to 40 °C.

5.2 ANNUAL SENSIBLE AND LATENT COOLING ENERGY REQUIREMENTS

The total theoretical sensible and latent energy exchange required for humidity control
and cooling to the desired statepoint of 25.6 °C and 40% RH for psychrometric regions 4
through 6 are presented in Table 1. The sensible and latent energy exchange for each of the
regions 3 through 6 are contained in [3].

These results indicate that conditioning of air to provide cooling and dehumidification can
require significant amounts of energy. The greatest amount of sensible cooling was required
in Phoenix, AZ (20.2 MJ-h/kg dry air) and the greatest amount of latent cooling was
required in Miami, FL (82.2 MJ-h/kg). The total cooling load (combined sensible and latent)
is highest in Miami (92.1 MJ-h/kg) which has a hot humid climate.

On the average (each station weighted evenly), latent cooling required 65.3% of the total
cooling load for all the locations investigated. When only those locations requiring more than
5 MI-h/kg are considered (i.e. consider only those locations typically requiring air
conditioning), the latent cooling required 79.7% of the total cooling load. This implies that
more energy is used in air conditioning for moisture control than dry-bulb temperature
control. ‘

Variation of Energy Required due to Setpoint:

The effect of the cooling dry-bulb temperature setpoint on the energy required was
determined by changing the setpoint plus and minus two °C for those locations which had
greater than 5 MJ-h/kg cooling load. A great sensitivity of the cooling energy requirements
to the control setpoint selected was found [3]. The greatest change in energy requirements
was for Miami where the cooling energy required at 2 higher and lower setpoints was
151.4% and 49.5% of the energy required at 25.6 °C.



The latent energy requirements previously identified indicate that a significant amount
of the energy used is for dehumidifying the air to the desired condition. Thus the design
relative humidity greatly impacts the energy requirements. (The energy requirements were
determined initially for a 40% relative humidity design.) In order to determine the sensitivity
of the relative humidity setting, the energy required for relative humidity designs of 60% and
80% were also determined for the 25.6 °C setpoint.

Increasing the relative humidity setpoint from 40% to 60% had a significant impact on
the energy requirements for those locations with significant cooling requirements. The energy
requirements at 60% RH relative to that required at 40% RH ranged from 15.2% for
Carpentras to 59.0% for Brownsville. When the setpoint was raised to 80% there was an
even greater reduction in the energy requirements. The fraction of energy required at 80%
RH ranged from 0.0% to 21.2% of that when the setpoint was 40% RH.

5.3 COMBINED ANNUAL SENSIBLE, LATENT AND TOTAL ENERGY
REQUIREMENTS PER UNITARY AIRFLOW RATE

The combined heating and cooling sensible, latent and total energy requirements (based
on the 18°C heating, and 25.6°C, 40% cooling setpoints) are presented for each of the
locations in Table 1 and Figure 3. This is the total theoretical energy required over the
entire year which must be supplied to condition the ventilation air to the desired conditions.
The total energy required ranged from 22.1 to 102.5 MJ-h/kg in America (Los Angeles and
Omaha) and from 45.6 to 101.1 in Europe (Nice and Saint-Hubert). Heating accounted for
almost all the energy used for conditioning ventilating air in Europe with the maximum air
conditioning load being 5.5 MJ-h/kg (12.1% of total) in Nice. In America the fraction of the
total energy used for cooling varied from 96.5 t0 0.1% (92.1 to 0.1 MJ-h/kg for Miami and
Cheyenne respectively). The latent load was larger than the sensible load for air conditioning
in all the locations with a significant cooling load except Phoenix which has a hot dry
climate.

6. SUMMARY

Estimates were made of the theoretical amount of energy needed to condition a constant
airflow rate of one kg of dry air per hour (kg/hr) of outdoor air used for ventilation. These
estimates were made using measured hourly weather data from a number of locations and
the theoretical energy and moisture change needed to condition the air to the desired
statepoint. It was found that a significant amount of energy is required to condition air used
for ventilation. The annual energy required per kg/hr of airflow varied in America from 22.1
MIJ-h/kg for Los Angeles to 102.5 MJ-h/kg for Omaha. In Europe the range was from 45.6
MIJ-h/kg for Nice to 101.1 MJ-h/kg for Saint-Hubert. In Europe most of the energy was used
to heat the air to the desired setpoint. In America there were significant amounts of both
heating and cooling required. Much of the variation was due to the amount of moisture in
the air which had to be removed in air conditioning. In situations where air conditioning is
used, a significant amount of this energy is used in dehumidifying the air. For example in
Miami 86.1% of the energy is used for moisture removal.



Table 1. Annual Sensible, Latent and Total Energy Requirements (MJ-h/kg dry-air)

¥

TOTAL

Total Cooling Cooling Total HEATING &

Heatin Sensible Latent Coolin: COOLING

(MJ-hkg) | (MJ-hikg) | (MJ-hikg) | (MJ-hikg (MJ-h/kg)

1 BEL Bruxelles 73.4 -0.1 -1.0 -1.1 74.5

2 | BEL | Oostende 76.0 0.0 0.0 0.0 76.0

3_| BEL | Saint-Hubert 101.1 0.0 0.0 0.0 101.1

IL_4 | ok | copenhagen 89.6 0.0 -0.1 -0.1 89.7

5 |'FR Carpentras 55.0 -1.8 -3.5 -5.3 60.3

6 | R Limoges 70.3 -0.3 -0.7 -1.0 71.3

7 | eR Macon 72.4 -0.6 1.7 -2.3 74.7

8 | FR Nancy 78.7 -0.2 -0.9 -1.1 79.7

9 | rR Nice 40.1 -0.4 -5.1 -5.5 45.6

10 | FR Trappes 74.5 0.0 -0.3 0.3 74.8

11_| 68 | Aberdeen 88.2 0.0 0.0 0.0 88.2

12 | 68| Aberporth 72.7 0.0 -0.1 -0.1 72.8
13 | 6B | Aberporth,CEC 73.9 0.0 0.0 0.0 7§._9t||

14 _| GB " | Aldergrove 82.2 0.0 0.0 0.0 82.2

15_| 68| Birmingham 77.0 0.0 -0.1 -0.1 77.1

16 | GB Bristol 82.1 0.0 0.0 -0.1 82.2

17 1 68| cambome 67.0 0.0 0.0 0.0 67.0

18 | GB | Dundee 84.6 0.0 0.0 0.0 84.6

19 | 6B | Eskdalemuir 95.1 0.0 0.0 0.0 95.1

20 | 6B | Eskdalemuir,CEC 96.1 0.0 0.0 0.0 96.1
21 | 6B Glasgow 81.2 0.0 -0.1 -0.1 81.2 |l
22 | GB__| Heathrow 67.6 0.0 0.2 -0.2 7.8 ||
| 23 | 6B | Kew 71.7 00 0.0 0.0 71.7 |
24 | 6B | Kew, CEC 70.4 0.0 0.0 -0.1 705 ||
25 | 6B | Lerwick, CEC 97.5 0.0 0.0 0.0 975 |

26 | GB Manchester 78.6 0.0 -0.1 -0.1 78.7

27 ] GB Newcastle 880 0.0 0.0 0.0 88.0

28 | 6B | Norwich 79.5 0.0 0.3 -0.4 79.8

. 29 | gB | sheffield 80.4 0.0 -0.1 -0.1 80.5
I 30 | n__| pesit 77.5 -0.1 0.2 -0.3 779 ||
31 | m | Eelde 83.2 0.0 .0.1 0.1 832 |

{32 [ ne_ | wiissingen 69.8 0.0 0.0 0.0 69.9

fl_ 33 [ usa | Boston, MA 77.3 -1.4 -5.8 -7.2 84.5

34 | usa | Brownsville, TX 10.7 1.7 -76.4 -88.1 98.7

35 | USA | Cheyenne, WY 100.0 -0.1 0.0 -0.1 100.1

36 | usa | Ft. worth, TX 34.9 -10.4 -34.5 -44.9 79.8

37 | usa | Lexington, KY 64.9 -2.5 -12.0 -14.5 79.4

38 | USA | Los Angeles, CA 20.9 -0.3 -1.0 -1.2 22.1

39 | usa | Miami, FL 3.3 -9.9 -82.2 -92.1 95.4
| 40 | usA | omaha, NE 84.7 -3.6 -14.1 -17.8 1025 |
41 | usa | Phoenix, AZ 19.5 -20.2 -8.7 -28.8 48.3 |

42 | usa | sait Lake city, UT 79.2 -2.4 0.7 -1.6 80.8

43 | usa | seattle, WA 67.2 -0.4 -0.4 -0.7 67.9

Note: Negative energy represents energy extracted in cooling.

The total is the sum of the absolute values of heating and cooling.
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Figure 3. Total Energy Required for Ventilation Based Upon Constant Airflow Rate
(Setpoints: Heating = 18 °C, Cooling 25.6 °C, 40%RH)
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1 Synopsis

Three ventilation systems were installed in the EA Technology Ventilation Test House:
passive stack ventilation (PSV), mechanical ventilation with heat recovery (MVHR) and
extract fans. Humidifiers were used to simulate occupancy and the performance of the
systems monitored over the winter of 1993/94. The aim was to assess the effectiveness of
different ventilation systems in controlling indoor humidity at a level that will inhibit the
growth of house dust mites.

The PSV system produced low ventilation rates in typical winter weather; excessive
ventilation loss in cold windy weather was prevented by the high standard of air tightness in
the house. The MVHR system has the advantage of producing consistent ventilation in all
weathers. Total energy consumption of the systems was similar. MVHR was the most
effective in reducing indoor humidity and in coping with peaks of moisture production; this is
to be expected given its greater ventilation rate. Extract fans dealt well with moisture peaks,
but should continue to run after moisture production has finished. Detailed results are
presented for the variation in humidity between rooms for each ventilation system.

2 Introduction

Control of humidity in dwellings is necessary for a number of reasons, condensation and
mould growth being amongst the most well-known. Mould growth is likely if relative
humidity exceeds 70% for a significant period[!l. High indoor humidity also helps ensure the
survival of the house dust mite, a major cause of asthma. It is generally accepted that
humidity levels below 7 g/kg are detrimental to the house dust mite population[2]. This
corresponds to a relative humidity of 48% at 20°C, a more stringent requirement than that for
avoidance of mould growth. Ventilation of a dwelling with drier outside air acts to reduce
indoor humidity levels. The possibility of maintaining humidity below 7 g/kg during winter by
ventilation alone in the UK climate depends on the rate of moisture production in the house,
ventilation system design and operation, and on ambient weather conditions. A pilot study(3]
found fewer mites in houses where continuous mechanical ventilation with heat recovery
(MVHR) was used than in similar houses where it was not used.

This paper describes ventilation and humidity measurements made in a ventilation test
housel4], as part of a larger project concerned with the effect of ventilation strategy on
asthma. This semi-detached house was refurbished to a high standard of air tightness and
equipped with a range of ventilation systems, so that effective comparisons could be made on
the selection of a ventilation system and its operation for the effective control of humidity and
dust mites. A series of measurements was taken during the 1993/94 winter season, which
compared the effect of different ventilation systems on humidity in the house.

3 Experimental
The experiments were carried out at 16 Manorfield Close, Capenhurst, one of a group of six

test houses. The house has recently been refurbished with particular attention paid to
airtightness in order to monitor ventilation systems effectively. House airtightness was tested

14



periodically by the fan-pressurisation technique. Results were less than 3 ac/h at 50 Pa
increasing to 5 ac/h with all trickle ventilators open; both results being considerably lower than
the mean value of 11.5 for UK housing(51.

Three ventilation systems have been installed: MVHR, passive stack ventilation (PSV) and
extract fans.

The PSV system was installed according to then current good practice and comprised two
stacks leading from kitchen and bathroom to separate ridge terminals. Two types of room
terminal were used. The standard conical extract provides a smooth entry and minimum
resistance to air flow. For some runs, the room terminals were replaced with humidity
* sensitive extracts, which close progressively at low humidities, thus reducing flow in the stack
and reducing excess ventilation when not required.

The MVHR system chosen was a standard loft-mounted heat recovery system incorporating
cross-flow heat exchanger unit. This is capable of ventilation rates up to one air change per
hour, supplying air to lounge, dining room and bedrooms and extracting from kitchen and
bathroom. The MVHR unit was operated at approximately either 0.5 or 1 air changes per
hour, i.e. approximately 100 or 200 m%h, with a slight excess of extract over supply.

Both kitchen and bathroom two speed extract fans were installed through-the-wall at high
level and comply with the building regulations[6l. When under test, both extract fans were
switched on and off by the central controller at the same times as the humidifiers. The high
speed setting was used for almost all tests; flow rates are quoted by the manufacturer as
225 m?3/h (kitchen) and 102 m3/h (bathroom).

The three ventilation systems were operated sequentially over a period from January to May
1994, All systems were tested with all internal doors either open or closed; all internal doors
contain transfer grilles with an open area of 17,500 mm? to give a standard leakage between
rooms. Windows were kept permanently closed. Trickle ventilators of 4000 mm? are installed
in all rooms; these were closed only when the MVHR was operational, except for kitchen and
bathroom ventilators that were kept closed at all times. A target temperature of 20°C was
maintained throughout the house for most of the time. Lower temperatures were occasionally
recorded in the kitchen and bathroom. As these did not contain heaters the temperature
depended largely on air transferred from the other rooms. Humidifiers in the kitchen,
bathroom and one bedroom were used to simulate occupancy, giving a total daily moisture
input of approximately 5 kg. This represents four people living in conditions of 'dry'
occupancylll,

Temperature and humidity measurements in all rooms, at three locations in the stairwell and
outside in a Stevenson screen were performed by a transmitter consisting of a platinum
resistance thermometer and a capacitative humidity sensor. The humidity sensor measures
relative humidity directly and is converted later to give absolute humidity.

Measuring bends were used to monitor flow rate in the intake and extract MVHR ducts.
Velocity in each stack was monitored by a hot wire anemometer. The conical inlet gave a
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uniform velocity profile at the entrance to the stack; the volume flow was therefore calculated
by multiplying the velocity measured at the inlet by its cross-sectional area. The humidity
sensitive inlet, however, consists of louvers that open and close to regulate the flow; this
results in a non-uniform velocity profile and the same method of measurement was therefore
not possible. In this case, the centre-line velocity was measured further up the stack, enabling
calculation of mean velocity usingl7] and hence volume flow. This was not possible in the
bathroom stack due to a lack of straight ducting.

Weather data (insolation on a horizontal surface, wind speed and direction) was collected from
a weather station above roof level at a neighbouring house. Energy consumption on the
following circuits was monitored: ground floor heating, first floor heating, ring main, MVHR
and total. :

4 Results and Discussion
4.1 Energy consumption

Neglecting energy stored in the mass of the building, the energy balance reduces to electrical
energy supplied + solar gain = transmission and ventilation losses. Figure 1 shows the daily
energy input to the house against average daily temperature difference. Solar gain was
estimated from the measured insolation and detailed estimates of the solar performance of the
test house made inl(8].

350 +
X
300 + X
3 0%
5 250 + 8 *xo
2, ° DoRe¥% o | o MVHR
£ 200 + gt E X
%0 S oﬁ R E‘lbg x PSV with conical extract
g 150 + I o
- oo 8 o o PSV with humidity
= 100 + Og o _ .
A sensitive extract
50 + o Extract fans
0 — | : T
0 5 10 15 20
Average internal / external temperature difference (°C)
Figure 1. Gross energy input vs. temperature difference (24 hour mean values)

For the ventilation systems used in these trials, there was little difference in gross energy
consumption between the systems, i.e. the increased ventilation rate and fan power
consumption of the MVHR system was compensated by the heat recovery, to produce an
overall energy cost of ventilation similar to the lower ventilation rate produced by the
unpowered PSV system. Energy costs due to ventilation would-therefore seem to be a less
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important factor in the choice of a ventilation system than other considerations such as
humidity control, capital and installation costs.

4.2 Passive Stack Flow Rates

The flow in a PSV duct is driven by a combination of temperature gradient, resulting from the
difference between indoor and outdoor air temperatures, and the pressure resulting from wind
speed. Previous researchl®] has found that stack flow rates are proportional to square root of
internal - external temperature difference at low wind speeds.

- The average daily stack flows against square root of temperature difference can be seen in

Figure 2. As mentioned earlier, results for flows in the bathroom stack with humidity sensitive
extract are unavailable. Stack flows with the conical extract are largely proportional to square
root of internal - external temperature difference as expected; the scatter of points would
indicate additional variation in flow due to wind speed. The humidity sensitive extract tends
to restrict the flow at higher temperature differences; however more measurements at low
external temperatures would be desirable. ;

40 T | 4 Kitchen stack with conical -
35 T extract o
30 4 | o Bathroom stack with °D 4
25 conical extract En 8 & o
T ®
< x Kitchen stack with humidity 3o n&n
20 + » X R A0
B sensitive extract :;(X x XY %5
N ~ Sk @
15 g xi‘x’. X3
10 +
5 4
0 f f ! f I
0.0 1.0 20 3.0 4.0 5.0
Square root of internal - external temperature difference
Figure 2. Average Daily Stack Flows
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4.3 Humidity

Absolute humidity expressed as the mixing ratio, g, (g/kg) is calculated from the measured
relative humidity and air temperature using(10]

g =10 exp{11.56 - 4030/ (T, +235)}

where ¢ is the percentage relative humidity and T, is the air temperature. This is a good
approximation within the ranges of temperature and humidity involved.

4.3.1 Whole house

The results for absolute humidity in each room are averaged to give the internal absolute
humidity. This and the external absolute humidity are then averaged over each twenty-four
hour period. These values for each day are shown in Figure 3. The lowest values of internal
humidity tend to be when MVHR is operating, the highest with humidity sensitive PSV. All
systems, except humidity sensitive PSV, kept average internal humidity below 7 g/kg for most
of the time. External humidity was higher when humidity sensitive PSV was operating, as this
was towards the end of the winter, whereas the other systems were tested during the colder,
drier months.

12

)
g 107 s " =
= L Eg L ]
jost 4
8 8 o aAs 'A!. ':g a [ oMVHR
= & HORK K7 X
[} — & ALK ‘5 - °O
8 5 6 ‘gx ‘oo > T a PSV with conical
z 44 - extract
g : & PSV with humidity
&é 24 - Y=X sensitive extract
= x Extract fans

0 } f } } f i

0 2 4 6 8 10 12
External Absolute Humidity (g/kg)
Figure 3. Daily Mean Humidity Levels

Occasionally the internal absolute humidity is less than external absolute humidity. This
occurs more often when MVHR is operational than with the other systems, and could be
explained by the house and / or MVHR system acting as a buffer, moderating the effect of
temporary increases in external humidity by absorption into the building fabric and furnishings.
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4.3.2 Room by room

The values of absolute humidity in each room and outside the house are shown in Figures 4(a)
and 4(b). A representative twenty-four hour period of operation of each system was taken -
these were not consecutive. All internal doors were open in each case. There is considerable
humidity transport between rooms, whatever the ventilation system. PSV with conical extract
‘and extract fans exhibit similar performance. MVHR maintains lower humidity than the other
systems. Again it can be seen that internal humidity is lower than external humidity for a
significant period of MVHR operation. PSV with humidity sensitive extract would seem to
have the poorest performance; however the external humidity was higher in this case.
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Figure 4. Room by Room Variation of Humidity with Internal Doors Open
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5 Conclusions

Energy consumption of the systems tested was similar. An important factor in the comparison
of ventilation systems is house airtightness, which is essential for the benefits of MVHR to be
realised, and also desirable for other systems. The test house construction ensured a relatlvely
high level of airtightness, which was maintained throughout these tests.

The mechanical ventilation system performed well. The passive stack system showed the
expected variation of stack flow with temperature and wind speed. Total house ventilation
with a PSV system is affected by general infiltration. For the test house fitted with 4000 mm?
trickle ventilators, the house under ventilated in typical winter weather. The use of humidity
- sensitive extracts reduced stack flow in cold weather and would act to prevent over
ventilation. The low driving force of passive stack ventilation makes the system sensitive to
variation in design, installation and the geometry of house and surroundings.

Total energy consumption for the MVHR and PSV systems was very similar, reflecting the
lower ventilation rate of PSV against the higher ventilation and heat recovery of the MVHR
system.

MVHR proved the most effective of the systems in reducing indoor humidity levels. This was
primarily because of the higher ventilation rate compared with PSV. Opening doors of
moisture producing rooms promotes the spread of moisture to the rest of the house, regardless
of choice of ventilation system. The fresh air supply to the bedrooms provided by a MVHR
system was effective in reducing humidity in occupied bedrooms.

There were strong indications that the dynamic effects of moisture absorption and desorption

in the house structure and ventilation system may play an effect in modifying the internal
humidity. The effects may be diurnal or seasonal.
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Synopsis

The paper presents the results of a simulation study performed by means of the COMIS
multizone infiltration and ventilation model. The simulations were carried out for a two-
storey single-family passive-stack-ventilated house in a cold climate (Stockholm, Sweden).
Main conclusions of the study include the following: it is possible - during at least 75 % of
the heating season - to achieve a ventilation rate in the whole house of at least 0.5 ach or
approx. 30 I/s only if the house has a leakage rate above approx. 10 m3/m2,h@50 Pa or has
purpose-provided supply air devices in the facade with a total area (far) greater than 400 cm’;
that the flow rates in the vertical shafts from kitchen, WC and bathroom are small but quite
stable, in the range of appr. 3-4 I/s each; that all bedrooms (on the first floor) are under-
ventilated as far as outdoor air is concerned; and that the living room (on the ground floor) is
the only room in the house with - in most cases - adequate ventilation.

Possibly, but this was not proven, the performance of the passive stack ventilation could be
improved, especially in the bedrooms, if the air supply devices in the facade were to be
placed lower than in the simulations (2.1 m above floor level) and/or each bedroom was
equipped with an individual exhaust shaft combined with a more or less airtight door. In
order to increase the shaft flows it would, of course, also be possible to increase the height of
the shafts above roof level and/or use a cowl of a special design.

The work was undertaken as part of the IEA Annex 27 project.

Backgrouhd

Within the IEA program “Energy Conservation in Buildings and Community Systems”, there
are several on-going international collaboration projects, one of these being Annex 27,
“Evaluation and Demonstration of Domestic Ventilation Systems”, MANSSON (ed.), (1995).
The overall scope of the work in this annex is to establish a general evaluation tool, which
will make it possible to pre-evaluate the overall performance of different ventilation systems
for different domestic buildings in different climates. A number of performance criteria are
dealt with within the annex. They include, e.g. air quality, thermal comfort, energy, noise,
life-cycle costs, moisture and reliability. The Swedish part of the research in the annex covers
the reliability aspect of domestic ventilation.

In this context, reliability is defined as:
the probability that the ventilation system provides certain specified air flow rates in each
habitable part of the building under specific climatic conditions and during the time

between scheduled maintenance occasions.

Especially with natural ventilation strategies - with or without so-called passive stacks - the
influence of weather conditions on the ventilation performance is paramount.
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In order to study the performance aspect of reliability, the method chosen in this project was
firstly to investigate the reliability under the influence of climatic- and building-specific
factors by means of computer simulations, and secondly to perform a system safety analysis
on the performance of mechanical ventilation systems. The simulation procedure is going to
be checked by comparing results of simulations with results of field measurements (constant
concentration tracer gas and PFT measurements).

The results of the first parametric study of the performance of a passive stack natural
ventilation system in a two-storey single-family house are reported in this paper.

Simulation Procedure

The computer simulations were performed by means of the multi-zone ventilation and
infiltration computer program COMIS (version 3.1a). The program was originally developed
as an international joint research project - Conjunction of Multizone Infiltration Specialists.
The work was led by Dr. Helmut Feustel at the Energy Performance of Buildings Group at
Lawrence Berkeley Laboratory’s Applied Science Division. The documentation of the
program includes FEUSTEL & SMITH (1992) and FEUSTEL & RAYNOR-HOOSEN, (ed.)
(1990). Further development of the COMIS model has been undertaken within IEA Annex 23
during the past three years.

Input data for the model are based on assumptions which are described below. Essentially, the
building and its ventilation system are described and the climatic conditions for which the
model is to perform the calculations are given as a weather file. The output of the simulation
is quite extensive, so it must be condensed in some way. For this particular case, the output
was condensed by running a couple of specially dedicated computer programs, finally
producing cumulative frequency diagrams. This method of expressing the simulation results
coincides perfectly with the definition of reliability given above.

Simulation Assumptions

The Building and the Passive Stacks

The building modelled in the simulations is a two-storey single-family house assumed to
have a low-slope roof. It is located in a built-up area with other similar houses surrounding it.
The floor plan of the house is given in Figure 1. The ceiling height is 2.50 m and the
intermediate floor has a thickness of 0.30 m. The overall floor area is 88 m’ and the
corresponding volume of the house is thus 88 x 2.5 =220 m’.

The specific leakage rate of the house envelope was chosen to be 2.5, 5.0 or 10.0

m’ /mz,h@SO Pa. The leakage was evenly distributed over all outer walls and the roof. The
house was assumed to be built on a floor slab on the ground, so no leakage paths from the
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ground were included in the calculations. According to Scandinavian standards, these figures
correspond to a rather airtight, a leaky and a very leaky house, respectively.

Ground floor First floor

Figure 1 Floor plan of house for simulations.

The total free area of supply air devices (placed 2.1 m above floor level) was chosen to be
0, 200 or 400 cm>. The area was evenly distributed between the living room and the three
bedrooms. The opening area was hydrodynamically treated as the area of a sharp-edged hole
in a thin wall. For real devices, the nominal area should be reduced by means of a reduction
factor - in many cases roughly 0.5. The three levels chosen are equivalent to closed supply
vent ‘openings, normal openings (according to building regulations in many countries) and
large vent openings.

The passive ventilation shafts from the kitchen, the WC and the bathroom must be modelled
as individual zones in the COMIS model (and, incidentally, in all other single- and multi-
zone models). This implies that the small flow resistance in the ductwork must be included in
the resistance of the air terminal devices. The flow coefficient chosen for a single exhaust air
terminal device in either of the three rooms mentioned was 0.004 kg/s @ 1Pa with a flow
exponent of 0.5. For the outer end of the shaft (0.5 m above roof level) the flow coefficient
chosen was 0.014 kg/s @ 1 Pa. '

Internal doors were assumed to be closed, except for the kitchen door. This door was treated
in the model as a large opening, while the closed doors were assumed to have transferred air
devices (20 mm x 700 mm) on top of, and small air gaps (appr. 2 mm) at the sides and
bottom of, the door-leaf.
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Climatic Conditions

The simulations for the parametric study were performed for a cold climate and for the
heating season (5400 h/a). Actual weather data for Stockholm 1971 were used. The indoor
temperature was chosen to be +20 °C. The weather data were condensed into 84 cases, each
one consisting of an interval for corresponding values of wind velocity and temperature. In
Figure 2, the frequency distribution for the weather data used is shown. The frequencies for
different cases were taken into account when producing the final cumulative frequency
diagrams.

Wind pressure coefficients according to Table 3.5 (ii), AIVC Technical Note 44, were used
for the simulations. The wind pressure coefficient for the top of the shafts was chosen to be -
0.3, according to praxis among many ventilation simulation specialists, e.g. de GIDS (1995)
and with certain support in AIVC Technical Note 44, p 6.11.

Frequency,
hours

500
400
300
200
100

05

Qutdoor 12 i
temperature 15 Wind
degC . velocity
13 11.8 mis
Figure 2 Frequency distribution of weather data used for the simulations.
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Simulation Results

Principal Behaviour of Passive Stack Ventilation

In order to illustrate the principal ventilation behaviour in the investigated house, some initial
simulations were performed. The scope of this exercise was primarily to check the air flow
balances of the four habitable rooms, the shaft flows and the total air exchange for the whole
house. Four weather situations, W1 - W4, were used for the simulations, see Table 1. The
wind direction was chosen to be Southwest.

Wind velocity Temp. 0 °C Temp. 10 °C
W2 W4
0 m/s
Winter, calm Spring/fall, calm
w1 W3
4 m/s.
Winter, windy Spring/fall, windy
Table 1 Weather conditions for the initial simulations.

The envelope leakage was chosen to be 5.0 m’/m%h @ 50 Pa and the total free area of supply
air devices in the facades 200 cm’.

The air flow balances for the four habitable rooms are shown in Figure 3. When studying the
diagrams, it should be kept in mind that regulations in most countries prescribe ventilation
flow rates for bedrooms of the order of 4 litres per second per person (outdoor air). Air
originating from locations outside the room (staircase, hall, etc.) can only in certain cases be
treated as “clean” air and added to the flow of outdoor air. The most apparent limitation is
associated with the presence of tobacco smokers in the house. In such cases the transferred
air flow should definitely not be included in the “fresh air” supply.

In Figure 3 the shaft flows and the total air exchange of the house are also shown.

Legend for forthcoming diagrams (#4 - 6)
LA# A#HH

means:

L = Envelope leakage; 2.5, 5.0 or 10.0 m’/m>h @ 50 Pa
A = Total free area of supply air devices in facades; 0, 200 or 400 cm

N
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Air flow balance
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The air flow balances for the four habitable rooms, shaft flows and total flow.

The following comments refer to the simulation results for the different rooms, the shaft

flows and the total flows.
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Bedroom 1 - first floor

The room has its facade on the windward side, and the side-wall on the leeward side of the
house. For all four weather conditions the bedroom is under-ventilated. In the best case, the
sum of infiltrated air and ventilation air (i.e. air flowing through a supply air device in the
facade) is 2.8 I/s (W3). The flow direction in the supply air inlet is reversed in the two cases
when there is no wind. This indicates internal over-pressure at the supply air device level.

Bedroom 2 - first floor

The room has both its facade and side-wall on the windward side of the house. The principal
ventilation behaviour is very similar to that of bedroom 1, though the infiltration rates are
somewhat higher. '

Bedroom 3 - first floor

The room has its facade on the leeward side, and side-wall on the windward side of the house.
The fact that the supply air device is placed on the leeward side of the house has certain
consequences - the air flow is reversed in the supply air device for all four weather
conditions. Except for some infiltrated air, the only air flow into the room arises from
transferred air from the upper hall. The outdoor air supply is limited to values below 2.3 1/s
and this occurs due to infiltration through the west-facing wall of the room.

Living room - ground floor

The room has its facade and one side-wall on the windward side of the house, and one side-
wall on the leeward side. For all four weather conditions, the ventilation behaviour is
“favourable”, i.e. the flow balance is according to optimum conditions for a ventilation
system with supply air to be introduced in the house through purpose-provided ventilation
openings in the facade. The outdoor air flow rate is of the order of 0.3 to 0.5 I/s,m”.

Habitable rooms - general

It is concluded that, during typical winter and spring/fall conditions, a passive shaft
ventilation system could create acceptable ventilation conditions on the ground floor of a two
storey house in a cold climate. On the first floor, however, the ventilation performance is
generally poor.

Shaft flows and total flow

The total air exchange of the house ranges from 13.9 /s (0.23 ach) during calm spring/fall
conditions, up to 28 I/s (0.46 ach) under windy winter conditions. These values correspond
well to many field measurements of ventilation in houses of this type in different countries.
The sum of the flows in the three shafts equals approx. half of the total air exchange in the
house. If the house had been more airtight the shafts” fraction of the total would have been
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higher. The individual exhaust flow rates are considerably lower (2.5 - 4.8 1/s) than those
prescribed in the building regulations of most countries (approx. 10 1/s). In many passive
stack ventilated houses however, there are local extract fans which can be operated
occasionally, on demand. -

Parametric study

As mentioned under ”Simulation Assumptions” the parametric study was aimed at
investigating how sensitive the ventilation performance is to different input parameter values
regarding envelope leakage and area of supply air devices in facades.

The main results are shown in Figures 4 and 5, with a number of air flow rates reported under
“lower quartile” and “median”. The results in the figures should be interpreted as flow rates
corresponding to percentages of the heating season (5400 h), i.e. 1 350 and 2 700 hours,
respectively. The air flow rates (I/s) given under each percentage originate from the
cumulative frequency distribution. This means that if the flow given under “lower quartile”,
i.e. 25 % is g, the probability of air flow rates less than q during the heating season is 25 %.
This is easily seen in cumulative frequency diagrams. Some examples of such ones, for a
“average” case are shown in Figure 6. The air flow rates in figures 4 and 5 refer to the
sum of infiltration flows and flow through purpeose-provided openings in facades.

Infiltration + Ventilation (low quart)
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Figure 4 Infiltration + ventilation flows (lower quartile).
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Figure 5 Infiltration + ventilation flows (median).

It could be concluded that, by using a passive stack ventilation system in a two-storey house
in a cold climate (as described in the simulation assumptions) :

1 it is possible - during at least 75 % of the heating season - to achieve a ventilation rate
in the whole house of at least 0.5 ach or approx. 30 I/s only if the house has a leakage
rate above approx. 10 m3/m2,h@50 Pa or has purpose-provided supply air devices in
the facade with a total area (far) greater than 400 cm?,

2 the flow rates in the vertical shafts from kitchen, WC and bathroom are on average
small but quite stable in the range of approx. 3-4 /s,

3 all bedrooms (on the first floor) are under-ventilated as far as outdoor air is concerned,

4 the living room (on the ground floor) is the only room in the house with - in most cases
- adequate ventilation. '

Contemplating the results, it would perhaps be possible to improve the performance of the
passive stack ventilation, especially in the bedrooms, if the air supply devices in the facade
were placed lower than in the simulations (2.1 m above floor level) and/or each bedroom was
equipped with an individual exhaust shaft combined with a more or less airtight door. In
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order to increase the shaft flows it would, of course, also be possible to increase the height of
the shafts above roof level and/or use a cowl of a special design.
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Figure 6 Infiltration + Ventilation flow rates. Cumulative frequencies.
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Future work

The simulations will continue, taking into account other, warmer climates and other types of
dwellings, e.g. apartments in blocks of flats.
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1. Main tasks of Air Conditioning

The main tasks on A/C-plants are:

1. The transport of air in order to be able to decrease the air contamination in the rooms.
2. The transport of water in order to control the humidity-level of the air in the rooms.

3. The transport of thermal energy in order to control the temperature-level of the air in the
rooms.

The transport mechanism of No. 1 and No. 2 is only possible by moving air to the rooms and
back. But No. 3 can be achieved also by circulation of heat carriers in liquid stage.

To compare the enthalpy-transport by air volume with the enthalpy-transport by water
circulation it is necessary to calculate not only the transportation energy but also the carried
heat:

Transportation Energy: P= V-Ap 'nAp
Carried Heat: Q=V-p- cp At

The ratio of Q and P gives an idea of the carried heat by one unit of transportation energy.
Typical values for air and water cooling are given in table 1.

As we can see it is possible to transport nearly 450 times as much heat by water than by air
with the same energy supply to pump or fan, respectively.

The air systems themselves also have great differences in this value because of the high range
of pressure drop.

Therefore a lot of systems are bivalent, using air and water. The ammount of air is calculated
for the air renewal to reach the desired indoor air quality. The heat transport which can not
be done by this air volume is done by a water system in induction units or free convective
cooling using heat exchangers at the walls or cooled ceilings.
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There are large differences in the demand between comfort A/C and industrial application.
Industrial applications ask mostly for special conditions either in temperature or in humidity
and mostly for air renewal. Therefore it is fairly difficult to give a general overview. But in
the comfort A/C-area some trends can be shown clearly.

Unit Air Water
Density p kg/m? 1,2 1000
specific heat capacity ¢y,  JkgK 1000 4200
temperature difference At K 8 10
Power efficiency N of fan/pump - 0,8 0,8
pressure drop Pa 1000 10000
Q/P - 7,6 3360

Table 1: Typical values for air and water cooling.

2. Heat load from human bodies

The different heat transmission mechanisms take over different parts of the total heat load.
The ratio is depending on various parameters. With rising air-temperature the convection is
decreasing meanwhile the latent heat by evaporation is increasing. In fig. 1 the influence of

QW] QW] QW]
160 400
300
140 \ 350 \\
\\ 250 T < : \
120 : | { 300
TJ X . \\
100 200 250
N\ \|
80 150 200 \
60 \ 150 \
100 p
40 \ 100
" \ 50 \
... coatad i | X B OV medium hard ... hard ©
201 seated \ ,,r,,king 501 working \
L 1y 1T 0 ;
0 10 ¢ ZQC 30 40 0 10 20 30 40 0 10 20 30 40
air re tair tair[ C
a: sensible heat b: latent heat

Figure 1: Heat-transmission of persons in normal clothing /1/
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the activity level on the different ratios is shown. The total heat losses with an activity level
related to 120 W (left part of Fig. 1) is fairly constant over a wide range of temperature. But
the ratio between the latent heat and the sensible heat is very different at various air
temperatures.

Higher activity level related to 250 W (middle part of Fig. 1) or to 350 W (right part of Fig.
1) shows the same tendency. The sensible heat is always the sum of convection and radiation.

At higher temperatures the evaporation must take over sometimes incomming radiation. In
cars e.g. the incoming solar radiation must be considered already at lower room-
temperatures. This solar radiation meets the human body and transports heat to the body
which must be bilanced by additional evaporation. That is the reason why a large amount of
water vapour ist transported to the air.

Main standards and regulations are done for offices with fairly the same activity level for all
persons in the room. But also in these rooms a different heat transmission to the room can be
seen in comparing the different individuals. /2/

Because the parameters of the heat convection are fairly stable, and because of the constant
body temperature and a fixed clothing the control mechanism of the body temperature by
changing the heat losses can only be done in the latent heat range. The rise of the temperature
of the body surface can only be shifted in very small limits and the room air temperature and
the air-velocity can not be ajusted individually. A change in the radiation is also not possible
at a fixed wall temperature and given room configuration.

Fairly often different activity levels can be found in the same room. Some examples are
shown with the following values (Tab. 2).

activity range of heat transmission mean value
1. seated W0 W-150 W 120 W
2. typewriting 120W-170 W 150 W
3. speaker 160 W - 250 W 200w
4. waiter 200 W -300W 250 W
S. dancing 200 W - 400 W 300 W

Table 2: Activity levels.

These activity levels are very different but we can find them in the same room at the same
time and with the same clothing. As it was shown in fig. 1 the total metabolic rate is nearly
independent of the temperature. However, the distribution of the heat transmission to
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radiation, convection and evaporation therefore depends also on the room temperature.
Calculated values on the bases on some measurements are shown in the next table (Tab. 3).

3. Humidity ahd comfort

If we regarde a ball-room we will have seated persons, speaker, waiter and dancing groups
which have only a small difference in radiation and convection. To be able to meet the heat
balance the human body sends water to the surface to reach evaporation cooling. The related
amount of water will be at 20°C between 45 g/h and 220 g/h. The relative values at 26°C are
90 g/h and 300 g/h.

This amount of water must be transfered to the air. This can be reached by a high mass
transfer coefficient or by a big difference between the absolut humidity at skin level and in
the room air. An increase of the mass transfer coefficient will also give an increase of the
heat transfer coefficient. This correlation is given in the Lewis law.

When we use the same values of the absolut humidity as in normal office buildings we will
get no common comfort in rooms with very different activity levels.

20°C 26°C
Heat | Radiation | Convection | Evaporation | Water | Radistion | Convection | Evaporation | Water
Seated 120 W 45 W 45w 30w 45g/h oW 30w 60 W 90 g/h
Typewriting | 150 W 50 W 50w 50w 72gh BwW BW 85 W 125g/h
Speaker 200 W 60 W 55W 85w 125 g/h 40W 3ITW 123W 180 g/h
Walter 250 W 65 W oW 115w 170 g/h 43W 45W 162 W 230 g/h
Danclng 300 W 65 W 80w 155 W 220 g/h 43w 50w 207w | 300gh

Table 3: Heat distribution with the same clothing and different activity levels.

In table 3 we see that at 20°C a seated person will have a convective heat transfer of about 30
W and an evaporation heat of about 60 W. A dancing person, however, will have about 50 W
of convective heat and more than 200 W by evaporation. If this will be done by a higher
mass transfer coefficient the convective heat losses of a sitting person will increase too and
will cause the feeling of draft.

To be able to avoid this the high water mass transfer must be reached with a big difference of
absolut humidity instead of an increased transfer coefficient. This means a temperature of
20°C and a low absolut humidity in the air with the standard air velocity will meet the
comfort conditions for both groups of the population in the same room. The small
temperature difference and a normal heat transfer coefficient will not give any draft for
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sitting persons and also give enough evaporation potential for people with higher activity
level like speakers, waiters and dancers.

The relative humidity in the rooms should not be lower than 30 %. Below this level the nose
and the throat can dry out and this must be avoided. In a lot of different materials which are
used in buildings a low humidity can also give a high electrostatic load which also cause
discomfort /3/.
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Figure 2: Comfort zone DIN 1946 pt 2.

The investigations of O. Fanger /4/ about the thermal comfort shows a much smaller
influence of the humidity, but these values are only valuable for office buildings. The reason
of these results is the very small change of activity level, a very simular clothing and a fairly
stable air temperature. As shown the activity level is of great influence. It is not possible,
therefore, to use the values for office buildings in a much broader scale. In figure 2 the
optimal conditions are shown compared with the comfort zone of DIN 1946 part 2. These
results can also be shown by experiments. /5/.
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In air conditioned testrooms a group of about 30 people had to find out which rooms seems
to be colder compared with the other one.
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Figure 3: Psychrometric chart by Samuel Lewis 1932 /6/.

Unanimously they stated that a room with 26°C and 30% humidity is definetly cooler than a
room with 24°C and 60 % humidity. These tests give the line of optimum conditions for
summer (see figure 2). A very similar result can be derived from psychometric chart by

Samuel Lewis from 1932 (see figure 3) Additionally Lewis also gives an optimum line for
winter which is also shown in figure 2. |

4. Influence of the humidity on the refrigeration capacity

The cooling load is not enough to discribe the refrigeration capacity because it is also
necessary to consider the air changes. The air change rate cause especially in summertime a
different dehumidification load which effects the refrigeration capacity. The minimum air
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changes are influenced strongly by the material which is used in the interial design. This can
be shown in table 4 /7/. This example shows how great the influence of the material can be to
the total energy consumption offer building. This influence is somewhat higher than the
influence of the insulation.

ventilation air changes energy demat for heating
[m*/m? h] [ach] [W/m?]

marble floor 0,1 0,04 1

carpet floor. 2upto8 0,8 upto 3,2 25 up to 100

Table 4: Ventilation rates.

In summer everybody is speaking about cooling in air conditioning plants when he is going
to decrease the air temperature. For the dehumidification we have to calculate in central
Europe a difference between the highest outdoor enthalpy and the enthalpy at the dew point
of the supply air of about 25 kJ/kg dry air. It is very important to know that the highest
enthalpy is not in the area of the highest temperature.

5. Refrigeration systems for A/C

Mainly refrigeration systems for air conditioning are running with a temperature range of
6°C up to 12°C. Nearly all water chillers are designed for this temperature. The 6°C as
supply temperature is necessary to reach the dehumidification of the outdoor air used for air
renewal.

Normally the same system temperature is used to transport heat from inner heat gains to the
central system. In chilled ceiling systems the temperature a the surface must be about 20°C in
summertime to avoid condensing water at the surface.

chilled water temperatures | cooling capacity | electrical power (ORI N o relative C.0.P
supply/ return input
5°C/10°C 198 kW 42,5 4,6 1
6°C/12°C 208 kw 43,1 4,82 1,048
10°C/15°C 250 kW 45 5,55 1,21
15°C/20°C 298 kW 47 6,34 1,38

Table 5: C.0.P.’s for different chiller temperatures.

If there is used the same water chiller either for the dehumiditation and for the cooled
ceilings the 5°C or 6°C chiller water will be mixed with return water to reach the higher
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supply temperature of about 15°C. If the water chiller will be devided in two parts working
on a different temperature level a lot of energy can be saved. In table 5 the C.O.P. for
different chiller temperatures are shown. They are measured in a water cooled condenser
with 30°C/35°C. Compared with the supply temperature of 5°C the chiller has 38 % increase
in C.O.P. at 15°C water supply temperature. If the COP of a chiller is increasing, the energy
used by the cooling tower is lower at the same cooling capacity. This is a very high energy
saving which must be considered in new system design.

These figures show a big influence of the temperature. Therefore the refrigeration systems
for the A/C -plants will be devided in future. One part takes the dehumidification loads from
the handling of the outdoor air with a supply water temperature of 5°C or 6°C and the other
part is taking the inner load at temperatures between 15°C and 20°C. This needs quite a
different design but saves a substantial part of the power input.

6. Conclusion

A/C -technology is changing especially in the comfort part by considering the influence of
the humidity. A main development in energy savings is the seperation of dehumidification
and transport of sensible heat gains.
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Synopsis

A study of the reliability of systems by considering the ability of different systems to maintain
a required air flow rate over time is included in a subtask of IEA Annex 27 "Evaluation and
Demonstration of Domestic Ventilation Systems”. Measurements were performed to
determine the variation in ventilation rates due to variation in climate and variation in
performance of the ventilation system. The monitoring was carried out in one-family houses
and apartment buildings, which are representative of the Swedish housing stock. Three
different ventilation systems were examined; passive stack, mechanical exhaust and
mechanical exhaust-supply.

The monitoring period was started with diagnostic tests to discover if the installed ventilation
system was functioning as designed and to determine certain values. The airtightness was
tested. The air flows in mechanical ventilation were measured.

The actual monitoring phase included measurements in dwellings of overall and local
(individual rooms) ventilation rates and boundary conditions. High cost and inconvenience
prevent the use of continuous monitoring of these ventilation rates. A good compromise was
found to be a combination of short-term continuous and long-term averaging tracer gas
measurements. The main results were:

- passive stack ventilation varies over time and is at times too low

- exhaust ventilation is reasonably constant over time if the dwelling is not leaky, but is at
times too low in individual rooms ,

- balanced ventilation is almost constant over time if the dwelling is airtight.

The paper presents and discusses the measurement techniques and the results from the
measurements carried out during 1995.

1. INTRODUCTION

IEA Annex 27 “Evaluation and Demonstration of Domestic Ventilation Systems” was started
last year. The overall scope of the work in this annex is to establish a general evaluation tool,
which makes it possible to pre-evaluate the overall performance of different ventilation
systems for domestic buildings in different climates. A number of performance criteria are
dealt with within the annex. They include e. g. air quality, thermal comfort, energy, noise,
life-cycle costs, moisture and reliability. The Swedish part of the research in the annex
covers the reliability aspect of domestic ventilation i. e. the ability of different systems to
maintain a required flow rate over time. This study is funded by the Swedish Council for
Building Research. The work is divided into:

- numerical simulation of ventilation in typical dwellings

- measurements in representative dwellings

- numerical simulation of measured dwellings and comparison with the measurements

- development of a design tool for determining the reliabilty of a ventilation system

- application of the developed design tool on typical dwellings.

This paper presents results from phase 2, measurements in representative dwellings, which
were carried out during the winter of 1995.
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2. THE DWELLINGS TESTED

The dwellings which were examined in this project represent typical Swedish buildings.
They are representative as to building technology, size of the building and ventilation system

(see table 2.1 and 2.2).

Year of construction |Number, |Natural, |Exhaust, |Balanced,
thousands |% % %
0-1940 578 99 0,5 0,5
1941-1960 330 99 0,5 0,5
1961-1975 509 87 9 4
11976-1988 361 20 47 33
1989-1992 96 0 45 55
1874

Table 2.1. Year of construction and ventilation system for the Swedish one-family housing
stock (Tolstoy 1993).

Year of construction |Number, |Natural, JExhaust, |Balanced,

thousands |% % %
0-1940 365 64 34 2
1941-1960 770 62 34 4
1961-1975 686 19 66 15
1976-1988 192 3 36 61
1989-1992 137 0

2150

Table 2.2. Year of construction and ventilation system for the Swedish multi-family housing
stock (Tolstoy 1993). '

The dwellings with passive stack ventilation have exhaust air terminal devices in rooms such
as bathrooms, kitchens and laundryrooms and sometimes outdoor air supply to the other
rooms through outdoor air vents near windows. The exhaust air terminal devices are attached
to a vertical shaft to the outside. Space heating in most of the houses is provided for by
radiators located below windows.

The dwellings with exhaust fan ventilation have exhaust air terminal devices in rooms such as
bathrooms, kitchens and laundry-rooms and outdoor air supply to the other rooms through
outdoor air vents near windows. Space heating in most of the houses is provided for by
radiators located below windows.

All of the dwellings with balanced ventilation have exhaust and supply ventilation. Air is
exhausted from rooms such as bathrooms, kitchens and laundryrooms and air is mainly blown
into bedrooms and living-rooms. Most of the houses are equipped with radiators for space
heating and with some kind of heat recovery.

The dwellings were chosen randomly. Important criteria were, however, type of ventilation,
year of construction, and number of storeys (see table 2.3).
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Ventilation system Year of con- |Noof |Floor area, |Remark
struction storeys |m?

Apartment building

Balanced 1988 3 120, 120 Unoccupied

Exhaust 1990 3 58, 50

Passive stack 1955 3 56, 55 Cross ventilation,

‘ unoccupied

One-family house

Balanced 1991 1%2 128 Crawl-space

Exhaust 1976 1Y2 160 Slab on grade

Passive stack 1958 1 114 - Basement

Table 2.3 The tested buildings.

3. METHODS
3.1 Introduction

The measurements were started with diagnostic tests to discover if the installed systems were
functioning as designed and to determine certain values:

- pressurization in order to determine airtightness of building envelope and ducts

- measurements in order to determine air flows in ducts of mechnical ventilation systems

The actual monitoring phase was began with short-term monitoring (during a winter,
spring/fall and summer period): ’

- constant concentration tracer gas during 1 - 7 days to determine hourly variations in
ventilation rates.

After each short-term monitoring long-term monitoring were carried out:

- passive tracer gas in order to determine monthly averages of ventilation rates.

During the long-term monitoring the boundary conditions were determined as follows:
- the outdoor temperature at the site was measured

- the indoor temperature was measured in at least two rooms

- the wind speed and direction was measured at a nearby weather station

- the occupants made a daily diary regarding airing and kitchen fan use.

3.2  Airtightness

The standard method for finding the leakage function of a building is fan pressurization.
According to the Swedish standard for fan pressurization (SS 02 15 51) all openings in the
exterior envelope intended for ventilation purposes must be sealed before the test is
performed. Other openings are kept closed. For the purpose of modelling air infiltration and
exfiltration, a second test was also made, with open supply vents in the dwellings with
exhaust ventilation and with open vertical shafts in the dwellings with passive stack
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ventilation. Rooms with separate ventilation such as boiler rooms and garages are
disregarded.

3.3 Ventilation

The most straightforward method of measuring the total ventilation rate i.e. the combined
effect of mechanical ventilation and natural ventilation or natural ventilation only is to
measure it directly. There are many ways of measuring total ventilation, and almost all of
them involve a tracer gas, which permits the indoor air to be labelled so that the outdoor air
ventilation can be traced (Charlesworth 1988). If the ventilation is mechanical with ducts,
then in most cases the air flow in the ducts should first be measured using techniques for
volume and mass flow rate measurements, without a tracer gas (ASHRAE Fundamentals
1993, NVG 1995).

The short-term measurements in the houses tested were carried out using the constant
concentration technique in order to evaluate hourly variations in the total and individual room
ventilation rates. The outdoor air ventilation is obtained directly. The supply of outdoor air to
several individual rooms simultaneously is monitored continuously, i.e. outdoor air which
enters an individual room directly instead of first passing through an adjacent room. The esti-
mated inaccuracy in the measured outdoor air ventilation rate is + 10 %.

A passive tracer gas technique was used to perform the long-term averaging of ventilation
rates. The technique can be described as a constant flow technique with pen-sized tracer gas
sources and samplers. Two different tracer gases were employed in order to be able to
determine the ventilation rates for the entire dwelling and at least one bedroom. A
homogeneous emission technique was used (Stymne 1994). Tracer gas was continuously
injected into each room apart from bathrooms and kitchens. The tracer gas sources are
adjusted to predetermined injection rates, which are proportional to the volumes of the
rooms. The estimated inaccuracy in the measured outdoor air ventilation rate is + 15 %.

3.4  Temperature

The indoor and outdoor temperatures were recorded using thermistors connected to one-
channel dataloggers. Each logger stores 1800 values. The duration of the measurements can
be varied from 15 minutes to 360 days. The estimated inaccuaracy is + 0.5 °C.

4. RESULTS
4.1  Airtightness

The average airtightness of the tested apartments is 2.3 ach, compared with 6.0 for the tested
one-family houses. In a previous study the airtightness as a function of year (-1940, 1941-60,
1961-75, 1976-88) of construction was presented (Kronvall 1993). Most of the tested
buildings are fairly representative for their year of construction, with the exception for the
apartments with passive stack and exhaust ventilation. The tested apartments with passive
stack ventilation are much tighter and the ones with exhaust ventilation leakier.
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Building Number of | Tested | Ventilation | Volume, |Airtightness |”Typical”
storeys storey |system m?3 at 50 Pa, ach [value, ach
Apartment 3 1 Passive stack 2.2 6.0
Apartment 3 3 Passive stack 1.8 6.0
Apartment 3 1 Exhaust 2.7 14
Apartment 3 3 Exhaust 5.1 14
Apartment 3 1 Balanced 1.3 1.4
Apartment 3 3 Balanced 0.9 1.4
Detached one- |1 1/2 - Balanced 3.1 4.4
family house
Detached one- {1 1/2 - Exhaust 6.7 5.7
family house
Detached one |1 - Passive stack 8.3 6.0
family house

Table 4.1 Measured airtightness of tested buildings compared with estimates for the Swedish
housing stock (" Typical”).

42

Ventilation rates

4.2.1 Passive stack ventilation

The hourly averages show that the overall ventilation rate varies over time. This is especially
true for the apartment on the first floor, where the total outdoor air ventilation varies between
90 m3/h (0.6 ach) and 190 m? (1.4 ach) (see figure 4.1 and 4.2). The measuring period was
too short in the one-family house to see any variation. The average ventilation rate in this
house was 80 m3/h (0.3 ach) during a period of 6 hours.

m3/h
250 1

200 1

180 +

100

Total supply outdoor air, passive stack, first floor

8 12 16

20

24 28 32

h

36 40

44 48 52

56

Fig 4.1 Total supply of outdoor air for the apartment on the first floor with passive stack
ventilation, during a period of 60 hours. Average outdoor temperature -0.9°C (min - 8 °C,
max 5 °C), average wind speed 2.9 m/s.
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The outdoor air ventilation rates are very different for different rooms (see table 4.1 and 4.2)
and is e g too low in the bedrooms of the one-family house.

Apartment 1st floor | Living- Bedroom |Kitchen |Hall - Total
room

Outdoor air, m3/h |48 22 14 40 122

Temperature °C 19 19 19 19

Apartment 3rd

floor

Outdoor air, mh |35 17 217 |6 85

Temperature °C 20 19 19 -

Table 4.1 Average outdoor air ventilation rates for individual rooms in the passive stack
apartments. For boundary conditions see figure 4.1. Apartment 3rd floor: average outdoor
temperature 3 °C (min 1 °, max 5 °C), measuring period 45 hours.

| First floor Basement

Living |Bed- |Bed- |Kit- |Game |Garage |Hall | Base- | Total

room |room |room |chen |room ment
Outdoor air,m/h__| 16 TV 17 17 E 79
Temperature °C 20 - 18 - 16 - - -

Table 4.2 Average outdoor air ventilation rates for individual rooms in the passive stack one-
family house. Average outdoor temperature 0 °C (min - 0.5, max 1.5 °C), measuring period 6
hours.

The long-term (monthly averages) measurements in the apartments give values similar to the
short-term (hourly averages) measurements (see table 4.1 and 4.3). In the one-family house
the long-term average (34 days) is much higher than the short-term average (6 hours) (see
table 4.2 and 4.4). This is probably due to differences in airing, use of range hood fan and
weather. During the short-term measurements the house was unoccupied.

Living | Bedroom | Kitchen | Hall Total
room
Outdoor air, m3/h |49 27 20 15 111
Temperature °C |- - - 21

Table 4.3 Average outdoor air ventilation rates for individual rooms in the passive stack
apartment on the first floor. Measuring period 25 days. Average outdoor temperature 1.2 °C
(min -8 °C, max 8 °C), average wind speed 2.3 m/s.

| First floor Basement

Living |Bed- |Bed- |Kitchen |Game |Gar |Hall |Base- | Total

room |room |room room |age ment
Outdoor air, m3/h | 19 9 13 |9 13 33 (8 |17 [141
Temperature °C |- - 20 - - - - -

Table 4.4 Average outdoor air ventilation rates for individual rooms in the passive stack one-
family house. Average outdoor temperature 0.8 °C (-8.0, 11.5 °C), average wind speed 2.3
m/s, measuring period 34 days.
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4.2.2 Balanced ventilation

Both apartments have an almost constant outdoor air ventilation due to a high level of
airtightness (see figure 4.2). The measuring period was too short in the one-family house to
see any variation. The average ventilation rate in this house was 155 m3h (0.5 ach) during 6

hours. The ventilation rates of individual rooms, in the dwellings with balanced ventilation,
agreed well with the measurements of the air flows through the supply air terminal devices.

Total supply of outdoor dir, balanced system, apartment first floor
m3/h
250 1

200 +
180 +
100 +

50 +

0 4 8 12 16 20 24 28 32 36 40
h

Figure 4.2 Total supply of outdoor air for the apartment (1st floor) with balanced ventilation,
during 44 hours. Average outdoor temperature 3 °C (min 0.5 °, max 16 °C), wind 2.8 m/s.

4.2.3 Exhaust ventilation

The continuous measurements of the overall outdoor air ventilation in two apartments show
some variation over time in the ventilation rate (see figure 4.3). For the apartment shown this
is due to fairly leaky exterior walls. The average ventilation rate was 97 m%h (0.75 ach).

Total supply of outdoor air, Exhaust system, apartment third fioor
m3/h
120 T
100 +
80 +
60 T

40 +

20 +

0 4 8 12 16 20 24 28 32 36 40 a4
h

Figure 4.3 Total supply outdoor air to the on third floor with exhaust ventilation during 46
hours. Average outdoor temperature 3°C (min - 0.5 °C, max 6.5 °C), wind speed 2.3 m/s.
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The outdoor air ventilation rates of individual rooms show some rooms to have too low a
ventilation rate e. g. bedroom 15 and 16 in the one-family house and some rooms to have too
high a ventilation rate e.g the kitchen in the apartment on the third floor (see table 4.5 - 4.6).

Apartment 1st floor |Bedroom | Living room | Kitchen | Total | Measuring period
Outdoor air, m>/h 23 35 32 91 6 hours
Apartment 3rd floor

Outdoor air, m5/h |74 23 - 97 |46 hours

Table 4.5 Average outdoor air ventilation rates for individual rooms in the exhaust ventilated
apartments. Indoor temperature 21 °C. 1st floor: outdoor temperature 6 °C (min 5.5 °C, 9
°C). 3rd floor: see figure 4.3.

Upstairs " | Downstairs
Living {Bed- |Bed- |Hall |Bed- |[Kit- |Laun-|Living {Bed- |Total
room |room |room room |chen |dry |room 6 |room
14 15 16 9 7
Outdoor air, |36 8 6 33 |9 6 37 3 24 163
m3/h
Temp., °C 20 20 - - - 19 {19 18 -

Table 4.6 Average outdoor air ventilation rates for individual rooms in the exhaust ventilated
one-family house. Average outdoor temperature 1 °C (min 0 °C, max 2.5 °C), measuring
period 6 hours.

The long-term measurements show results similar to the short-term measurements (see table
4.7-4.8). There are some exceptions, the long-term average ventilation is higher for the
living room in the apartment on the first floor, the same is true for one of the living rooms in
the one-family house.

oo

Apartment Ist floor |Bedroom [Living Kitchen | Total | Measuring period
Outdoor air, m5/h (31 65 24 111 {29 days
Temperature °C - 21 -

Apartment 3rd floor

Qutdoor air,m>/h |73 27 - 119 |29 days
Temperature °C - 23 -

Table 4.7 Average outdoor air ventilation rates for individual rooms in the exhaust ventilated
apartments. Average outdoor temperature 1.3 °C (min - 8 °C, max 8 °C), average wind speed
2.3 m/s.

Upstairs | Downstairs
Living | Bed- |Bed- |Hall | Bed- |Kit- |Laun- | Living |Bed- |Total
room |room {room room |chen {dry |room |room
14 15 16 9 6 7
Qutdoor air, m/h |41 10 10 16 |14 15 |- 25 12 167
Temperature, °C |20 - - - - - - - -

Table 4.8 Average outdoor air ventilation rates for individual rooms in the exhaust ventilated
one-family house. Average outdoor temperature 0.7 °C, (min -8 °C, max 8 °C), average wind
speed 2.3 m/s, measuring period 32 days. '
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5. CONCLUSIONS
5.1  Measuring techniques

Ideally the total ventilation should be monitored continuously during an entire year. There
are several techniques for this purpose, but high cost and inconvenience prevent their use. A
compromise is then to use short-term (1 - 7 days) continuous measurements, long-term
averaging measurements and an estimation technique. The best approach is to adjust a
ventilation model to fit measured ventilation values. This will improve the accuracy of the
determination of ventilation. Numerical simulations of tested dwellings and comparisons
with the measurements will be performed in this project. The measurements will be repeated
for a summer month and a fall month.

The most straightforward approach to measurement of the total ventilation rate is to measure
it directly using a tracer gas. If the ventilation system is mechanical, then the air flows in the
ducts should first be measured using techniques for volume and mass flow rate
measurements. There are three different tracer gas techniques: decay, constant concentration,
and constant flow of a tracer gas. The constant concentration and the constant flow technique
were employed as being the most accurate methods of determining the overall and the local
(individual rooms) outdoor air ventilation rate. The following comments can be made:

Method Comments

Constant concentration: |insensitive to effective volume problems

unstable constant concentration can occur

used in multichamber mode to determine supply of outdoor air

complicated and expensive equipment

not very practical in an occupied building

useful for continuous long-term automated measurements

inaccuracy in total flow rates + 5 - 10 %

Constant flow: relatively insensitive to effective volume problems

(passive technique) less complicated equipment than for constant concentration

useful for long-term averaging

inaccuracy in total flow rates + 15 %;

the purging air flow can be determined

can easily be used in an occupied building

5.2 Ventilation rates

The outdoor air ventilation rates in the dwellings with passive stack ventilation varied over
time, as could be expected. Some of the individual rooms had an outdoor air ventilation rate,
which at times were too low.

The exhaust ventilated dwellings had a reasonably constant outdoor air ventilation rate over
time. The ventilation rate would have more constant, if the dwellings had fullfilled e g the
airtightness requirements of the Swedish Building Code. Individual rooms sometimes had
too low an outdoor air ventilation rate. This was especially true for the leaky one-family
house, which had no outdoor air vents. If the house had fullfilled e g the airtightness
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requirements of the Swedish Building Code and had had outdoor air vents, then the
distribution of outdoor air to individual rooms would have been better.

The dwellings with balanced ventilation had an over time almost constant outdoor air
ventilation rate. This was due to the fact that the air leakage of the dwellings was very low.
The dwellings fullfilled the requirements on airtightness as given in the Swedish Building
Code. The ventilation systems in these dwellings were well adjusted, which meant that the
individual rooms were supplied with a reasonable amount of outdoor air.

The ventilation rates will be further evaluated using a multi-zone network modell.
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Temperature and velocity distributions for air slot devices
Ulf Kriiger
SYNOPSIS

Depending on the demands regarding the size and location of the occupation zone and the need
for outdoor air flow rates, different ventilation systems and air supply devices have to be used
in different kinds of buildings. The occupation zone in a residential building can be difficult to
define, as many different activities can take place. Furthermore the furnishings of the room can
change with time.

The highest air velocities and the lowest air temperatures in the occupation zone will often
occur close to inlet air devices. The importance of the location and selection of inlet air devices
is exemplified by studying an air slot device for mainly residential use. The slot device was
placed over a window at a height of 2.0 m above floor level. Both measurements and
calculations of air velocity and temperatures are presented in the paper. From a thermal
comfort point of view the device tested seem to give satisfactory performance only for air flow
rates less than 4 I/s. The draught problem will increase with lower inlet temperatures.

It is also shown that the internal heating in a device can be important with regard to thermal
comfort. The factors that influence the relationship between outdoor and supply temperature
are also discussed.

LIST OF SYMBOLS

A, effective area of the supply opening (m?)
b width of device (m)

d characteristic length (m)

d, hydraulic diameter (m)

h height of device (m) .

L distance to fully established velocity distribution (m)
PD  percentage dissatisfied people due to draught (%)
Re  Reynolds number

t air temperature (°C)

outdoor temperature (°C)

T, minimum (or maximum) air temperature across an air jet (K)
7 temperature of the supply air (K)

T air temperature (reference temperature) of the room (K)

Tu  turbulence intensity (%)

U average air velocity in the device (m/s)
u mean air velocity at a point in a room (m/s)
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by distance (m)

v kinetic viscosity (m?/s)
0, non-dimensional temperature decay ratio
1. INTRODUCTION

In ventilated spaces people often complain about draught. When draught problems in an
apartment or an office are discussed, it often suffices just to look at the occupied zone. The
area near the ceiling, for example, is usually not so important from a thermal comfort point of
view. The demands regarding the size and location of the occupied zone must be strongly
connected to the kind of building in question and the activities going on in the building. This
means that occupation zones can be defined in many different ways.

In an office building, the occupants often have the same positions in the rooms throughout the
working day. Often they sit at their desks at a predetermined place. In this case, the occupied
zone is just a small part of the room. The choice of ventilation system in office buildings
depends mainly on the thermal load and the thermal loads also determine the air flow rates.
The conditions are completely different in residential buildings.

In residential buildings, many different activities take place. Furthermore, the furnishings of the
rooms are not known before moving in and can also change with time. Thus, it is important
that the whole area of the room can be used. Here the thermal loads are not the most
significant factor for the choice of air flow rates, but rather the air quality.

2. DEFINITIONS OF OCCUPATION ZONE IN RESIDENTIAL BUILDINGS

The demands for thermal comfort are similar in most comfort standards [1, 2]. The standards
are often based on the equations originally derived by Fanger [3]. Consequently the choice of
ventilation system can depend more on how the occupied zone is defined in a particular case.
In Figure 1, different occupied zones are shown. Common for all these occupied zones is a
horizontal plane located above head height, approximately 1.8 m above floor level. Below this
plane, the occupied zones differ as regards the positions of the vertical limitation planes.

The ANSI/ASHRAE 55-1992 Standard has general vertical limitation planes 0.6 m from walls
or fixed air conditioning equipment. However this general definition is not acceptable when
discussing residential buildings. If such a definition was to be acceptable, this would mean very
strong restrictions on what part of a room that could be defined as the occupation zone.
Moreover, only the area comprising the middle of a room could be used. When looking at
offices the normal occupied zone is small and here the zone definition should be different for
each room. Thus, it should also be possible to move the workplace to another part of the
room.

When discussing occupied zones in residential buildings, the near zones of supply air devices,
radiators and windows are the critical parts of the room, especially the near zone of supply
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devices. This is because the air is mainly supplied to the room through small outlet areas. A
step in the right direction could be to change the position of the vertical plane limitations to
0.5 m from outdoor walls or fixed air conditioning equipment and to 0.1 m from indoor walls
when defining the occupation zone for residential buildings [4].

From the point of view of apartment owners, it goes without saying that the whole room
should be possible to use, as that is what they pay for.

outer wall with air intake

Occupied zone(ASHRAE)
limitation planes 0,6 m
from all walls

horizontal plane
1,8 m above floor™\ |
level

Extended occupied zone
limitation planes

0,5 m from outer wall
0,1 m from inner walls

Fig 1. Room with different occupation zones.

To evalute the thermal comfort indoors due to draught risk, the PD-index (percentage people
dissatisfied due to draught) can be used [5]. Draught can be defined as an unwanted cooling of
the human body caused by air movements. The risk of draught depends on air velocity,
turbulence intensity and air temperature according to equation (1).

PD= (341 )@ ~0.05)°%(0.37uTu+3.14) 1)

If an air flow of 10 /s with an air temperature of 21°C is to be supplied to a room, an inlet area
larger than 0.07 m? is needed to provide a good thermal climate. In this case, assumptions
have been made that the velocity is equal over the whole inlet area of the device and that the
whole room volume is regarded as the occupied zone. The calculations are also based on a
measured turbulence intensity of 40% for an air slot device [4]. Higher air velocity than
0.14 m/s, lower air temperature than 21°C or higher turbulence intensity will result in more
than 15% being dissatisfied due to draft (see equation (1)). If the inlet area is smaller than
0.07 m?2, the PD-index will become higher. On the other hand, if the air is supplied through a
device placed above head height, problems with high velocities will not necessarily exist during
summer time but in the cold season the air jet will bend down in the occupation zone and cause
discomfort [4].
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When the outdoor air is supplied with a mechanical exhaust system, the air entering the room
in the winter season is colder than the room air. This means that a larger inlet area is needed
during winter to get the same thermal comfort as in the summer.

3. INTERNAL PRE-HEATING OF THE OUTDOOR AIR IN SLOT DEVICES

The thermal comfort in the near-zones of supply devices is not particularly affected by the
location of the exhaust devices in mechanically ventilated buildings. The air stream from the
supply devices can, on the other hand, be noticeable at large distances from the devices.
Several factors influence the way the air is distributed at different distances from a supply
~ device.

- the design and location of the supply device

- the air flow rate and supply air temperature

- the dimension of the room and air obstructions such as furnishings

-air movements in the room such as conveéction streams from radiators, machines,
people and other warm or cold surfaces

It is important to know the inlet temperature when calculating the trajectory of the air stream
in the room or the air temperature in the stream at different positions. If the device is placed
above head height, an unpreheated air stream gets into the occupation zone faster, the larger
the temperature difference is between the air stream and the room. The inlet temperature of a
supply device depends on the outdoor temperature and the air flow rate through the device.

A common and cheap supply device for an exhaust ventilation system for residential buildings
is the air slot device. Such air devices are normally placed over windows. Air slot devices for
mechanical exhaust systems have been found to allow a maximum air flow rate of 4 I/s if a
satisfactory thermal climate is to be maintained [4,6].

In Figure 2, the results of an investigation of the internal heating in a slot device is illustrated at
an air flow rate of 4 I/s. The air slot device has an inlet area of 300 x 11 mm. The device, which
is completely made of plastic, consists of five sections placed lengthways. Moreover, the
device has a damper in the outlet part. The measurements were made when the device was
placed in a window frame with a thickness of 60 mm.

The measurements were carried out at each lengthways position at 3 minute periods and in
three different positions to get average air temperatures values. To be able to verify that all the
measurements had been done under the same conditions (constant air flow rate in the device),
a reference sensor was placed at the outlet of the device.

The shapes of the three air temperature curves in Figure 2 are quite similar. The air
temperature increases very slowly in the first part of the device and more rapidly in the second
part. In the outlet part of the device where the damper is located, the temperature increase is
small. Factors that have an influence on the temperature increase are discussed below.
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- The thermal force is stronger further downstream inside the device where the
temperature difference is larger between the air and the surfaces of the device that are
located in the window frame. This is only partly an explanation why the temperature
increase is larger at the end of the device.

- The heat transfer from the surfaces of the device to the air is affected by the heat
transfer coefficient. The heat transfer coefficient is considerably higher for turbulent
flows than for laminar flows. The type of flow that exists can be determined by
calculation of the Reynolds number. The Reynolds number can in this case be estimated
to 940 according to equation (2). In long ducts, the air flow is laminar when the
Reynolds number is below 2100 [7]. However, this does not mean that the flow in the
device is mainly laminar because the equation does not take into account the part of the
device where the velocity profile is not completely developed.

Re:(ﬁ-fi) | @

v

-The velocity profile is not fully developed at the entrance of the device. Theoretically
the velocity profile should have an almost rectangular shape, but in this case the air
stream does not fall in perpendicular to the inlet of the device. As a rough estimate of
the entrance length where the velocity profile is not completely developed, equation (3)
can be used [8]. The entrance length, L;, is defined as the distance from the inlet to the
position where the centre velocity has reach 99% of the velocity that appears in a fully
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developed velocity profile. According to equation (3), the entrance length becomes
much longer than the device. Thus, an accurate value of the heat transfer coefficient
can not be determined in a simple way as the velocity and temperature profiles will
affect the heat transfer considerably.

% =0.0575-Re,, 3)

h

- Another explanation for the higher temperature increase at the end of the device could
be that room air was ejected or leaked into the device. This possibility was examined by
filling the room with tracer gas. However, no tracer gas concentration could be
measured in this case inside the device.

- A possible explanation for the low temperature increase in the outer part of the device
could be that an air whirl establishes there so that a part of the outdoor air escapes from
the device again.

4. TEMPERATURE AND VELOCITY DISTRIBUTIONS

The discussion below is based on the assumption of a free jet, thus, limitations of room walls,
backward air streams or internal heat sources will not be taken into account.

The jet from a slot device could be treated as a plane jet or as a three-dimensional jet. In
practice, jets issuing from openings of aspect ratios of 1< b/h <40 should be treated as three-
dimensional [9]. This slot device has an aspect ratio of 27. Air jets can be classified
downstreams into four different velocity or temperature decay regions, where different
equations should be used to estimate the profiles. However, the extents of these regions are
different. A non-dimensional jet temperature decay ratio, 0,,, , can be defined by:

L,-T,
(i) ¥

Measurements of the air temperature in the air jet from the slot device [4] have been carried
out at a distance, x, of 0.23 m after a slot device outlet. The lowest temperature in the air
stream at this distance was 17.4°C at an outdoor temperature of 6.1°C. The air temperature at
this distance has increased by approximately 8°C compared to the air temperature at the device
outlet (see Figure 2). The result can be compared to the calculated decay of the maximum
temperature for free jets. Figure 3 gives 6, = 0.41 for a device with an opening b/h ratio of 27
and an effective area of the supply opening, Ay of 33 cm2 With the measured room
temperature of 22°C equation (4) gives Ty, ~17°C, which is in close agreement with the

- measured value.

In the same way, an air velocity analysis for an air jet can be made by comparing measured and
calculated air velocities. The centre velocity at different distances from the device for different
- openings of rectangular shapes can be estimated from [9] when the velocity in the device and
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the dimensions of the device are known. Estimated velocity maximum for the mentioned slot
device at a distance of 0.83 m from the device is 0.32 m/s with an air flow rate of 3.5 V/s. This
can be compared with the measured velocity which was 0.28 m/s at the same distance from the
device [4]. .

T YT
b/h = 1 (square opening)

2 5 4 5 678910 20 30 40 50
Fig 3. Decay of the maximum temperature for free jets of different aspect ratios [9].

5. DISCUSSION

The demands of outdoor air flow rates in residential buildings vary in different standards. For
example ASHRAE Standard 62-1989 [10] recommends an air flow rate of at least 7.5 I/s,
person.

The air velocity at different distances from the air slot device has been calculated [4, 9] for an
air flow rate of 4 I/s and is shown in Figure 4. Assumptions have been made that it is a free jet
that is not influenced by any air movements in the room (no air backflow or convection flows).
It is obvious that the slot device system is not to be recommended for residential buildings as
not even 4 /s can be supplied without causing draught (see also [4]).
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Fig 4. Velocity profiles at different distances from an air slot device for a flow rate of 4 I/s.
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6. CONCLUSIONS

Air slot devices can not be recomended as inlet devices when supplying outdoor air to
residential buildings. However, the demands on the size of occupation zone influence the
possible selections of ventilation systems and air supply devices. It is, thus, of importance to
define different occupation zones in different kinds of buildings. The following facts should be
kept in mind when planning new or modifying old ventilation systems:

« Different ventilation systems have to be used depending on the demands on the size and
location of occupanon zone.

e The occupation zone in residential buildings should include all room-space except the near
zones of fixed air conditioning equ1pment radiators and windows.

e The air temperature increase in a supply device can be of importance for the thermal
comfort indoors.

e Investigations of the thermal comfort in rooms with outdoor air supplied through devices
with non pre-heated air should be carried out at low inlet temperatures corresponding to
the lowest outdoor temperatures during the year.

REFERENCES

- [1]

(2]

(3]
[4]

[5]
(6]

[7]
(8]

[9]
[10]

International Standard ISO 7730, Moderate thermal environments- Determination of
the PMV and PPD indices and specification of the conditions for thermal comfort,

(1990).

ANSI/ASHRAE Standard 55-1992, Thermal Environmental Conditions for Human
Occupancy, American Society of Heating, Refrigerating, and Air-Conditioning
Engineers, Atlanta, USA.

Fanger, P O, Thermal Comfort, Danish technical press, Copenhagen (1970).

Kriiger, U. Ventilation och termiskt klimat i bostadsrum. Laboratorie- och
faltmatningar. Department of Building Services Engineering, Chalmers University of
Technology, Goteborg, Sweden (1993), (In Swedish).

Fanger, P O, Melikov, A K, Hanzawa, H, Ring, J, Turbulence and draft, ASHRAE
Journal, No 4 (1989).

Kriuger, U, Laboratory Tests and Field Measurements of Air Velocities and
Temperature Gradients in Residential Buildings, Proceedings of the Roomvent ‘92
Conference, Aalborg, Vol 3, p 323-339 (1992).

Frank Kreith, Principles of Heat Transfer. University of Colorado, Intext Educational
Publisher, New York (1976).

Sundén, B, Kompendium i1 virmeoverforing, Inst. for Tillampad termodynamik och
stromningsldara, Chalmers tekniska hogskola, Nr 88/7, Goteborg, Sweden (In
Swedish).

Awbi, H B, Ventilation of Buildings, £ & FN SPON, London (1991).

ASHRAE Standard 62-1989, Ventilation for Acceptable Indoor Air Quality. American
Society of Heating, Refrigerating, and Air-Conditioning Engineers, Atlanta, USA.

67



68



Implementing the Results of Ventilation Research
16th AIVC Conference, Palm Springs, USA
19-22 September, 1995

The Southampton Survey on Asthma and Ventilation:
Humidity Measurements During Winter

D A Mcintyre, F R Stephen

E'A Technology, Capenhurst, Chester, CH1 6ES, UK

69



The Southampton survey on asthma and ventilation: humidity
measurements during winter
Synopsis

As part of a collaborative trial on the effects of ventilation on house dust mites and
asthma, 20 mechanical ventilation units were installed in houses in the Southampton
area in southern England. The hypothesis is that continuous ventilation over winter
months can maintain humidity below a mixing ratio of 7 g/kg, with a consequent
reduction in house dust mite numbers. The systems served upstairs only, extracting
from bathroom and landing and supplying fresh air to bedrooms. Temperature and
humidity in the experimental houses and 20 control houses were recorded in the
patients' bedrooms at carpet level. Over the 4 months from December to March the
mechanically ventilated houses had significantly lower absolute humidities. Of the 20
MYV houses, 15 had a mean mixing ratio below 7 g/kg, compared with only 3/20 of the
non-MYV houses.

1 Introduction

Much asthma is caused by an allergic reaction to the house dust mite and many
approaches are under investigation for the control of mites{!l. It is known that
increased levels of humidity provide a favourable environment for the growth of mites
and there is strong evidence to indicate that dust mites may be controlled by
maintaining a reduced indoor humidity during winter months[2]l. During cold weather,
indoor humidity may be reduced by ventilation with outside air to remove internaily
generated moisture. The use of mechanical ventilation with heat recovery (MVHR)
enables this to be done efficiently, with neither draughts nor excessive heat loss.

EA Technology is collaborating in a major clinical trial on the effects of mechanical
ventilation on humidity and asthma. The trial is under the overall direction of the
Department of Child Health at Southampton University and the Building Research
Establishment is undertaking the dust mite analysis together with IJAQ measurements
and householder surveys. The study covers asthma patients in 40 houses in the
Southampton area and mechanical ventilation was installed in 20 houses in time for the
1994/95 heating season, after which monitoring continued for a year. In addition, half
the houses have been supplied with a high efficiency vacuum cleaner to test whether it
is effective in reducing ambient levels of houses dust mites and associated allergen.
This report analyses the measurements of bedroom temperatures and humidities in the
40 houses covering a period up until the end of the 94/95 heating season, relating them
to outside weather and the presence of mechanical ventilation.

2 Selection of houses
Southampton University recruited patients from among people attending the

Southampton asthma clinic and those willing to participate completed a questionnaire
about their home. Houses were rejected for the study if they were unsuitable for
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mechanical ventilation installation or were likely to have excessive background
ventilation.

Houses were assigned to 4 experimental groups.

Group | Intervention Number
1 Ventilation & vacuum cleaner 10
2 Ventilation 10
3 Vacuum cleaner 10
4 Monitoring alone 10

Groups 1 & 2 have mechanical ventilation, 3 & 4 do not. Allocation of houses to
groups was done after preliminary observations of bedroom humidity became available.
Houses were divided into 4 humidity bands and assigned randomly to groups within
bands. Pressurisation tests were later carried out by the Building Research
Establishment and analysis showed no significant difference in house leakage between
experimental groups. The leakage results will be reported separately.

3  Ventilation equipment

To provide the benefits of mechanical ventilation without the disruption associated
with retrofitting a whole house ventilation system, an 'upstairs' system was installed,
complemented by an extract fan in the kitchen. The main MVHR unit containing fans
and heat exchanger is mounted in the loft space, supplying tempered fresh air to
bedrooms and extracting moist air from the bathroom. An additional extract point is
fitted in the landing; this avoids excessive extraction rates through the bathroom
terminal and intercepts moist air moving up the stair well. The system therefore only
requires access to the loft space for installation and no ductwork within the house has
been needed. An EU4 grade filter was mounted in the main air intake duct, capable of
intercepting pollen grains. :

On cominissioning, the system was set to provide an air supply of 8 I/s for a double and
6 Is for a single bedroom. Air extract in the bathroom was set at twice that in the
landing, to avoid spillage of moist air out of the bathroom. The system was balanced
between total extract and supply rates. After commissioning, the system was switched
off. All systems were switched on at the start of the measurement period in Week 45
beginning 9th November 1994. Householders in Groups 1&2 were advised on the use
of the mechanical ventilation and asked to run the system continuously.

4 Data logging

A short experimental programme was undertaken to explore the effect of logger
position within a room. Data from the carpet or the floor of the room was found to be
a very reliable source of information and was less susceptible to rapid variations in
humidity. A 10 minutes scan period provided an accurate record of events within the
room.
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Small independent loggers were used, mounted in a perforated aluminium case. The
case rests on the bedroom floor and can be moved and replaced by the householder
when cleaning. Two further loggers were mounted on the north facing side of two
dwellings within the survey area. Data was collected from the loggers using a
portable computer during a visit to the subject's house. All loggers were checked
before despatch and found to give satisfactory accuracy. There were some problems
with the outdoor humidity sensors when exposed to lengthy periods at an RH above
90%. This caused the reading to drift upwards to give some readings above 100%
RH, with a long recovery time afterwards when the humidity fell again. Discussions
with the manufacturer of the sensor revealed that this problem is common and that it is
possible to precondition sensors which will be used in humid environments. The
troublesome loggers were replaced. Weather data has also been obtained for the
Southampton region from the Southampton Weather Centre.

5 Analysis

5.1  Measurement periods

A standard week numbering nomenclature is used. A week runs from Monday to
Sunday. Week 1, 1994 commences 3rd January and Week 1, 1995 starts on 2nd
January 1995. Data loggers were installed in the houses between March and May
1994. All loggers were operational by Week 27. Installation of ventilation systems
took place during October and November 1994; after installation the systems were
commissioned and then left switched off. All ventilation systems were turned on
together at the start of the heating season in Week 45, 1994.

The hypothesis to be tested in the analysis of the logger readings is that absolute
humidities measured in the bedrooms of the ventilated houses (Groups 1&2) are lower
than those measured in the control houses (Group 3&4). The WHO working partyl3]
proposed that dust mite growth is inhibited below an absolute humidity of 7 g/kg
when expressed as a mixing ratio. The analysis in this paper uses 7 g/kg as a reference
level. Analysis of weather records[3:4] shows that the four winter months of December
to March inclusive consistently have a lower mean absolute humidity than the
remainder of the year and the 18 weeks from Week 48, 1994 to Week 13, 1995 were
selected for the main analysis. In addition several descriptive statistics are presented
for the total available measurements from Week 27, 1994 to Week 21, 1995.

52 Weather

Figure 1 compares the monthly mean temperatures and humidities recorded on the roof
of the Southampton Weather Centre during the total experimental period with records
of other years. Thirty year mean air temperature data for Southampton was obtained
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Figure 1 The weather during the measurement period from!6], but no
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South West region, typified by Plymouth, which is markedly moister.

5.3  Weekly mean bedroom temperatures

All houses Groups Groups 3&4
1&2
Mean 17.29 17.51 17.08
Standard deviation 2.05 1.91 2.18
Median 17.52 17.74 17.25
Upper quartile 18.47 18.56 18.38
Lower quartile 16.19 16.55 16.03
n 713 359 354

Difference between group means: t =2.81, df =711. P <0.01
Table 1 Amnalysis of weekly mean bedroom temperatures over the 18 week test

period

Table 1 summarises the measurements of weekly mean bedroom temperatures during
the test period for all houses. The bedrooms in Groups 1&2 are 0.4 K warmer than
those in Groups 3&4 and the difference is statistically significant. However, it was not
hypothesised as an effect of MVHR and is not large enough to be of practical
significance. Weekly mean bedroom temperatures are shown plotted against weekly
mean outdoor temperature in Figure 2. Both experimental and control groups show a
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Figure 2 Bedroom temperatures in Groups 1&2 were slightly warmer
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similar behaviour. Above about 15°C ambient temperature, the bedroom temperature
rises with increasing outdoor temperature, with a slope only a little below unity.
‘Below 15°C, bedroom temperature falls only slowly with decreasing ambient
temperature. A straight line has been fitted by eye to the points. The temperature
behaviour is typical of dwellings, implying that no heating is used above 15°C outdoor
temperature. Below this, heating is used to maintain comfort.

54  Bedroom humidities
Table 2 summarises the measurements of weekly mean bedroom humidities for the test

period. Groups 1&2 have a significantly lower humidity than the Groups 3&4, with a
difference between means of 0.75 g/kg.

All houses | Groups 1&2 | Groups 3&4
Mean (g/kg) - 7.13 6.75 7.53
Standard deviation 1.02 0.82 1.06
Median 7.03 6.69 7.42
Upper quartile 7.73 7.27 8.18
Lower quartile 6.36 6.14 6.77
n 713 359 354
Values < 7.0 49% 65% 32%

Difference between group means: t = 10.56, df = 711. P<0.001
Table 2 Analysis of mean weekly bedroom humidities for all houses during the
18 week test period

Weekly mean bedroom humidities are shown plotted against outdoor humidity in
Figure 3 for the entire 48 week measurement period. The points are well fitted by
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linear regression. The difference in slopes is significant at better than the 1% level.
The implication of the graphs is that ventilation is restricted in cold weather in both
groups of houses and significantly more so in the in the non MV houses compared with
the test group.

Figure 3 Regression lines of bedroom vs. outdoor weekly mean
humidity were significantly different for the two groups:
1&2 g=233+081g, 1r?=095
3&4 g=3.63+0.69g, 12=094
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6 Discussion
6.1 Bedroom temperatures

There was a small but significant difference between the temperatures of the MV and
non-MV groups, with the MV houses being on average 0.4 K warmer. This difference
was not hypothesised. The use of mechanical ventilation ensures a constant supply of
tempered air into the bedroom whose temperature depends on the efficiency of the heat
exchanger and the temperature of the air being extracted from bathroom and landing.
The air will therefore be below the general indoor air temperature and would be
expected to have some cooling effect in the ventilated bedroom. The measurements
show no support for unacceptably cool bedrooms associated with mechanical
ventilation.

6.2 Humidity

The difference in bedroom humidity between the MV and non-MV groups is highly
significant and we may conclude that the use of mechanical ventilation has indeed
resulted in a reduction of indoor humidity. The difference in mean mixing ratios is
0.75 g/kg over the 18 week test period. Figure 3 shows that the difference in humidity
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between the groups increases at lower outdoor temperatures. This may be interpreted

Figure 4 15/20 MV houses had a winter mean humidity below 7 g/kg,
compared with 3/20 non-MV houses
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that ventilation is better maintained in the MV houses, with the non-MV houses
reducing ventilation in cold weather to conserve heat.

At the level of individual houses, Figure 4 shows that the groups are well separated,
with three quarters of the MV houses having a mean over the test period of less than
7 g/kg, while only 3/20 of the non-MV houses do so. This paper analyses the results in
terms of a critical mixing ratio of 7 g/kg, below which it may be supposed that house
dust mites do not thrive; this figure is derived from[3l. In practice, of course, we
cannot suppose that there is a sharp threshold. Many factors remain to be properly
resolved: the interaction temperature and humidity, the influence of local micro climate
in carpet or mattress and the effect of the variation of humidity may all have an
important influence. If so, the mean mixing ratio over the winter period would not be
a sufficient indicator to explain variation in house dust mite numbers or activity.

The experiment was conducted over the winter of 1994/95, which was milder than
average, and took place on the South Coast of England. Only the extreme South West
of the UK has generally higher humidities than Southampton; the consequence is that a
successful result achieved in Southampton can only be strengthened in locations either
north and west.

7 Conclusions

The use of mechanical ventilation with heat recovery reduced the measured bedroom
humidities in a sample of 20 houses, compared with a group of 20 houses without
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MVHR. The mean reduction in mixing ratio measured over the 4 winter months
November 1994 to March 1995 was 0.75 g/kg. (P<0.001)

Fifteen of the 20 houses with MVHR had a mean bedroom humidity of under 7 g/kg
over the winter four months, compared with 3/20 of the houses without.

There was little difference in mean winter bedroom temperature between the two
groups. The MV group was 0.4 K warmer (P<0.05)
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Synopsis

A recent investigation into the thermal environment of tropical housing required a low cost
method for the measurement of high ventilation rates. As a result a simple measurement
system, using the detection of the decay of smoke density, was developed. The sensor, based
on an infrared LED emitter and a silicon diode receiver, was easily portable, highly robust
and could be constructed for less than £50. It was found to be suitable for the measurement
of decay rates in excess of 20 air changes per hour. The visible smoke tracer required for the
system was easily generated by a number of methods, including smouldering coir matting,
smoke bombs and theatrical smoke generators.

1 Introduction

In support of a recent investigation into the thermal comfort of tropical housing [1], the need
arose to measure the ventilation rates occurring in those buildings. In tropical climates the
building envelope can be highly porous, and the large leakage areas have the potential to
produce very high ventilation rates under windy conditions. Thermal modelling of the
conditions in these types of houses indicated that comfort conditions could change
significantly between different assumed ventilation rates, even at the levels of 50 - 100 air
changes per hour [2].

Little information was found to be available as to the actual ventilation rates to be
encountered in such dwellings; few field trials had been made where ventilation was a
measured parameter. Within the scope of a doctoral investigation is was decided to attempt
to measure the ventilation rates of such dwellings, to determine if the large rates assumed in
the thermal modelling actually occurred in practice.

2 Traditional Methods

In developing the methodology for these measurements, it was considered that tracer decay
techniques were the most appropriate. However there appeared to be three key drawbacks in
the equipment then available, which were based on the measurement of the commonly used
tracer gases N0, SF¢, and CO,;

- the ventilation rates were expected to be high, for instance >20 ac/h. It was considered
that the lower cost gas analysers had long time constants, and that this could affect their
ability to accurately measure large ventilation rates.

- gas analysis equipment with low time constants were too costly for the funding available.
There were none available to commit to a long term project abroad, it was not feasible to
transport regularly from the U.K. to S.E. Asia, and it was not within the project budget to
purchase new equipment at that scale.

- the reliable and regular supply of tracer gas in large amounts to remote rural locations
would be difficult or impossible to achieve.

3 The effect of instrument time constant

The time constant of a gas analyser can theoretically have a significant effect on the accuracy
of the estimation of high ventilation rates. This instrument time constant will depend largely
on the flow rate and purging effectiveness through the detecting equipment. In Infrared Gas
Analysers (IRGAs) this time constant can be short (on the order of seconds) but is apparently
inversely proportional to the equipment cost. High quality fast IRGAs may cost in excess of
£10000, while simpler lower cost instruments in the range of £1000 can have response time in
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the order of 10's of seconds. Gas chromatography equipment have significantly longer
response times than that.

Figure 1 shows the calculated effect of instrument time constant on the estimate of ventilation
rates by measured tracer decay. Imposed "true" ventilation rates of 50 and 100 air changes
per hour were used. It can be seen that significant errors may be made for time constants >30
sec for the very high rates assumed. Note that 100 ac/h in a dwelling room may seem
extraordinary but equates to a mean air flow across a typical room of only 0.3 m/s or less.
High air velocities in rooms or tropical housing are in fact desirable for achieving comfort
conditions, and recent field measurements by Rahman [3] have confirmed that air movements
of this order are common. ‘
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Figure 1 Theoretical Measurement Errors Associated with Instrument Time Constants

3 The smoke detector

To circumvent the cost and time constant restrictions discussed above, an alternative
instrument or technique was sought. Etheridge and Nolan [4] described the measurement of
ventilation in wind tunnel models using smoke as a tracer substance and an optical detector.
We considered that this approach was appropriate to adapt for use in full scale buildings, as it
was potentially fast, cheap, portable and robust.

The decay of smoke, as long as the condensation of the smoke matter was not significant,
should be commensurate with the decay of a tracer gas, and so could be used to estimate
ventilation rates. Since large ventilation rates were expected in our applications,
condensation was not felt to be a problem. Smoke of various forms have been used widely in
building science to visualise air movement, detecting leaks, and as a qualitative indication of
ventilation. We are not aware of previous use in a quantitative measure of ventilation in full
scale buildings. ’
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The instrument described by Etheridge and Nolan is based on the optical detection of smoke
in air, using an infrared LED emitter and silicon diode detector pair. The detection of smoke
is by optical scattering caused by the particles present in the smoke. In a properly aligned
system, figure 2, the detector will be illuminated only by the light scatter off the smoke.
Etheridge and Nolan determined that the response of such a system was linear to smoke
concentration. Since ventilation measurement by tracer decay relies on the differences in
concentration over time, linearity of the measurement system is a crucial requirement.
Fortunately for a low cost system, the ability to produce an absolute calibration is not a
requirement for the analysis of the decay data.

smoke in sensor

scattered

emitter detector

Figure 2 Optical Smoke Sensor Geometry

The sensor head produced by us is shown in figure 3. The emitter/detector pair are enclosed
in a small opaque box, through which room air is drawn by a small fan. The box is highly
baffled to exclude light, and its interior is painted matt black. Using the parts listed in table 1,
the instrument costs less than £50 in 1995, and produces a signal of between 5 and 75 mV dc
output according to the density and type of smoke to which it is subjected. The higher output
quoted corresponds to a distinct, but not unacceptable (for short periods) haze in room air,
equivalent to a visibility of approximately 50m. The dark signal of 5 mV has been found to
be stable over long periods and changing light conditions. The response time of the sensor is
virtually instantaneous (1 <1 s).

Component Description R.S. number Approximate
. Cost , £

LED emitter High power Infrared, 195-344 1
' Narrow Beam

Detector Smm? silicon diode with 308-067 16

integral amplifier.
Fan miniature 5 V.dc fan, 498-126 20
40x40x12 mm o

Case ABS box, 508-936 2
150x80x50mm

Miscellaneous Brackets, paint etc. 5

Table 1 Components of Sensor Head
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The voltage signal produced by the sensot head is intended to be recorded by a portable data
logger or chart recorder. We have used logging equipment produced by Grant and by
Campbell. These data recorders are not inexpensive (in the region £500-£1000) but are

general purpose and multi-channel. Simpler single input data recorders are now readily
available in the region of £100 each. The entire system, sensor and recorder, could potentially
be powered by rechargeable battery, making it suited for use in remote areas.

fan silicon diode LED emitter inlet for smoke

N

outlets for smoke baffles

Figure 3 Drawing of Sensor Head

4 Testing in Laboratory Conditions

Tests were made to compare the results achieved with this instrument against known flow
rates and against more traditional tracer gas methods. These tests were made in a room of
approximately 60 m3. A controlled, known ventilation flow was produced by a large fan
installed in the door way of the test room; external windows across the room from the door
were open. Several mixing fans were introduced into the room, but at the flows imposed by
the door fan, these were probably unnecessary. The door fan, a building envelope
pressurisation fan ("blower door"), was capable of generating between 0.1 - 2.5 m3/s flows
through the room, equivalent to air change rates of 5 to 150 air changes per hour; the fan
flow rate was measured by orifice pressure drop during each test. In some trials, CO, was
injected in the test room, as well as smoke and CO, levels measured by a Horiba IRGA.
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Figure 4 shows a comparison of the decays of both smoke and CO, concentration during a
single test. Figure 5 shows comparisons of the measurement method against the "known"
- rates as determined from the fan flow rate.
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Figure 5 Comparison of Smoke Decay Results

The smoke and CO, methods were felt to be comparable, agreeing to within 12% for rates
under 50 air changes per hour. The agreement at high rates (~100 ac/h) was not as
satisfactory, but it is not at this time known if this was a characteristic of the smoke decay, the
smoke sensor, or of the errors associated in calculating a ventilation rate from a (very high)
flow rate. For the latter a ventilation effectiveness must be assumed and this may been in
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error. Thus at the higher flow rates, the estimate of the "true" ventilation rate could equally
be in error as the measurement method. Additional work is planned to test the sensor further.

Given that CO, is itself not an ideal tracer gas to use for ventilation measurements, due to the
naturally present background level, it can be concluded that the smoke decay method is at v
least as accurate as the CO, decay method, and potentially more accurate at high flows due to
its' faster response time. For a low cost instrument this level of accuracy is felt to be suitable
for its intended purpose. Potentially, accuracy and sensitivity could be increased by further
development, but undoubtedly this would come only as a result of higher costs.

In the development of the system other smoke detector systems were also investigated.
Notably, those found in fire detection systems are considerably more sensitive to low
concentrations of smoke than the sensor described here. Unfortunately the component
sensors of such systems are optimised for that particular use and provide only a binary output;
e.g. above or below a threshold concentration. As such they are not directly suited for
ventilation measurements, nor can they be modified for such.

Smoke from various sources were also tested for suitability. The tests described were made
with a commercial oil based smoke generator; this smoke could be objectionable after
exposure for a long time. Other sources of smoke have been tried; all were detectable by the
instrument, though some were more pleasant than others to use. Those that have been tested
are theatrical smoke generators (more acceptable to occupants, pleasantly scented, but low

+ dispersion fluid should be used), joke shop smoke bombs (foul persistent smell), sewer leak-
detection smoke pellets (copious coloured smoke but strong smell), cigarettes (socially
unacceptable in many locations), incense (powerful odour if enough density of smoke
produced), and even smouldering coir matting (a readily available local source for the target
application).

It is accepted that this smoke decay technique is not a method readily applicable to buildings
in use, due to the rather alarming appearance during the tests. However, there are equally
many claims made about the acceptability of many of the tracer gases commonly used in
ventilation research. The advantage of the system described here is that due to its' low cost,
it may be usable in situations were other techniques would not be available or appropriate,
and therefore may provide hard data where otherwise there would be none. It is notable and
paradoxical that a secondary advantage of the system lies in the visibility of the tracer gas
used; air flow visualisation may be done concurrently with the ventilation tests,
supplementing the information gained.

A further advantage to be gained from the low cost of the instrument is that multiple
monitoring points may be easily used in large spaces, without the need for pneumatic
multiplexing. This can decrease the need for artificial mixing during measurements and lead
to more natural measurement results, and possible greater accuracy at higher ventilation rates.
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5 Testing in Field Conditions

The use of the instrument in the field went well, ventilation rates from 10 to 30 ac/h were
measured in examples of modern housing in rural areas of Malaysia [3]. Measurement in
examples of the traditional, very porous, housing was however less successful, in that there
was an inability to generate sufficient initial smoke density, due to the high rates encountered.
To account for this, it is considered that rates greatly in excess of 30 were being encountered.

- A more energetic smoke generator may have been able to overcome this problem, and provide
more robust data.

6 Conclusion

To summarise, a smoke sensor has been developed to allow the measurement of ventilation
rates in buildings, using smoke as a tracer. The sensor is low cost, and of comparable
accuracy to the use of CO, as a tracer gas. The sensor is small and robust, suitable for
sustained field work, and capable of monitoring high ventilation rates. The smoke may be
generated by local materials or simple equipment. It is hoped that such an instrument may
provide measurements where more traditional methods may unavailable or inappropriate.
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ABSTRACT:

This paper describes the results of a series of tracer gas tests performed in the mining
community of Schlema in eastern Germany. The purpose of these tests was to determine the
influence of various mechanisms and subterranean features on the radon levels in the ambient
air and in the buildings of the community. Under the former Democratic Republic of Ger-
many (the DDR regime), the mines in and near Schlema and in the ore mountains in Sachsen
were an importance source of uranium. These mines have now been closed down and the area
is currently under remediation. The remedial measures being applied are varied and consist
of, for example: flooding the lower levels of the mine with water, filling the upper tunnels
under the community with rock aggregate and blocking their entrances and applying imper-
meable layers and vegetation over the tilling dump piles near the community. The subterra-
nean complex under the community is extensive due to the many centuries of mining activity.
It is currently under depressurization due to the operation of huge mine exhaust fans whose
primary function is to provide adequate ventilation air and environmental control for the min-
ers working underground. The mining company WISMUT has undertaken several projects to
study the effects of the remediation and the closing down of the mine on the nearby com-
munities.

The project described here is one of these projects which was designed to determine the im-
portance of air currents emulating from the mine complex on the radon levels in the com-
munity and to determine the influence of the flooding of the mine and the importance of the
depressurization caused by the mine exhaust fans on the radon levels in the community. The
purpose of this project was to quantify the component of the radon flux into the buildings
from the uranium mine caused by the flow of air currents from the mine both when the mine
was depressurized by the operation of the mine exhaust fans and when the mine exhaust fans
were shut off.

Tracer gas measurements were carried out in two phases: with the main exhaust fan of the
mine turned off and then with the exhaust fans on. By seeding the tunnels of the mine with a
tracer gas, SF,, the transport of air from tunnels in the mine through the soil above and then
through the foundation of the buildings into the cellar was determined. Simultaneously the air
change rate in the cellar was measured by the use of PDCB (Perfluorodicyclobutane) as a
tracer gas to allow a complete mass balance of tracer for the cellar. A simple mass balance
using the air flows calculated from the tracer gas measurements and the measured radon con-
centrations in ambient air and the mine was used to predict the radon level in the building due
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to the air flows from the mine into the buildings. These predicted radon levels were compared
to measured radon levels in the buildings. Fifteen (15) buildings in different areas of the
community were examined. Some buildings exhibited almost immediate classical exponential
tracer build-up response curves which indicated a strong communication with the mine tunnel
complex. The calculated radon concentrations in the buildings based on the tracer measure-
ments were in good agreement with the measured radon concentrations in the buildings, i.e.
the buildings’ radon concentration could be well predicted using the air flows from the mine
into the buildings and the radon concentrations in the mine tunnels. Additional preliminary
measurements of tracer migration from mine complex into radon dumps and more distant
subterranean parts of the complex for which there was no direct flow paths indicated that the
tracer technique used would be very well suited for also studying underground movement of
contaminants including the determination of contaminant egress from radon dump piles in the
area.

Introduction

The small mining town Schlema is located in the south of Saxonia, 15 km south-west of
Chemnitz and 10 km north of the Czechoslovakian border.
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Figure 1. Map of Germany (left) and Saxonia (right) with the location of Schlema/Alberoda

After World War II the Russians started to extract uranium ore from the mines near Schlema.
However, the region had been an active mining area for several centuries. The area around
Schlema was very well known for the diversity of the ores and minerals found there. The
neighboring village of Schneeberg was famous for its silver mines which were first exploited
by the region’s first silver miners in the 16th century. The silver miners from Schneeberg dug
a tunnel, which is called the Markus-Semmler-Stollen (MSS tunnel) from Schneeberg
through the Schlema valley. The tunnel ends at the river ‘Mulde’ in Schlema. The MSS tun-
nel was built to drain the silver mine in earlier times. It is 15 - 35 m beneath the surface, ap-
proximately 1 m wide and 2 m high. The uranium ore beneath the Schlema valley was exten-
sively exploited during the last four decades. The mining activity created a complex of tun-
nels, cracks, fissures, cave-in areas and unknown flow paths. In the 1970’s and 80’s the min-

89



ing activities moved deeper into areas below the Schlema valley, eventually reaching depths
of more than 2000 m. Remedial flooding of the lower levels of the mine has filled the lower
levels to a depth of about 1000 m below the surface. Since the radon exhalation is still very
strong, it was necessary to keep the old mining area in the valley of Schlema depressurized to

keep the radon concentration at tolerable levels.

Fig. 2 shows a map of Schlema. The thick line shows the underground mining area, the
dashed line marks the MSS tunnel with its entrance at the river ‘Mulde’. The main air supply
and exhaust shaft of the mine are 3.5 km north east of Schlema. The reasons for elevated ra-

don concentrations in this area are potentially multiple.
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Figure 2. Map of the Schlema valley with the MSS tunnel, Area ‘A’ and ‘B’ and main exhaust and supply

shafts

Fig. 3 shows the most important potential radon paths. These possible paths include: the tra-
ditional near field flow of ambient air into the soil and then into the building due to the natu-
ral driving forces which the building causes by depressurization produced to the “stack” and
wind effects; the movement of air from the mine directly into the buildings; the movement of
air from the mine into the exterior ambient through fissures and cracks in the soil; the exhala-
tion of air from the mine shafts into the ambient; the exhalation of air from the tilling dump
piles which could be a combination of air movements caused by wind and thermal variations
of the ambient or by air currents from the mine through the dump piles; and-also the possible

contamination of the valleys near the exhaust fans from the mine.
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Figure 3. Sketch of the potential radon sources and paths in the Schlema valley

Since the radon levels in the dwellings could be caused by different sources and flow paths
and each influence the others in a very complex manner, it is currently not possible
¢ to quantify the radon emissions through the soil by measuring the radon concentration

alone
e to predict the radon exposure to the people due to a change in the mine ventilation.

One way of approach to answer these questions is the use of tracer technology in which sepa-
rate parts of the subterranean complex are seeded with a tracer gas and the migration of the

gas monitored over a period of time.

3. THE EFFECT OF THE VENTILATION OF THE MINE
3.1  Forced ventilation with exhaust fans in operation

Fig. 4 shows a schematic of the main airflow paths and directions of the mine. It can be seen,
that the mine exhaust fans draw one part of air through the main supply shaft and the other
part through the MSS tunnel and from other diffuse openings and paths to the surface. This
depressurizes the underground of the Schlema valley and keeps radon concentrations in the

houses low.
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Figure 4. Schematic of airflow paths in the mine with mine fans operating

3.2 Natural mine ventilation with main fan off

The airflow in the mine under natural ventilating conditions are shown in Fig. 5. The airflows
from the MSS tunnel into the mine are reversed from those with the exhaust mine fans operat-
ing. The area in the Schlema valley is no longer depressurized, i.e. radon concentrations,
which can built up in the mine to levels of 450 kBg/m’*, now can flow into MSS tunnel and
from there through shafts and other flow paths into the ambient atmosphere and the buildings.
Whereas the volume flows in the mine with fans operating could be measured and were fairly
well known, there was little knowledge about these flows under natural ventilating condi-
tions. This uncertainty caused a risk in the set-up of the measurement procedure, since there
was only one week for the tracer test. During this time, where the fan was off, the whole mine
was closed; so it was not possible to enter the mine to adjust the measurement set-up if a
mistake was made. Luckly, this did not happen.

4. SELECTION OF BUILDINGS

The buidlings were divided into two groups. The first group of 10 buildings, Area ‘A’, was
located in the Schlema valley, see Fig. 2. There, it was known from previous radon level
measurements that a change in the mine ventilating system would have a direct impact on the
radon concentration in the houses. All buildings were above or close to the MSS tunnel.

The second group contained 5 buildings, Area ‘B’, approximately 600 m uphill of the MSS
tunnel. There was no known underground connection to the main mine, only one small explo-
ration tunnel of 300 m length, 30 m below the surface. It was expected that the mine ventila-
tion system would only have a minor or no impact on the radon concentration in these houses.
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Figure 5. Schematic of airflow paths in the mine with the main fan off

5. TEST PROCEDURE
5.1  Tracer injection into the mine

There were two test phases: phase I under natural ventilating conditions and phase II under
normal mechanical ventilation. It was planned to inject a constant rate of SF tracer into the
MSS tunnel to achieve an almost constant concentration in the mine. The target concentration
was ~ 10 ppm, though it was felt that, given the sensitivity of the tracer monitors, a level of
100 ppb would suffice. The injection flow rate was set at a value considered sufficient to pro-
duce 10 ppm due to the lack of precise information on the extent of the underground complex
and the porosity and permeability of the soil.

All injection and sampling tubes were installed two weeks before the tests since the mine was
closed with the main fan off due to the high radon concentrations. Polyethylene tubing (6 mm
inner diameter for sampling and 4 mm i. d. for dosing) was used. Air samples were drawn
from various locations in the MSS using dual-head pumps. Syringes were drawn from the
pump exhausts for later analyses.

Pure SF, was injected via a pressure regulator and a mass flow meter through dosing tubes
into the MSS tunnel.

5.2 Sample locations and concentration measurements

From all the buildings, air samples were sequentially drawn at approximately 4 hour intervals
and analyzed for the arrival of tracer molecules. Additionally, ambient air samples up wind of
each building were also taken using syringes and the syringes were analyzed for SF,. The ra-
don concentration in the mine, inside the buildings and outside the buildings were measured.
To allow a complete mass balance for each building, air exchange rate measurements were
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made using the tracer-decay method with a second tracer gas, Perfluorodicyclobutane(PDCB)

Fig. 6 visualizes the mass balance of SF, for a cellar.
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Figure 6. Schematic of SF, mass balance in a cellar cf a building
Q. = volume flow rate of air from the MSS tunnel (zone 1) through the soil into
the cellar of a building (zone 2)
Q,, = volume flow rate of air from the cellar (zone 2) into the ambient (zone 0)
Cso» Csi» C, = SF, concentration by volume for zones 0, 1 and 2
C* = predicted Radon concentration in the cellar of the house due to airflow from
the MSS tunnel.
Ciars C = measured Radon concentration in the MSS tunnel (zone 1) and in the ambient

air outside the house (zone 0)

To calculate the airflow Q,, from the MSS tunnel through the soil into the cellar, the exfiltra-
tion airflow Q,, of each house must be known. Q,, was obtained by an air exchange rate
measurement (see section 5.4) using the decay of the PDCB tracer.

5.3  Tracer gas equipment

SF, and PDCB were detected by gas chromatography with an electron capture detector (GC-
ECD). The detection limit, range and accuracy of the equipment used are shown in table 1.

Tracer Gas
SF, PDCB
Accuracy 3% of reading | 3% of reading
Detection Limit | < 50 ppt <50 ppt
Detection Range | 0.050-50ppb [ 0.1-40 ppb

Table 2.  Technical Specifications of ECD gas chromatograph AUTOTRAC Used for the Measurements.
Samples above the upper detection limit were diluted with a tracer free gas before analysis.
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5.4 Air exchange rate measurement

To clearly distinguish between ambient air and soil gas entry into the cellar of the house, a
SF,mass balance of the cellar volume had to be made. Fig. 7 shows the flow paths of air
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Figure 7. Flow paths into and out of the cellar zone

and SF, inside and outside of the cellar. To measure these airflows, the air in the cellar was
tagged with PDCB. The decay of the tracer with time after stopping injection is a measure of
the air change rate. If the tracer concentration is plotted on a logarithmic scale versus time,
the slope of this curve is equivalent to the air change rate, n. For this part of the tests, the
tracer monitor AUTOTRAC automatically analyzed the tracer data from each building and
calculated the air change rate.using a regression method. The data were also entered into a
specially designed spread sheet template which checked the analysis.

A 2 1bottle of 0.2 % PDCB in N, was used for injection by releasing the mixture for 5 to 10
minutes injected at a flow rate of 0.2 I/min. The advantage of the small bottle was that one
could walk with it through the cellar area slowly injecting the tracer in all parts of the cellar.
This improved the mixing process of PDCB with the room air considerably. The initial con-
centrations were between 100 to 300 ppb. Fifteen (15) minutes after the end of injection, the
first air sample was drawn by a 50 ml syringe. The advantage of a syringe is also that you can
walk through the cellar rooms while slowly drawing air into the syringe to obtain a local
mean concentration. At intervals of approximately 15 minutes, 4 additional air samples were
taken. Fig. 8 gives an example of an air change rate tracer decay in building B2.

If the room volume V of the cellar is known, the exfiltration rate, n (air change rate) can be
obtained from the equation:

Oy =1-Vr
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Figure 8. PDCB tracer decay curve used to determine the air change rate in building, B2

6. MEASUREMENT RESULTS OF PHASE I - MINE EXHAUST FAN OFF
6.1 Buildings in the Schlema valley, area A

The tracer test phase I was performed between Christmas and new year 1993. Ambient tem-
peratures varied between -2 to - 12°C at night with weak winds from west parallel to the
Schlema valley. A constant tracer gas flow was injected at diverse underground locations to
insure an almost constant concentration of SF, in the mine. Fig. 9 gives a detailed sketch on
the flow in the main tunnels and shafts. UG 113 and UG 91 were 2 x 2 m shafts for the min-
ers to have direct access to the MSS tunnel to do remediation work.
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Figure 9. Main flow paths around the MSS under natural ventilation in the mine

Fig. 10 displays the measurement results for building B 2. On Dec. 28 at 14:36 the dosing in
the MSS tunnel section below B 2 was started. At 16:45 the equilibrium concentration of ~
7 ppm war reached. The first SF, molecules in the cellar of B2 were
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Figure 10. Tracer Response for Building B2.

detected only 45 minutes after dosing start at 15:20 with concentration of 450 ppt. With a di-
rect path length of approximately 15 m through the soil to the building foundation, the data
indicate that the mean velocity of the flow from the tunnel to the building was 0.33 m/min.

The air change rate of the building B2 was measured as n = 1.43h" + 0.04, see Fig. 8. Apply-
ing equation 1, the airflow through the soil into the cellar was calculated to be 11 m*/h. In
building B2 the radon concentration was measured twice, once as a 3 day mean concentration
with passive E-Perm samplers and also continuously with Alpha GUARD devices. Fig. 11
shows the measured and predicted radon concentration in B 2 during a time span of 3 hours.
Due to random oscillations in the mine it was not possible to keep the underground tracer
concentration constant. Therefore data uncertainties were in some cases significant.
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Figure 11. Measured and predicted radon concentrations in building B2
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The soil gas flows of six buildings out of ten in the area Schlema valley are summarized in
Fig. 12. Fig. 13 shows the measured and predicted radon concentrations according to equation
2. Only in B4 was the agreement between measured and calculated radon concentration poor.
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Figure 12. Measured airflows from MSS into buildings of the Schlema valley during measurement phase I,
main fan off
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Figure 13. Measured versus predicted radon concentrations in buildings of the Schlema valley during

measurement phase 1. main fan off

Looking at building B 5, the highest mean radon concentration of 98000 Bg/m’ was meas-
ured. Although the uncertainty is high, the predicted mean value is in excellent agreement
with the measured value. In this case, the airflow through the soil contributed to 21 % to the
infiltrated air in the cellar. The data from this phase indicate that the air flow from the mine
into the buildings was the principal mechanism which caused the excessive radon levels in the
buildings when the mine exhaust fans were shut down.

6.2  Buildings in area ‘B’, 60 m uphill from the MSS tunnel.

As mentioned above, there was no direct connection known between the main mine and the
small tunnel (LL2-ST3) for reconstruction work below the 5 selected buildings of area ‘B’.
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Fig. 14 shows a vertical cut through MSS area ‘A’ and area ‘B’.
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Figure 14. Topography between area ‘A’ and ‘B’

The dosing of SF, into LL2-ST3 started one day later than in the MSS tunnel. This was to
check if SF, tracer molecules arrive in area ‘B’ from the tracer injection in area ‘A’. Fig. 15
clearly indicates that 6 hours after injection start in MSS the first SF, molecules arrived in the

left part (S 7) of tunnel LL2-ST3.
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Figure 15. SF, arrival from MSS in tunnel LL2-ST3 at sample point S7

It is assumed that there exists an uphill convection flow through fissures, porous soil and
cracks to the 60 m higher area ‘B’. The very low ambient temperatures ~ - 10°C enhanced the
stack effect and this convection flow.

7.

MEASUREMENT RESULTS OF PHASE II - MINE EXHAUST FANS ON

During Jan. 24 - 28, 1994, with the mine exhaust fans with a capacity of 226 m’/s operating
(note: the operation of these fan can require up to 4 megawatts of electrical generating capac-
ity), the second measurement phase was conducted. The ambient temperatures were with + 2
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to + 7°C about 10 K higher than during phase I. The wind speed was a little higher, but had
the same direction west-east through the Schlema valley.

The results of phase II are summarized in Fig. 16 and 17.
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Figure 16. Measured airflows from MSS into buildings of the Schlema valley during measurement phase II,
when mine exhaust fans were in operation
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Figure 17. Measured (bars) versus predicted (points) radon concentrations in buildings of the Schlema valley
during measurement phase II, when mine exhaust fan was in operation. The bars indicate the
predicted concentrations.

If we compare the airflows through the soil of phase I and II, a reduction by a factor of 700 to
3000 had taken place. In Fig. 17 we see that the measured radon concentration is underesti-
mated by concentration predicted by using only the radon transported by air movement from
the MSS tunnel. This would indicate that in contrast to the situation with the fan off the air-
flow from the mine is not the main source of radon in the dwellings when the main mine ex-
haust fan is operating. Fig. 18 tries to explain the reason for this discrepancy.
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Figure 18. Flow paths of radon and air with and without mechanical ventilation

With no mechanical depressurization of the mine, air with around 450 kBq/m’ moves from
the very deep tunnels in the mine into the MSS tunnel and a small portion of this flow enters
the buildings through cracks in the soil. There may be a further enrichment with radon of the
air from MSS into the building as the uranium rocks near the surface also emit radon. This ef-
fect is not accounted for in the calculation and mass balance in equations 1 & 2. For phase |
the results prove that a possible enrichment of the airflow from MSS into the cellar was neg-
ligibly small. The typical building induced natural radon path, where ambient air moves into
the soil around the building and enters the building due to pressure differences caused by the
stack effect of the building, had also a very small impact during phase I. The good agreement
of the results supports this assumption.

But with mechanical depressurization, the flow from the MSS tunnel into the buildings was
very effectively reduced. What still remains is the natural pathway of air from the surface
around the building, into the'soil, and then into the cellar. The magnitude of these volume
flows may be much smaller - but with a continuous generation rate of radon in the soil, the
radon concentration of the soil air is higher and produces still significant high radon concen-
trations in the buildings.

The depressurization of the mine and the change of the pressure field around the building
may also effect the natural pathways of radon in such a way, that air from the surface, which,
without depressurization would enter the building, would now be directed into the mine (see
Fig. 18). This would cause an even lower radon level in the buildings then if there were a not
depressurized mine beneath the buildings.

8. ADDITIONAL SUPPLEMENTARY TEST RESULTS

One day before the phase I tracer test in the mine was conducted, a pulse test into the main

supply shaft of the mine was made to

e estimate the air velocity from the supply shaft to MSS

e check if there is an air path between the mine and a uranium dump, which was above the
mine.
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8.1 Air velocity in the mine

Fig. 5 shows the airflows in the min

e under natural ventilating conditions. At Dec. 27, 1993
at 14:20 a 10 1 bottle of pure SF, was emptied in 5 minutes into the main supply shaft. The
shortest way of the SF,-tagged supply air to reach the MSS tunnel was to go down to the -
540 m level, then 3.5 km horizontally, then go up again to the -240 m level and then arrive at

MSS. As shown in Fig. 19, at measurement point S6 in the MSS tunnel
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Figure 19. Concentration histories in MSS tunnel after the pulse injection
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8.2

Fig. 20 shows a scheme of the mine

was on Dec. 28 at 2:20 (12 hours after injection). At
sample point S5, the pulse arrived on Dec., 28, at 11:28 (21 hours after injection). With a to-
y 4 km, the maximum air velocity was estimated at

Check of communication between the mine and an uranium dump
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Figure 20.

Schematic of mine and uranium dump with air paths
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The dump has an oval form with a length of ~ 900 m, a width of 300 m with a top height of
~ 30 m above the ground level. There was one bore hole which passed down to the dump sole
(S 9) and the other bore hole which was only 6 m deep (S 10). After the pulse injection, air
samples were also taken at these two sampling locations. It should be noted, that the ambient
temperature was -12°C at night, very low. This led to a strong stack flow from the bottom of
the dump to the top surface. On Dec. 29, at 0:22 the first SF, molecules arrived on top of the
dump as can be seen in Fig. 21
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Figure 21.  Measured SF, concentrations on top of the uranium dufnp after the pulse test
9. CONCLUSIONS

The tests reported here showed that tracer technology is capable of precisely measuring air-
flows in mines and through the soil and can be a powerful tool for determining the impor-
tance of various mechanism on the radon levels in buildings (and potentially, the movement
of other contaminants through the soil). The tests clearly demonstrated the effect of the op-
eration of the mine exhaust fans on the radon levels in the ambient atmosphere and in the
dwellings in the community of Schlema located over the mining complex. The tests also
showed that air for the mine flows through the soil even if direct tunnel connections do not
exist and can cause exhalation of radon, for example, at the top of the tilling dump piles over
the mine. The importance of these flows on the ambient radon levels in the valleys near the
dumps will require further testing. Essential for these kind of measurements is the choice of a
good tracer and sensitive analyzing equipment (ppt level sensitivity). SF, proved to be a very
good and inexpensive tracer for this purpose. Due to the high sensitivity and automated fea-
tures of the AUTOTRAC GC-ECD used, it was possible to analyze and process a large num-
ber of samples and obtain reliable results even in the ppt range, minimizing the quantity of
tracer required.
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SYNOPSIS

The workplaces located in southern (18 places) and central Finland (8). The total amount of
workrooms measured was 87. The mean concentration of radon was 254 Bq/m3 (range from 12
to 1647 Bq/m3) during working hours. The calculated radon entry rates varied from 2 to 4780
kBg/h. The measured air exchange rates varied from 0.1 to 13.3 1/h and calculated ventilation
flow rates varied from 30 to 55200 m3/h. Radon concentration was found to depend on the type
of foundation, whereas types of ventilation or the ventilation flow rates did not correlate
significantly with the concentrations of radon. The highest concentrations of radon were

detected when the negative pressure differences were between 1 Pa to 6 Pa.
INTRODUCTION

Radon is a radioactive gas, which enters a building mainly from soil below the building. Radon
could also be exhalated from tap water or building materials; howéver, those are generally only
minor sources in Finland. /1,2/. In addition, indoor concentration of radon depends on
meteorological factors, subgrade structures, air exchange rate, and pressure conditions /3/.

The negative pressure indoors tends to increase the intake of radon from soil through walls or
floors. Kokotti et al. /4/ have found that pressure difference is the most important single factbr
of influencing radon entry rate. Hintenlang et al. /5/ have, however, found that the dependency
of \pressure difference is a complicated one having a maximum at the low negative pressure
region. Balanced ventilation, when it operated at full effectiveness, has been found to decrease
concentrations of radon in underground and partly underground workplaces in southern Finland
/6/. Radon is a serious problem in the Finnish buildings. Radon levels exceeding 400 Bq/m3 are
commonly detected in homes, especially in the southern part of the country, with many areas of
weathered granite and eskers /7/. In this area, as many as 30 % of the workplaces investigated
by the Finnish Centre for Radiation and Nuclear Safety (STUK) had radon levels above 300
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Bq/m3. Finnish occupational exposure limit for radon is 400 Bq/m3, which corresponds to
effective equivalent dose of 2.5 mSv. The level of 300 Bg/m3 is used as an action limit requiring
more detailed investigations /8/. |

The aim of this study was to investigate how concentrations of radon and radon entry rates
depend on different type of ventilation and pressure difference at workplaces locating

underground or partly underground.

MATERIAL AND METHODS

Measured workplaces

The workplaces in this study were located in southern (18 places) and in middle Finland (8
places). They included different kinds of offices and servicing rooms in schools, office buildings,
telecommunication centers and rooms of the military forces. The total number of workers using
the rooms was about 250. The volumes of the spaces studied varied from small office rooms of

20m3 to large research laboratories of 17 200 m3.

Measurement techniques

Data concerning volumes, foundation, depth, working houfs, number of employees and types
and operation times of ventilation were collected by questionnaire. Radon levels were analyzed
continuously near the workers' breathing zone by using the Lucas cell method /9/ with a Pylon
AB-5 assembly, which includes a detector, a photomultiplier and a system of data collection
based on a microprocessor. The output data of the Pylon detector were processed with SP-55
software run on a PC. The flow rate of the pump was 0.4 I/min. The interval of continuous
measurements was 30 minutes (averaged to one hour). Conéentrations were measured during
periods ranging from two hours to several days. The integrated long-term radon levels were
determined by alpha track etch films and analyzed by STUK /10/. Alpha films revealed the
average radon level during one month, with integrated concentration of radon also determined

at night and weekends, when the ventilation was not used at full capacity. The pressure
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differences across the wall, either separating or external, were monitored by an electronic
manometer together with a datataker. The pressure differences were averaged from three-
minute to one-hour intervals in the same way as the periods of radon levels were measured.
During daytime working hours, air exchange rates- were measured by the tracer gas technique
and by the dilution method using difluorodichloromethane and nitrous oxide as the tracer gases
and an infrared spectrophotometer, Miran 1A, as the analyzer. Ventilation flow rates were
calculated by multiplying air exchange rates by volume of the workroom. The radon entry rates
were calculated by multiplying the concentration of indoor radon by the measured air exchange

rate and by the volume of the workroom.
RESULTS

The arithmetic mean concentration of radon during working hours was 254 Bq/m3, and the
range was from 12 to 1647 Bq/m3. In 15 workrooms measured (17 % of the all workrooms),
the concentrations of radon exeeded 400 Bg/m3. All the violations of the exposure limit were
found in the high risk area in southern Finland, where the violation percentage was 22 %. The
mean concentrations measured during working hours were approximately on the same level than

the local average concentrations detected earlier inhomes by Arvela et al. 1994 /7/ (table 1).

Central Finland Southern Finland
Homes <100 > 300
Workplaces
* during working hours 90 300
* alpha film 140 550

Table 1. Measured radon levels (Bq/m3) at workplaces (in this study) and corresponding levels
at home (Arvela et al. 1994 /7/) in southern and in central Finland.
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The radon levels integrated with alpha etch track film were higher than the levels measured
during working hours. These integrated levels included nights and weeckends, when the

ventilation systems were usually operated at a lower capacity or not at all.
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Figure 1. The radon levels (Bq/m3) with the pressure differences (Pa) during working hours.

Pressure differences were measured either across an outdoor wall (I/O) or across a separating
wall (I/S). There were 28 workrooms where pressure differcnces could be measured. When
negative pressure differences were between 1 Pa and 6 Pa, exceptionally high radon levels -
(figure 1) were detected in four places ventilated with mechanical supply and exhaust and in one
place ventilated with mechanical exhaust. The concentrations of radon seemed to increase
exponentially (r=0.8) when the pressure difference (I/O) approached zero in spaces ventilated
with mechanical supply and exhaust. On the other hand, when the pressure differences were
measured across the separating wall (I/S) the concentrations of radon were found to decrease
when the pressure differences approached zero (r=0.6). Radon entry rates followed the same

pattern as concentrations of radon in the rooms with mechanical supply and exhaust ventilation.
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The negative pressure below ten Pascals also seemed to induce high radon entry rates (figure 2).
Generally, negative pressure in rooms having mechanical exhaust ventilation seemed not to
effect significantly radon levels or entry rates (figure 1 and 2). The ventilation flow rates varied
from 30 m3/h to 55200 m3/ (arithmetic meaﬁ of 1970 m3/h). Ventilation flow rates in
workrooms with the ventilation of mechanical exhaust and with the ventilation of mechanical
supply and exhaust decreased exponentially with negative pressure approaching zero (figure 3).
The radon entry rates varied from 2 kBg/h to 4780 kBg/h and the arithmetic mean was 480

kBg/h. The radon entry rates and the concentrations of radon did not have significant linear

correlation (r=0.42) (figure 4).
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Figure 2. The radon entry rates (kBg/h) with the pressure differences (Pa) during working

hours.
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Figure 4. The radon levels (Bq/m3) with the radon entry rates (kBqg/h) during working hours.
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Statistical test (Kruskal-Wallis) revealed quite significant correlation with the concentrations of
radon and the type of foundations (p=0.06), but no correlation between type or flow rate of

ventilation, when the whole data were considered.
CONCLUSIONS

Radon levels varied a lot due to differencies between the buildings, the ventilation systems, the
foundations and the locations of places. In a high risk area, southern Finland, the radon levels at
work were observed to be clearly higher than in central Finland and to be approximately at the
same level as detected earlier by Arvela et al. 1994 /7/ in homes in the same area. Negative
pressure differences (ranging from 1 Pa to 6 Pa) seemed to rise exponentially the radon levels
and the radon entry rates in spaces ventilated with mechanical supply and exhaust. The low
pressure differences (below 10 Pa) were also found to increase radon entry rates. The negative
pressure (measured across the separating wall) decreased exponentially when the ventilation

flow rate was decrease in rooms with mechanical ventilation.
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1. Synopsis

Office workers continue to complain about air quality problems, and a significant industry has
developed to measure pollutants and environmental conditions such as temperatures and humidity.
The effectiveness of the ventilation system is often ignored because it is a difficult measurement to
carry out and interpret. The results contained in this paper make a start towards understanding the
performance of mechanical ventilation in New Zealand office buildings.

A common ventilation approach in New Zealand office buildings involves supplying non-
recirculated fresh air to the vicinity of unit air handlers in the plenum. This fresh air is mixed with
exhaust air, and directed through ceiling registers to work stations below. Exhaust air returns
through ceiling grills directly into the plenum and thence eventually to an in-plenum extract. In
these cases some fresh air may be lost directly to the exhaust and the air change effectiveness of the
system may fall short of the dilution ventilation description.

In this project the local mean age of the air was determined at a matrix of locations in four buildings
in both open plan and partitioned working areas and in the plenums. Measurements were made using
a pulse tracer approach with sulphur hexafluoride (SFg) and a gas chromatograph with an electron
capture detector. :

The importance of planning the ventilation system around the floor layout has been illustrated by
local mean age-of-air results. Air change effective results have shown that within a diverse range of
air handling systems, most can be described by the dilution ventilation model.

2. Experimental approach

The tracer gas-detection system used in this study consists of a gas chromatograph (GC) and electron-
capture detector with a tracer delivery and sampling system automated to step through a sequence of
up to eight independent LMA (local mean age-of-air) measurements [1]. In the buildings examined in
this study, dosing the fresh air inlet with tracer gas was achieved with a system that released discrete
shots of tracer into the fresh air supply. The time taken to dose the inlet was typically 5 seconds and
the volume of pure SFg delivered in each shot was 50cm’.

For LMA measurements it is important that the calibration of the detection equipment is well
established. For this electron-capture detector and peak-area integration software, it is known that the
calibration depends on the carrier gas pressure but that the response is linear over the normal working
range of 1 to 100ppb [1]. Certified reference tracer gases at 5 and 20 ppb were used to fit a linear
relationship between the integrated output from the gas chromatograph and tracer concentration. This
calibration process was carried out each time the equipment was moved.

The parameters measured in this study were the LMA and the air change effectiveness. The local
mean age-of-air was determined by the pulse method with integration of local tracer concentrations
and extrapolation to infinite time by fitting an exponential decay equation to the tail of the data [2].
The LMA was calculated from equation 1 as follows:

j'"t C, (t)dt + Co g [t’ +1]
_ 0 " on n
Tp =

, 1)
J: Cp(t)dt+§le‘”"

n
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Where  C,(¢)= The concentration of tracer gas at point p at time # (ppb).
T » = The local mean age-of-air in units of ¢ (hours).
n = The exponent in a fitted exponential decay curve.
C, = A constant in the fitted exponential equation (ppb).
t'= The time at which measurements terminated (hours).

A similar procedure can be used to compensate for data taking over a finite time when the room mean
age-of-air is determined from tracer concentrations measured in the exhaust duct. This is described in
more detail in [2] where it was concluded that truncation errors could be as high as 30%.
Compensation for finite data taking times in local mean age-of-air measurements, in contrast, were
mostly in the range 2% to 7% for measurement times between 2 and 4 hours.

3. Building and mechanical system desériptions

The ventilation performance measurements described here were carried out in four buildings (labelled
A to D) located in the central business district of Wellington New Zealand. Buildings A and B are the
same as A and B in an earlier paper [2] and buildings C and D provide new data. All were office
buildings with varying degrees of internal partitioning ranging from open plan to individual offices.

Building A was originally designed and constructed in 1967 as the city base for a national airline. It
~ consists of office spaces (the top floor) and freight handling areas (middle floor). The air handling
systems for each floor are independent but in practice there was found to be some interaction between
zones because the fresh air and exhaust air flow rates are not balanced.

Building B is a 7-floor office building constructed in the early 80's. Each floor is supplied with fresh
air from a central duct and exhaust air is removed from the plenum area into a central extract shaft.
Fresh air is delivered into the breathing zones by plenum-mounted fan coil units which are cooled by
a central chilled water plant. Each unit recirculates a proportion of exhaust air from the plenum area
but there is no significant mixing of air between floors. Floor 3 is mostly open plan but with about
one third of the floor area partitioned into offices. Floor 2 is mostly open plan but does contain one
small office.

Building C was built in the early 80's but with significant expansion in the late 80's. It provides 7
floors of open plan office space with fresh air supplied to each floor. In common with building B,
fresh air is delivered to the vicinity of plenum-mounted fan coil units which deliver air to the
breathing zones below. There is a single exhaust point in the plenum as in building B, but in this case
it serves a floor plan which is three times larger.

Building D was built in the commercial building boom of the mid 80's and therefore contains the most
recently specified air handling system in the four buildings. In common with buildings B and C, fresh
air is supplied to each floor and distributed to the breathing zones by plenum-mounted unit air
handlers. The main differences in this buildings are the high level of internal partitioning and the
reliance on exfiltration through the envelope and services shafts for exhaust losses.

The important floor plan and air handling system details are presented in Table 1.

117



| Volume (including plenum) 4,731 m
Air handling - Two roof air handlers delivering heated fresh air, return air ducted through the plenum.

Fresh air delivery - Not able to be measured | Exhaust air removal - Not able to be measured

Floor area (effective test space) 521 m | Volume (including plenum) 2,553 m
Air handling - Internal air handler with exposed duct running centrally at ceiling level. Internal
extract from exposed duct following the external wall at ceiling level.

Fresh air delivery - 1,826 m*h | Exhaust air removal - 3,219 m%h

Floor area (effective test space) 454 m | Volume (including plenum) 1,438 m
Air handling - Fresh air ducted to local heat pump air conditioners in the plenum area. Exhaust
carried from plenum area into an extract shaft exhausting at roof top.

Fresh air delivery - 1,750 m*h | Exhaust air removal - Not able to be measured

Floor area (effective test space) 469 m? | Volume (including plenum) 1,486 m?
Air handling - Fresh air ducted to local heat pump air conditioners in the plenum area. Exhaust
carried from plenum area into an exfract shaft exhausting at roof top.

Fresh air delivery - 1,573 m*/h | Exhaust air removal - Not able to be measured

Floor area (effective test space) 1,476 m? | Volume (including plenum) 4,723 m?
Air handling - Fresh air ducted to local heat pump air conditioners in the plenum area. Exhaust
carried from a central point in the plenum into.an extract shaft exhausting at roof top.

Fresh air delivery - 3,563 m*/h Exhaust air removal - 2,600 m*/h

Floor area (effective test space) 1,476 m? | Volume (including plenum) 4,723 m?
Air handling - Fresh air ducted to local heat pump air conditioners in the plenum area. Exhaust
carried from a central point in the plenum into an extract shaft exhausting at roof top.

Fresh air delivery - 4,183 m*/h l Exhaust air removal - 2,540 m*h

Floor area (effective test space) 499 m | Volume (including plenum) 1,536 m

Air handling - Fresh air ducted to local heat pump air conditioners in the plenum area. No exhaust
ducted from the floor. Exhaust by exfiltration through envelope. )

Fresh air delivery - 1,092 m*h | Exhaust air removal - No mechanical extract

Table 1: Building descriptions and air handling system capacities.
Fresh air delivery to occupied spaces

The approach to ventilating buildings B, C and D is common in New Zealand. It involves supplying
fresh air to the vicinity of unit air handlers in the plenum which filter and condition the air as it is
delivered to the breathing zones below. The extent to which this fresh air mixes with exhaust air in
the plenum, and the extent to which fresh air is lost directly to exhaust, are the two main questions
asked of this project. Within the buildings in this study there are significant differences in the
approaches to ducting fresh air to the unit air handlers. Three approaches are illustrated in Figures
1,2 and 3. The approaches illustrated in these figures were considered by the design engineers to
allow recirculated air from the plenum to be entrained and conditioned along with fresh air from the
connected duct.
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Air supply to
office space
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plenum

Air supply to
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i

plenum

Figure 1: Air discharged in the general direction of the unit air handlers in buildings C and D,
permitting recirculation of exhaust air from the plenum. In building D the distance
between the closest fresh air delivery point and the unit air handler ranged between 0.5
and 10 meters.

On level 3 of building B there is a further development of the fresh air supply to unit air handler
connection, as shown in Figure 2. In building B the fresh air was originally only released from the
central air supply duct directly into the plenum. After an indoor air quality survey the approach
shown in Figure 3 was adopted. This variation was also found on floor 5 of building C.

Air supply to
office space

Air supply to
office space

Figure 2: Direct ducting of fresh air to the face of the air handlers in building B.
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Air supply to office space

Figure 3: Direct ducting of fresh air to the air entry point of unit air handlers on floor 2 of building C.
4. Effectiveness of air distribution

The local mean age-of-air 1.5 m above floor level (in hours) has been measured and marked out on
floor plans for all four buildings. Detailed data for buildings A and B can be found in [2] and local
mean age data for buildings C and D are presented here in Figures 4, 5 and 6. A measure of the
repeatability of these results has been determined from measurements carried out in five locations on
the middle floor of building A. Lumped into this uncertainty will be experimental errors as well as
the effect of infiltration changes and supply air temperature fluctuations. The pooled relative standard
deviation of this data is 4%. There are, of course, systematic errors and errors in interpretation that
add further to the overall uncertainty. The systematic error has been estimated to be 20%, which is
similar to the 95% confidence interval suggested by Fisk [3] for breathing-level air-exchange
effectiveness and air diffusion effectiveness measurements.

“fo.s 11,19 1.-6m ﬁ
- : ,:

1.7

-
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1

1.7 Exhaust
15 25

——————

Figure 4: Local mean age-of-air (in hours) for floor 5 of building C in the breathing zone.
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Figure 5: Local mean age-of-air (in hours) for floor 6 of building C in the breathing zone and [in
brackets] measured in the plenum.
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Figure 6: Local mean age-of-air (in hours) for floor 7 of building D in the breathing zone with all
doors open and (in brackets) measured with all doors closed.
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The nominal time constants for the fresh air supplied by the ventilation systems were measured using
an electronic air velocity probe and a pitot static tube, and found to exceed or come close to the fresh
air deliveries specified by NZS 4303 [3] for office buildings. In all cases they exceed the ventilation
requirements in force when the buildings were constructed.

Variations in the LMA over the floor plan give an insight into the effectiveness of air distribution
systems. In buildings C and D, in particular, there are clearly defined areas of the building with
relatively long mean ages. In building D the mean age-of-air is 1.2h along the north-south axis of the
building following the fresh air ducting path and at the east and west ends of the building the mean
age-of-air is appreciably longer at 1.7h. This difference can be attributed to relative isolation from the
fresh air supply of unit air handlers in the east and west ends of the building.

A similar lengthening of local mean age with distance from fresh air supply points was noted on the
top floor of building A [2]. In the open plan areas of buildings B, C and D the local mean age-of-air is
generally more uniform throughout the space than is the case for partitioned areas in these buildings.
The only exception to this is one end of building C floor 6 where air-handling commissioning notes
show fresh air delivery rates to exceed design requirements even with the dampers fully closed. Here
the LMA is 0.6h where in the remainder of the floor it is 1.5h.

An indication of the variation in LMA has been given in Table 2 in the form of the standard deviation
of the mean age-of-air measured 1.5m above floor level divided by the average mean age-of-air. The
normalised standard deviation in LMA is shown to more than double in partitioned areas, illustrating
the importance of floor space design considerations in the planning of air conditioning systems.

Entire floor 6% 27% 10% 12% 34%
Partitioned areas - 31% - - 34%
Open plan areas 6% 12% 10% 12% -

Table 2: The normalised standard deviation in local mean age-of-air measured in buildings B, C and D.

In some individual rooms on floor 3 of building B and floor 7 of building D the local mean age-of-air
was found to change when doors were opened or closed, but over many rooms the average mean age-
of-air remained unaffected. The average mean age in the partitioned areas of floor 7 of building D
was 1.5 hours with the doors closed and 1.4 hours with the doors open. In the partitioned part of floor
3, building B, the average mean age with doors closed was 0.44 hours and with doors open 0.49
hours. These differences are considered to be insignificant.

Most rooms in the partitioned areas of buildings B and D contained both fresh air diffusers and an
exhaust path to the plenum. There were two exceptions to this. One room on the east side of building
D lacked a fresh air supply and the only separate room on the second floor of building B lacked an
exhaust return to the plenum. In these two cases, the LMA with doors closed was about twice that of
adjacent areas.
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5. Ventilation effectiveness

" The breathing-zone local mean age-of-air data has been averaged to give an estimate of the room
mean age of air. These averages, along with the nominal time constants and the room mean age of air
determined using exhaust air analysis where possible, are given in Table 3.

Room mean age of air (space

averaged) in hours 0.75 0.60f 0.76 0.64 1.65 1.31 1.41
Room mean age of air (analysed at

exhaust duct) in hours - 0.76 - 0.79 0.60 - - -
Nominal time constant (hours) 0.79 - 0.82 0.95 1.33 1.13 1.40
Space averaged air change ‘

efficiency % 53% - 54% 74% 40% 43% 50%

Table 2: Ventilation effectiveness parameters measured in seven building ventilation zones.

Where it was possible to measure the nominal time constant, the air change efficiency measured in
the breathing zones was between 40% and 75%. There was no obvious link between these results and
the connection between fresh air supply and the unit air handlers. Indeed, local mean age-of-air
measurements in the plenum of building C showed that, in this case, the plenum and the occupied
areas were effectively one zone.

In five cases the air change efficiency ranged between 40% and 53%, indicating that the ducted fresh
air performed a dilution ventilation role. In floor 3 of building B, the air change efficiency was 75%
and apparently closer to the displacement flow description. It must be remembered that the LMA was
measured 1.5m above floor level and in highly partitioned areas this might not always be
representative of the entire room volume. Other workers, e.g. Fisk and Faulkner [4], have measured
ventilation-effectiveness parameters in mechanically ventilated buildings and developed a picture of
the effectiveness of systems in a range of buildings. In their data, similar conclusions are reached
concerning the description of mechanical ventilation in office buildings as dilution ventilation
systems. It is too early to form secure conclusions about the effectiveness of ventilation systems in
New Zealand office spaces, but further measurements are planned.

6. Conclusions

This study has measured the local mean age-of-air in the breathing zones of four mechanically
ventilated buildings in New Zealand. Three of the buildings used a common approach, of ducting
fresh air to unit air handlers in the plenum space where it is directed to the occupied spaces below. In
some cases the fresh air supply was tightly coupled to the unit air handler while, in others, fresh air
was discharged more generally into the plenum. The following key points concerning the
performance of these ventilation systems were established:

e The floor-averaged nominal time constants for the ventilation systems studied in four buildings
ranged between 0.79 to 1.4 hours. These exceed or come close to the fresh air deliveries
specified by NZS 4303 [3] for office buildings, and in all cases exceed the requirements in
force when the buildings were constructed. The floor-averaged mean age-of-air in the breathing
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zones of the four buildings ranged between 0.6 and 1.65 hours, which in most cases came close
to the nominal time constant for the space.

e The air change effectiveness in three buildings employing unit air handlers fell in the range of
40% to 54%, with a further result at 74%. There was no obvious link between these results and
the connection between fresh air supply and the unit air handlers. Indeed, measured local mean
age-of-air measurements in the plenum of building C showed that the plenum and the occupied
areas were effectively one zone.

e Variation in the local mean age-of-air in the breathing zones of the four buildings has depended
on the coverage of the fresh air distribution system as well as on the extent of internal
partitioning. The normalised standard deviation of the local mean age-of-air expressed as a
percentage of the room average mean age was about twice as high in partitioned areas as it was
within large open plan areas. In ventilation performance terms, however, this was not
considered to be significant. Far more important were two cases of rooms missing either a fresh
air supply or an exhaust return to the plenum. Here the local mean age-of-air was twice that of
adjacent areas.

Further measurements are planned in order to develop a wider understanding of Ventllatlon
effectiveness achieved in New Zealand buildings.
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ABSTRACT FOR 16TH AIVC CONFERENCE

Title: Natural Ventilation Design at the Welsh School of Architecture

Author(s) P J Jones, D K Alexander, H Jenkins
Welsh School of Architecture, Cardiff, UK

As aresult of an emphasis on the assessment of the environmental performance of building
design, student project work at the Weish School of Architecture has been significantly
influenced by the prediction techniques available there. The techniques and tools on offer
include multicell and CFD mathematical modelling, and wind tunnel physical modeiling.

As well as becoming a part of the overall design assessment made by the students, these
methods are becoming visible in their effect the development of the design itself. As in the
earlier response to the introduction of CAD facilities, interest in the use of these tools is
increasing and sparking off an overall increase in interest in natural ventilation design.

This paper presents recent student work which incorporates aspects of natural ventilation
design, and illustrates the contributions made by the assessment tools available.
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Synopsis

In line maintenance hangars, air planes stay about 2 hours, usually at night-time. The cooling-
down of the inside air during the opening time of the hangar gates (up to 5 times per night,
lasting 15 to 30 minutes each) has a considerable impact on the comfort conditions for the
workers, and on the energy required for reheating.

The time-dependent air flow rates and associated heat loss rates during the door opening and
closing cycles is assessed by simple transient thermal models and CFD (Computational Fluid
Dynamics) calculations. The results obtained by these models agree well with the experimental
data of the transient temperature response during the opening and closing of the door of a real
full-scale hangar.

The effect of using huge air curtains (up to a height of 20 m, a width of 80 m, and moving air
volumes at rates of 400 m*/s) to prevent heat loss was studied numerically by CFD in two- and
three-dimensional models for time-dependent conditions. The study covers also transient effects
when an aircraft is actually crossing the air curtain, and shows the feasibility of assessing the
energy saving potential of such air curtains using CFD.

1. Introduction

In line maintenance hangars for small repairs, air planes stay about 2 hours, usually at night-
time. Such hangars can hold several planes, so 5 door openings lasting up to half an hour each
occur frequently. The cooling-down of the inside air during the opening time of the hangar gates
has a considerable impact on the comfort conditions for the workers, and on the energy required
for reheating

In order to assess the energy loss during the opening time, measurements have been carried out
in a real full-size hangar by Sulzer Energy Consulting, Winterthur, Switzerland. The time-
dependent air flow rates and associated heat loss rates during the door opening and closing
cycles is assessed by simple transient thermal models and CFD (Computational Fluid
Dynamics) calculations, and compared to the available measurement data.

Therefore the possibility of installing a huge air curtain across the hall hangar opening (full-
width, about 80 m long and 20 m high) was investigated by a computational fluid dynamics
(CFD) simulation within a project request intitiated by Swissair Real-Estate, Zurich Airport,
Switzerland.

Some of the modeling techniques have been developed already earlier for the modeling of
bidirectional air flow through open windows and doors [Schélin et al. 1992], where "large" has
been used for openings of the order 1-3 m, as opposed to the width of cracks. In this paper "very
large" is used for door sizes of the order 15-30 m.

This paper reports some of the most interesting measurement results and comparisons with
different models for the air flow in a hangar through the open door, plus some results for
different configurations of an air curtain.
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Several studies of the dynamics of gravitational flows occurring during door opening can be
found in the literature [Linden and Simpson, 1985; Kiel and Wilson 1986]. However these
studies were concerned with the adiabatic case where heat transfer is not playing a role. By
combining a single zone thermal model with the gravitational flow model, [Van der Maas and
Roulet, 1989; 1990] were successful in predicting the dynamic energy losses through open-
doors and windows. A extension of this cooling model to several zones ventilated in series [Van
der Maas and Roulet, 1993] was shown to be able to estimate the temperature stratification after
opening a window or door for the case of single-sided ventilation.

2. Measurements in an Aircraft Hangar

Measurements in a hangar have been performed by Sulzer Energy Consulting, Winterthur,
Switzerland. The aim of the measurements was to investigate the cooling-out of the hangar
during the opening-time when an airplane enters or leaves the hangar. An important design
issue, motivating the measurments is the temperature recovery time after closing of the door, in
relation with the type of heating system (floor heating or air heating systems). The issue is
crucial for the design of hangars with frequent opening times (several times an hour) related to
the short maintenance periods of modern aircraft. The problem is characterized by time-
dependent flow and time dependent boundary conditions whereas static concepts as the U-value
of the envelope are of no use when describing the indoor temperature variation with time.

2.1. Hangar description and measurement set-up

The investigated hangar is 150m wide, 90m in depth and the distance from floor to roof is 33m.
The rolling doors comprise 8 segments, 18 m wide and 27m high. The roof is well insulated with
a U-value better than 0.4. The 13'500m? concrete floor slab contains floor heating pipes at a depth
of 15cm.

The floor heating system has a power of 1.7MW, which corresponds to 130W/m> The space
setpoint temperature for the floor heating system is 18°C, with a maximum surface temperature of
26°C. Twenty auxiliary hot air blowing systems are installed above the doors and along the walls
with a total power of 3.3MW.

150m |
South N 90m

Probe numbers

33m

North

1. 2 3 4 5 617 8 py 0m
Door segments '

Figure 1. Measurement positions in the 90x150x33m hangar. a) top view with cross section of Figure b) indicated.
b) cross section between door segments 6 and 7.

60m  30m

)

Figure 1 shows the configuration of the hangar and the temperature measurement positions. Small
temperature loggers were installed using as a support the maintenance structure around the
airplane. Data were logged every 10s before and during the door opening, and during and after the
door closing. In a plane normal to the door plane, 9 temperature measurement points have been
chosen (see also Table 1)

-3 near to the floor : 1-front, 2-middle, 3-back
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-3 in the middle : 4-front, 5-middle, 6-back
-3 just above the top of the door level : 7-front, 8-middle, 9-back

The probes 2 and 5 were mounted on the maintenance structure around the plane and only probes

1 and 4 are fully exposed to the cold air gravity current. Probes 3 and 6 were placed at the back of
the plane external from the structure.

Of the three data series which are available, one has been chosen for presentation. The data

concern the measurements during a winter night, where two door segments were opened
(maximum opening width 37m).

Probe Placement distance from door height above floor
1 bottom door 10 0.5

2 bottom center 32 0.3

3 bottom back 64 0.3

4 center door 9

5 center center 19

6 center back 63

7 . top door | 6 30

8 top center 29 30

9 top back 66 30

Table 1: Measurement probe positions (see also Figure 1).

Hangar door opening, width of open door 37m
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Figure 2. The measured air temperatures at nine positions in a center plane normal to the hangar door opening
(Table 1, probes 1 to 9) during the opening and closing of 2 hangar door segments (door opening 2 in Table 2).

. 2.2. Experimental results

In Figure 2, the temperatures of probes 1 to 9 are given during and after the door opening. It took
about 5 minutes for the doors to roll aside, and during this opening phase the temperatures at floor
and middle level dropped rapidly, while above the top of the door the temperatures did not change
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remaining nearly constant at 20.5°C. During the closing phase of about 6 minutes, a rapid
temperature rise near floor is observed.

The following can be observed on Figure 2. Probe 1 is coolest and drops to 5°C, which is two
degrees below the outdoor temperature. From this it can be concluded that the measurement of
the outdoor air temperature is not correct; indeed afterwards it was concluded that this probe was
mounted too close to the structure of the building. Probes 2 and 3 are shown to have a delay of
2.5min, and are 5 to 6K higher in temperature than Probe 1. Probe 4 (middle door) is delayed by
3.5min. and is 1K colder than probe 2. Probe 5 (middle middle) is delayed by 6min and is 6K
warmer than the middle door. This probe was mounted on the maintenance structure and was not
directly exposed to the cold air current. Probe 6 (the middle back) is delayed by 6émin and 2K

- warmer than Probe 4. During temperature recovery, the probes remain colder than before opening
by about 2K. The top probes, steady decrease with outdoor temperature, but not influenced by
door opening. :

3. Application of Thermal Zonal Models

The model described in [Van der Maas and Roulet 1993], applies when a single air flow path can
be defined. A partial validation of the model with details of the used algorithms can be found in
this reference. The principle of the model is to couple for each zone airflow and heat transfer by
requiring a heat balance and conservation of mass. The definition of a single air flow path implies
that the zones must be placed in series of one another.

In Figure 2, the multizone cooling model is given schematically for three zones. The algorithm
for the cooling model includes a recurrence relation which allows to calculate the air temperature
in the last zone, from knowledge of the inlet temperature of the first zone. The ventilation flow
rate is the same for all zones and depends on these air temperatures. A few iterations are suffi-
cient to obtain the air temperatures for which the heat balance is satisfied for all the zones. The
input parameters for each zone are: (i) the heat transfer surface area and the heat transfer
coefficient, (ii) a material parameter characterizing the dynamic thermal response of the surface
temperature, called thermal effusivity, and (iii) the initial wall surface temperature.

pattern

Figure 3. Multi zone cooling model with three zones. (2} are the heat transfer resistances and (3) is the dynamic
wall resistance. The heat sources Q;, represent the combined effect of internal heat gain and ventilation heat loss.
For each zone the principles of mass and energy conservation apply assuming that in the dynamic regime the
zones are only coupled through the air temperature nodes.

The (time dependent) output parameters, for each zone are calculated from the external air
temperature variation and are: (i) the air temperature, (ii) the surface temperature, and (iii) the
ventilative cooling load.

The airflow pattern without wind is quite well defined by the nature of the gravity wave. After
opening the door, the gravity current enters, flattens and spreads out over the floor and flows to
the back, where it is relected back and the hangar starts to fill up with cold air (warm air is
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escaping through the top of the door) like a displacement ventilation system. This is confirmed
from the delays with which the several probes react to the cold air entering the hangar (see Figure
2). First probe 1, near the door; then the other bottom probes, next the second layer probes.

Unfortunately there are no temperature readings between heights 5 and 27m, so that the dynamics
cannot be followed in detail.

S

Figure 4. The 8-zone geomertry representing the gravity current air flow pattern with open hangar door.

The zones have been defined following this gravity current air flow pattern (Table 1, Figure 3).
The height of the first zones should correspond ideally to the height of the gravity wave. The
height is half the door height close to the door, but when it spreads out over the floor, it flattens
[Lane-Serff et al. 1987]. From Figure 2 it can be seen that Probe 4 which is close to the door
senses the cold wave a full two minutes later than the lower probe 1. Because of the positioning
of the measurement probes, the zones in contact with the floor were taken to be three meter high
and included probes 1, 2 and 3. Zone 6 reaches from 3 to 5m, including probes 4, 5 and 6.

Because the flow pattern is only approximately described by these zones, the choice of the zones
is not unique.

Measured and simulated temperatures
Hangar door width 37m, Tout = 5°C
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Figure 5. Comparison between measured and simulated air temperatures in zone 1 (bottom door, Tal) and zone 4
(bottom back and Ta4).

In Figure 5, the predicted temperatures of zones 1 and 4 have been compared with the measured
temperatures of probes 1 and 3. It is seen that near to the door and to the floor, the temperature
falls rapidly to close to the outdoor temperature. The probe 3 temperature is higher than this
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simple model predicts. (It is difficult to understand how important the role is of the structure
surrounding the airplane).

It is interesting to consider the effect of the opening width on the cooling. Indeed the heat loss
rate is expected to be proportional with the opening width. In Figure 6, the mean temperature at
ground level was calculated for three doorwidths. It is seen that a reduction of the door width
from 37 to 5Sm width, is not sufficient to avoid a substantial lowering in air tempeature. This
implies that even when the heat loss rate is reduced by more than a factor 7, the indoor
temperature continues to drop substantially.

Cooling for varying door width (Tout=5°C)
20

------ 5m (13%)
—~ —— 18.5m (50%) | |
37 m (100%)

Bottom mean air temperature (°C)

5
21,50 22,00 22,10 22,20 22,30 2240 22,50
Time (h)

Figure 6. The simulated air temperature averaged over zones 1 to 3, for different opening widths. A Sm wide door
opening still causes substantial cooling.

This effect is related to an important factor in the model described in Figure 3, which is the ratio
between the heat transfer resistance between the air and the wall, and the equivalent ventilation
resistance of the door. As long as the ventilation resistance is relatively small, the indoor
temperature will drop to close the outdoor temperature.

Discussion of energy losses. It can be concluded that the overall features of the cooling of the
hangar are reproduced. It appears that the energy losses during the opening are mainly due to the
replacement of warm indoor air by cold outdoor air, the cooling of the floor and structure is
relatively small.

Without air curtain, the heat loss rate as a function of opening time decreases rapidly : once the
warm air (T,) has been replaced by colder air (T;) the heat loss rate by convection is considerably
reduced, the residual heat loss being governed by the cooling of the wall surfaces.

In the extreme case of adiabatic walls, the energy loss stops after a few minutes and equals E=(T,-
Tpp Cp V. The recovery time is shortened when the wall surface temperature remains high
(massive surfaces). However the heating power which can be provided by the warm wall surfaces
is limited. To reduce the recovery time hot air blowing systems can be used with advantage. Hot
air blowers have a low inertia and can function efficiently for short periods of time. Because hot
air rises, the warm air should be distributed at ground level which means that the hot air should be
blown downward and reach the floor.

The heating power @, can be calculated as a function of desired recovery time 7y :

® 1R =E or O =(T-T)) pCp V/ir €))
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For a volume of 364'000 m’ , the power in MW and a recovery time of 5 min this estimate yields:

® = 1.5 (T>-T1) MW. For a fixed hot air heating system of 10 MW for example, the recovery time
depends on the difference between the outdoor temperature and the desired indoor temperature :

_ Tr (min)= (T,-T1) p Cp V/ ®/60 = 0.7 (T2-T1) @3]
and to increase the temperature by 10K would require 7 minutes or a burst of energy totalling
about 1000kWh.

4. CFD Calculations for an Aircraft Hangar

The CFD calculations have been performed using the commercial code FLOVENT, a CFD
program designed for ventilation purposes. It can be used for simple cartesian grid systems and
is based on the SIMPLE algorithm [e.g. Patankar 1980]. The standard k-e-turbulence model is
included. Following quite different situations have been studied:

* Investigation of mass flow through door and air flow pattern inside a hangar, when a hangar
door is opened suddenly: transient 2-dimensional simulation.

» Parameter study for air curtain in the door plane to prevent heat loss during door opening:
steady-state 2-dimensional simulation.

« Preliminary heat loss study for air curtain: transient 2-dimensional simulation.

* Detailed heat loss study: transient 3-dimensional simulation.

4.1 Hangar with free flow through open door

In a previous study [Schilin et al. 1992] the bidirectional air flow through a large opening (a
normal door of a height of 2.2 m) in a room, which is closed apart from the door and not
ventilated, was investigated in some details. The velocity profiles obtained by CFD show good
agreement with experimental data and prove the ability of the CFD modeling technique for this
flow type at this moderate height.

In this study the CFD modeling technique was applied to very large openings. In order to save
computation time, the hangar as described in section 2.1 was modeled in two dimensions only
(see Figure 7). Boundary and initial conditions were taken as much from the experimental
values as possible. Initial conditions assumed were 20°C inside the hangar and 5°C outside.
These conditions and the resulting velocity and temperature distribution are not known in
sufficient details; therefore it cannot be expected that the curves in Figure 2 could be
represented in full detail and an expensive three-dimensional calculation was not carried out.
The main purpose of this study was the demonstration of the ability to predict the main flow
features by CFD. The size of the grid used was 57x42 cells; it is shown partly in Figure 9.

open open
P 90 m 50m
ceilin °
33m g : 5°C open
wall 20°C 27 m
floor 150 m

Figure 7: Geometry used for two-dimensional air flow simulation in the hangar described in section 2.1.

At the beginning of the calculation time (t=0) the door was suddenly removed and a
bidirectional flow starts to establish through the door. Figure 8 shows the temperature
distribution at several instances in the first 60 s. It can be seen quite easily that after 60 s the
cold air has reached the end of the hangar along the floor. After that the cold air starts to empty
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the hangar from the back; the behaviour is like a gravity wave which is reflected at the back
wall.

The velocities in the door plane are in the beginning about 1.5 m/s near the floor and 2.5 m/s
near the top of the door, and will fall to 0.6 m/s after 3 minutes (200 s) and to about 0.2 m/s
after 10 minutes (600 s). The observed velocities in a real hangar are of the same order, but no
measurement values are available. A calculation for the maximum velocity in the beginning,

vmax = Cd Text

and C4=0.63 [Van der Maas et al. 1989], gives 2.4 m/s in very good agreement.

3

After about 5 minutes most warm air in the hangar has been replaced by cold air, except for that
part near the ceiling which is at a larger height than the door height (i.e. above 27 m). That air
part remains unaffected for a longer time (see Figure 2, experimental results). Figure 9 shows
the temperature distribution in the hangar after a calculation time of 20 minutes (1200 s). This
feature (stagnant warm air in the upper part of the hangar) cannot be obtained by using the k-&-
turbulence model, as that model assumes a fully turbulent flow which is not the case in the
upper part of the hangar. Without low-Reynolds-number corrections, it will overpredict the
amount of turbulence in those stiller parts [Chikamoto et al. 1992] of the flow which leads to a
higher mixing and a total sweep-out of warm air even in these higher parts. As it is not possible
to include user-defined model corrections in the CFD program used, the results in Figure 8 have
been obtained in a laminar calculation; the flow characteristics in the beginning are similar to
those obtained by using the k-e-turbulence model. '

The described feature can be seen in the
experimental curve in Figure 2, where the
bottom " position probes show a fast de-
crease in temperature, the probes at the me-
dium level exhibit a slower decrease and
the top probes at a height of 30 m remain
unaffected by the door opening. The probes
at a height of about 5 m (probes 4-6) show
a delayed temperature decrease by 1 minu-
te; this feature cannot be seen in the CFD
calculation because in the measurement
situation the air flow is entering a door
which is open only one quarter of the han-
gar width; the cold air flow distributes at
decreasing height.

Figure 8 (left): Time sequence of temperature
distribution after opening of hangar door.

Figure 9: Velocity and temperature distribution 1200
. 5 (20 min.) after opening of the door.
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The spreading out of the 2D gravity wave and the lowering of its height with the distance from
the door was observed and explained briefly in [Linden and Simpson, 1985; Lane-Serff et al.
1987].

Figure 10 shows the velocity profile across the door height after 30 s. The neutral level is
slightly above mid-height, and higher velocites are found near the top of the door. The profiles
are not parabolic due to the viscous forces which are not taken into account by the simple
Bernoulli theory (Equation 1). [Wilson and Kiel, 1990] discuss the shearing at the neutral level
(zero velocity, at about mid-hight) and the mixing of counterflows, which modifies the velocity
profile from pure parabolic.

30
Height across door [m]) L

25 -+

Inside (20°C) 207

Qutside (5°C)

+ G- + + + + +
-2:0 -1.5 -1.0 ~0.5 0.0 0.5 1.0 1.5 20 25 3.0
Horizontal velocity [m/s]

Figure 10. Velocity profile across door height after 30 s.

4.2 Hangar with air curtain

In a student's diploma thesis several questions around the feasibility and energy savings
effectivity of an air curtain for the whole hangar door opening of a planned new Swissair hangar
were investigated. The CFD calculations have been done for the geometrical dimensions of the
projected hangar. Figure 11 shows the layout of the hangar. The dimensions are 90 m x 110 m x
22 m; the central part of the hangar is 31 m high. The hall is large enough to hold 4 medium-
size planes or a very large one. The door height is 14 m on the sides and 22 m in the central
part, and the total width 83.8 m.

.} awe

{

&“\/Efx

Figure 11: Projected new Swissair hangar. Top: front view with air planes. Below: sketch in perspectiv view.
Right: Model for 3-dimensional calculation.
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4.2.1 Parameter variation for stable air curtain

A large parameter variation was done in 2-dimensional steady-state calculations to find out
favourable conditions for a stable air curtain. Out of different possible jet configurations like
blowing from above and sucking from below, a quite simple jet blowing from above was
chosen in order to avoid complicated installation work. Such a simple jet would be also suited
to be installed in an existing hangar. The jet was assumed to be a plane jet along the whole door
width (as opposed to an array of single jets). Figure 12 shows the data used for this study.

110m 7
229 m ceiling open
open
all 16°C 14m 0°C
floor
300m =

Figure 12: Geometry used for the 2-dimensional calculation for the Swissair hangar project.

Varied parameters were: jet angle (-15°, 0°, 15° to the vertical direction), jet width (0.1 m, 0.3
m), air velocity (5 to 20 m/s), jet heating (AT=0 to 2.5 K, if air is taken from inside, AT=0, 10
K, if air is taken from outside), presence of wind (0, 3, 6 m/s). The outside temperature was
always assumed to be 0°C, and the inside design condition was around 16°C. It is not possible
to report on all these cases, but as a main result, the optimum condition in the presence of wind
was found to be in the range of: jet angle 15° towards outside, jet velocities around 10-15 m/s,
and a width of 0.3 m. For a velocity of 14 m/s, a width of 0.3 m and a length of 83.8 m, the
volume fl(3)w rate equals 352 m’/s, and the mass flow rate about 410 kg/s, using a density of
1.17 kg/m”.
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Figure 13: Heat loss in kW/m (per m of open hangar door width) for different combinations of air curtain
velocities and wind speed. The curtain build-up time applies only to the 3 cases with air curtain.

4.2.2 Heat loss investigation in 2 dimensions

Preliminary energy loss calculations were done for the optimum jet configuration. In the tran-
sient CFD study the starting condition was 16°C inside and 0°C outside. At t=0 the door is open
and the jet starts blowing. In this study it takes some time until the air curtain is established. The
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strong loss during the first 20 s can be avoided by turning on the fans earlier before the door
opening.

For a velocity of 14 m/s the build-up time of the air curtain is about 20 s, much better than for a
velocity of 10 m/s with a build-up time of 60 s. In the case of a jet of 14 m/s, also a better
shielding between inside and outside is achieved. The inside temperature after 5 min is still
around 14°C. Velocities inside the hangar along the floor are around 2 m/s.

Figure 13 shows the heat loss in kW/m through the door plane for different jet configurations,
the best performance being achieved for the 15 m/s jet. The peak loss for the whole hangar
width would be about 14 MW, assuming that the door would be suddenly opened completely.
The power effort for the jet across the hall hangar is much smaller than the heat loss reduction;
the kinetic energy of the air is about mv?/2=410 kg/s * 14%2 m%/s* = 40 kW, and the electric
power consumption of the fans would be 60 kW at a fan efficiency of about 0.7.

However these 2-dimensional calculations can only be considered as preliminary, as effects
related to the real door opening process are not contained.

4.2.3 Heat loss investigation in 3 dimensions

Therefore a 3-dimensional calculation was set up for a hangar. The calculation was done for just
half the hangar; a symmetry plane was assumed in the middle, see Figure 11. The size of the
grid used was 50x33x23 = 37950 cells.

The calculations were performed in the presence of a wind of 6 m/s at frontal incidence for a
hangar which is air-tight apart from the open front door. The door was opened step by step until
it was totally open (full width of 83.8 m) after 1 minute. In the second minute of the transient
calculation an air plane of the dimensions of an Airbus A320 was moved successively into the
hangar. The times were chosen that short in order to save computation time. Observations in a
real hangar have shown, that these times are realistic, but they represent an ideal case of
optimum timing. In real practice, hangar doors stay open 10-20 minutes or more to let an
airplane in or out. Consequently losses will be larger.

12T MW
10+
8 T
6+ %3 . om
Lol “wo-TT
21 L
3,"' —8#— Jot 0, wind 6m/s
m =--#--- Jot 18m/s, wind 6m/s
0 ¥ j : : : : :
0 20 40 60 80 100 120
Time [s]
Z N\ Z Y
N Door opening 7 N Air plane goes info hangar ~

Figure 14: Heat loss rate during opening of hangar and pulling in the air plane into the hangar, obtained by
numerical calculation of 3-dimensional cases, one with and one without air curtain. The MW values are for the
whole hangar with full door width.
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Figure 14 shows the total heat loss through the door plane with an air curtain, in comparison
with a case without curtain. As the door opens linearly during the first 60 s until it is totally
open, the loss also increases linearly in time. The jet used was at a somewhat higher velocity of
18 m/s than in the 2-dimensional case, as the door height in the center is also higher (22m
instead of 14m).

The result shows a energy loss lower by about 40%, as compared to the case without air curtain
(integrals of curves in Figure 14). In reality, this loss is even lower because the air curtain can
be turned on when the door is still closed, but no more detailed calculations have been done yet.
The loss is comparable in size with what is reported in the air curtain literature.

In these studies the influence of the low air plane temperature (it can be considerably below 0°C
after a flight) and the radiative cooling has not been considered. It is more important when
considering the overall heating power but less important when comparing situations with and
without air curtain.

Figure 15 shows the temperature distribution in the door plane when the air plane of the size of
an Airbus A320 is moved through the air curtain. The function of the air curtain is only slightly
influenced. Below the wings some cold air can enter the hangar but this is negligible as
compared to the energy balance over the whole calculation time.

Figure 15: Air plane crossing air curtain in 3-dimensional case with air jet velocity of 18 m/s and external wind of
6 m/s. The calculation was done for only one half of the hangar. Some cold air can enter the hangar below the
wings during the actual crossing, but the shielding effect over the whole calculation time is good.

The studies have shown the feasibility of air curtains and the potential for energy saving for
such large doors. Whether the pay-back time is short enough to make the investment attractive
from the purely economical point of view or not, depends very much on the the practical use of
the fans (and on the energy cost). If the fans are used only for very short door openings as
discussed here (in the order of 3 minutes), then they are not used a very long time (assuming 10
openings per night lasting 3 minutes each, during 120 nights, equals only 60 hours of use); if
one door opening process lasts 15 minutes, the fans are used 300 hours, and the investment is
more favourable. It is the practical experience of Swissair, that a door opening process is lasting
10-20 minutes. The actual energy saving for such a long door opening process must be
investigated separately, because the energy saving, as compared to the case without air curtain,
tends to decrease. The loss without air curtain decrease after some minutes when the hangar is
filled with cold air, whereas the loss with air curtain remains constant.
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5. Conclusions

Simple thermal zonal models and CFD models have been applied successfully to the prediction
of air flow through very large openings in aircraft hangars.

e The thermal zonal model combined with the gravity wave concept allows the prediction of
the inside air cooling after opening of a hangar door. The agreement with the experimental
curves is very good in view of the simplicity of the model.

e - The temperature recovery time after closing depends on the opening time, the time constant
for heat transfer and the auxiliary air heating power.

e The recovery time can be shortened by using high power hot air blowers for a short period of
time; the hot air stream should reach floor level. A floor heating system cannot deliver the
required power and has a time constant which is too long.

e The CFD calculation yields velocities in the door planes which agree well with the the
velocities obtained by the gravity wave concept.

e The CFD results using laminar flow (i.e. no turbulence model) agree well with the
observation that the warm air in the volume above the door level is kept inside the hangar.
This feature was not obtained using the wide-spread k-€ turbulence model.

e A parameter study was performed to obtain feasible design parameters for huge air curtains
in the door plane to reduce heat losses when air planes are entering or leaving the hangar.
The 3-dimensional study allows an estimation of the energy saving potential of such air
curtains.

Acknowledgements

The work is performed in the framework of the IEA-ECB Annex 26 project "Energy-efficient
ventilation in large enclosures" and is financially supported by the Swiss Federal Office of
Energy (KWH/OFEN, Hangar project EF CO(93) 006).

We express our thanks to H. Boksberger, Swissair Real-Estate, Zurich Airport, Switzerland, for
using the hangar measurement data and we acknowledge the help of F. Florentzou who imple-
mented the zonal model in a simulation tool (LESOCOOL) and made the comparison with the
measurements.

References

FLOVENT, 1994. Reference Manual 1.4. Flomerics Ltd., Kingston-Upon-Thames, Surrey,
England.

Kiel, D.E., Wilson, D.J., 1986. "Gravity driven flows through open doors". Proc. 7th AIVC
Conference, Stratford-upon-Avon, UK, paper 15, 1986.

Lane-Serff, G.F., Linden, P.F., Simpson, J.E., 1987. "Transient flow through doorways
produced by temperature differences”. ROOMVENT '87, session 2a.

Linden, P.F., Simpson, J.E., 1985. "Buoyancy driven flow through an open door", Air
Infiltration Review, Vol. 6, No. 4, 1985.

Chikamoto, T., Murakami, S., Kato, S., 1992. "Numerical simulation of velocity and
temperature fields within atrium based on modofied k-e-model incorporating damping effect

due to thermal stratification". Proc. Int. Symp. Room Air Convection and Vent. Effectiveness,
Tokyo, 22-24 July, pp. 501-509, 1992.

Patankar, V.S., 1980. “Numerical Heat Transfer and Fluid Flow”. Hemisphere Publ,,
Washington, 1980.

140



Schaelin, A., Van der Maas, J., Moser, A., 1992. "Simulation of airflow through large
openings in buildings". ASHRAE Tr., BA-92-2-4, 1992.

Van der Maas J., Roulet C.-A., Hertig J.-A., 1989. "Some aspects of gravity driven airflow
through large openings in buildings". ASHRAE Transactions, Vol. 95(2), pp. 573-583, 1989.

Van der Maas J., Roulet C.-A., 1990. "Ventilation and energy loss rates after opening a
window". Air Infiltration Review, Vol. 11, No. 4, pp. 12-15, 1990.

Van der Maas, J., Roulet, C.-A., 1993. “Multizone cooling model for calculating the potential
of night time ventilation”. Proc. 14th AIVC Conference, Copenhagen, Denmark, 21-24
September, 1993.

Wilson, D.]., Kiel, D.E., 1990. "Gravity driven counterflow through an open door in a sealed
room". Bldg. and Environment, Vol. 23, No. 4, pp. 379-388, 1990.

141




142



Implementing‘ the Results of Ventilation Research
16th AIVC Conference, Palm Springs, USA
19-22 September, 1995

Ventilation and Air Movement within Factories. A
Comparison of CFD Predictions with Measured Data

P J Jones*, R Waters **, G Powell*, C Byabagambi***

* The Welsh School of Architecture, University of
Wales, Cardiff, UK

** Design Flow Solutions Ltd, UK

*** British Gas Plc, UK

143



AIVC 16th Annual Conference: Implementing the Results of Ventilation Research

Ventilation and Air Movement within Factories. A Comparison of CFD
Predictions with Measured Data.

P. J. Jones!, R Waters?, G Powell! and C Byabagambi3.

In the UK, factory design and construction has undergone significant improvements in the last few
years, achieving improved energy efficiency for space heating through reductions in U-values and air
leakage. One of the consequences of higher thermal insulation requirements has been an
improvement in design detailing which has lead to lower air infiltration rates than previously expected.
As air infiltration rates are reduced it becomes increasingly important that fresh air is delivered to the
places that it is required, i.e. at occupancy level.

Internal air movement patterns within two modern factories have been investigated using a CFD
model (DFS-AIR) during winter time conditions. The air movement patterns have been predicted for a
warm air heating system and also a radiant heating system. The pattern of air movement of the
factories with the loading door open was also investigated.

The results from the CFD investigation were then compared with measured data obtained from a
recent research project that investigated the performance of insulated cladding systems for the same
buildings. For the warm air heated factory, air speed and air temperature data was available to
produce contour plots of the air stream. For the radiant heated factory the air temperature profile was
measured to determine both horizontal and vertical air temperature gradients. Ventilation rate
measurements were available for both factories with the loading door closed (constant concentration)
and also loading docr open (tracer decay).
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SYNOPSIS

This paper describes a method which aims to generate an overall view of multizone
building air flow by integrating methods for bulk air flow analysis, air flow field
analysis, and building thermal analysis.

This has been achieved by implementing a computational fluid dynamics approach
within the ESP-r building energy simulation environment which already incorporated
a nodal air flow network approach.

The current state of the method is demonstrated by a case study. The main conclusion
from this is that the integrated method is very promising. Other preliminary
conclusions concern the difficulty of finding suitable boundary conditions and
numerical values for input parameters.

INTRODUCTION

In building energy simulation it is still common practice to assume a uniform
distribution of air temperature inside a thermal zone. Thus a room - or other type of
building space - is considered to be completely mixed.

From this simplification follows that there is neither information on the spatial
distribution of air velocities nor on distribution of air temperature and contaminants
within a zone.

Although uniform zone air might be a reasonable assumption for many problems
where the focus is on (long-term) energy matters, this simplification is not valid for
cases involving relatively strong couplings between heat and air flow or involving
relatively strong temperature gradients. The former typically occurs when the strategy
to avoid overheating in the summer is to increase natural ventilation. A displacement
ventilation system is a typical example of the latter.

Given the increased practical importance of such applications, there is a growing
interest in practice and academia to establish prediction methods which are able to
integrate air flow prediction and building thermal simulation.

Building energy/environmental prediction based on computational modelling is
receiving much attention at the present time: mathematical models, discretisation
techniques and numerical methods are being refined, and application know-how is
maturing. Building energy simulation (BES), in which the building’s distributed
capacity and air volumes are discretised (the latter relatively crudely), and
computational fluid dynamics (CFD), in which some fluid domain is finely
discretised, are two significant development fields.

After outlining some other approaches to predicting zonal air ﬂow, this paper
describes the method employed in the current research, which is to combine BES and
CFD.
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2 PREDICTING ZONAL AIR FLOW

There are several approaches for the prediction of zonal air flows:

Empirical
These approaches use jet, plume and other flow theories to predict certain
aspects (typically penetration depth, jet dimensions, etc) of intra zonal air flows.
As such they have a limited application area, and there are for instance almost
no theories which deal with dynamic aspects nor with buoyancy driven flows
(except for some specific cases such as drafts from cold windows (Kriegel
1973)).

Nodal network
In this approach (see eg Inard and Buty 1991) a building space is represented by
a number of linked nodes, where the interconnections represent certain flowrate
vs pressure relationships (usually based on the empirical approaches above).
Obviously this approach can not provide detailed results of the temperature and
flow fields. It is hoped however that the results will be sufficient - in terms of
energy matters - to describe the bulk flows and the main temperature gradients.
The main problems associated with this approach are related to nodal
distribution, the pressure flowrate relationships, establishing boundary
conditions, and the parameter values.

Computational fluid dynamics
CFD approximates an enclosed space by a series of control volumes. Air flow,
turbulence, and energy propagation are represented in each of the control
volumes by a series of discretised conservation equations. In principle this is an
"ideal’ approach, however there are a number of practical problems such as huge
computational burden, theoretical limitations of the turbulence models
(especially for the type of low Reynolds flow encountered in buildings), etc.

Table 1 Air flow modelling approaches on offer in the ESP-r
virtual building energy modelling laboratory

scheduled infiltration and ventilation rates

high frequency measured infiltration and ventilation rates

nodal network air flow method in stand-alone mode

nodal network air flow method integrated with thermal solver

CFD (2D or 3D, steady-state or dynamic) with fixed boundary conditions
CFD with boundary conditions generated by network and thermal solvers

Despite the associated practical problems, it is felt that CFD is the way forward for
predicting intra zonal air flows in a building energy context. In order to enable future
research in this area, ESP-r was recently extended to include a CFD algorithm. This is
in line with the objective for ESP-r to be a virtual laboratory for building energy
modelling issues. In terms of air flow modelling features, the system now offers the
possibilities as outlined in Table 1.
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3

COMBINING BES, NETWORK APPROACH, AND CFD

Elaborate descriptions of the internal workings of the ESP-r building simulation
environment in terms of energy simulation in general can be found in (Clarke 1985)
and in terms of simultaneous heat and mass flow simulation in (Hensen 1991). The
current paper focusses on an approach for combining building energy simulation,
with both nodal network and a CFD approaches to air flow prediction.

At the core of the approach is a method which allows ESP-r’s existing network flow
model (see eg Clarke and Hensen 1991). to operate in tandem with a CFD algorithm
which is fully integrated at the source code level. As explained in another paper
(Hensen 1995) ESP-r uses partitioning to couple building heat flow and air flow - and
building moisture flow and plant heat flow and plant fluid flow(s) and lighting and
electric power and ....- because of the advantages which accrue from problem
partitioning.

Figure 1: A connected flow network and CFD domain

The integration and implementation details of the CFD algorithm are the subject of
another publication (Clarke et al. 1995).

The CFD algorithm is based on the 2D, steady state TEACH system (Gosman and
Ideriah 1976), with extensions to enable 3D, transient operation and buoyancy effect.
These extensions are reported elsewhere (Negrao 1994).

The implementation of CFD within ESP-r has been enabled at two levels of
granularity in order to allow researchers to explore the conflation issue. At the first
level, the CFD domain is essentially decoupled with the building/"plant solver (with
fully integrated network air flow) passing the intgernal surface temperatures to the
CED solver, which passes back the surface convection coefficients. At the second
level, one or more network nodes are replaced by a gridded CFD domain, with the
‘snipped’ network reconnected to one or more of the CFD cells as illustrated in
Figure 1.

The actual coupling details are as illustrated in Figure 2a which shows two possible
scenarios: a one-to-one coupling to represent a window crack and a one-to-many
coupling to represent a doorway.
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Figure 2: Node-to-grid cell coupling strategies

The nodes L1, L2 and L3 represent the effect of the CFD domain on the network
model. To allow each domain solution to be performed separately, the flow network
must be decoupled from the CFD domain. Figure 2b shows how the domains are
detached from each other. The sources or sink of mass (51, §;» and §;3) on the
decoupled network represent the air flow entering or leaving the finely discretised
domain. If these sources or sinks of mass are considered known values, the flow
network can then be solved. Pressures at the network nodes, including nodes L1, L2
and L3, and flow rates through the network, including the branches SOUTH-L1,
L2-KITCHEN, L3-KITCHEN are then determined.

The 511, 5§12 and §;5 quantities which are indicated in Figure 2b are generated by the
CFD algorithm. These quantities are the product of the velocity components crossing
the interface of the cell, densities and interface cell areas. The source/sink terms are
thus computed by the following expression:

m n
k=2 X(pVA);jxs k=L1, L2, L3 (1)
Fa!

where m is the number of cells which are connected to a mass flow network node, n is
the number of interfaces of each cell (the interfaces at the opening boundary are not
included), p is the air density, V is the velocity component at the cell interface and A
is the interface area. If the flow is entering a cell it is considered positive while if it is
exiting it is negative. a +ve §, is therefore a source of mass and -ve a sink.

Operating separately, but in tandem, the solution of the CFD domain is carried out
using the BES-side generated boundary conditions: imposed velocities (momentum)
within the coupling branches (SOUTH-L1, L2-KITCHEN and L3-KITCHEN). This
requires knowledge of flow direction in order to determine the correct coupling point.
In the current case the velocity is determined from the network-side flows (as
computed for SOUTH-L1, L2-KITCHEN and L3-KITCHEN) divided by the product
of sending node density and branch area.
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Since the air flow between the coupling points is CFD-side dependent, while the
pressures or momentum are network-side dependent, the two solvers must iterate
until convergence is reached. Since the number of CFD-side equations for a single
zone will usually be considerably greater than the number of equations for the
building/plant flow network, the CFD-side controls the iteration - i.e. the network
solution is initiated and completed for each CFD iteration.

CASE STUDY

The following example is intended to indicate the potential of the new method and
demonstrate the expected magnitude of the differences in predictions between the
combined approach and the network-only approach. The case studied is the house
problem of Figure 1 with only relative simple models and coarse grids applied to
allow investigation of the CFD network connection strategies. The two cells located
at the openings are connected to two flow network nodes, one external (south) and
one located within the kitchen. Initially, buoyancy effects are not considered. The
wind induced pressures at the external node are evaluated by means of pressure
coefficients which differ with surface location. A non-linear relationship between

mass flow rate and pressure difference is defined to represent the connection between
flow network nodes and CFD cells:

m=0.65 A2 AP. )
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Figure 3: Mass flow rates - buoyancy not included.

Convergence of the CFD domain is only possible if the convergence criteria of the
network domain is of the same order of magnitude. Low linear under-relaxation
factors for the CFD momentum equations (& = 0. 1) were necessary to avoid boundary
condition oscillations (when pressures and momentum as evaluated by the flow
network). Approximately 600 iterations were necessary for a simulation which
required approximately 200 iterations for a CFD only model.

In order to compare the combined model with the network flow approach, the flow
network as shown in Figure 1 was simulated. A simulation was performed for a day
in which the wind vector would induce a pressure at node SOUTH which was higher
than that at node KITCHEN, giving a west to east air flow. The two boundary nodes
(SOUTH AND KITCHEN) considered above are now connected to node LIVING.
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Figure 4: Velocity field - buoyancy not included

The LIVING node then represents the entire pressure field of the zone and no stack
effect is considered. Figure 3 shows the differences between the air flows evaluated
by the network method and by the combined method. As can be seen the results are
similar.

Figure 3 shows two sets of results for the combined approach, representing two
boundary condition types: imposed pressure and imposed momentum. Only the latter

is considered in the current paper.

. A0 |-

It/ Oute: s Flow Pote

.30 —

-------- Mass flow notwork approach

-------- Combined methoad {(preasiure)
CamBinmd methodg (momentum)

-, 1 1
204’5 €.0 12.0 18.0 24.0

Figure 5: Mass flow rate - buoyancy included

Buoyancy effects are now introduced in order to investigate the effect of natural
convection on the flow. The difference in height between nodes SOUTH and
KITCHEN induce stack pressures at nodes L1, L2 and L3. As expected, the flow is
affected by natural convection. The inlet fresh air produces a recirculating flow inside
the zone for either kind of boundary condition. This promotes a higher inlet air flow
to the room as evident in a comparison of the flow rates of Figures 3 and 5: in the
latter case the differences are more pronounced at the beginning and end of the day.
At these times, the outside temperature is lower than the wall surface temperatures
and natural convection is more significant. During other periods, the ambient
temperature approximates to the wall surface temperatures and the buoyancy effect

disappears.
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Figure 6 shows the predicted velocity field. The buoyancy induced flow recirculation
is not so evident, although the velocity is higher when buoyancy taken into account.
For 3-D transient cases, convergence was not obtained for the case when buoyancy
effects are included. The reason for this is the subject of further investigation.
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Figure 6: Velocity field - buoyancy included

CONCLUSIONS

A method has been implemented within ESP-r by which BES and CFD techniques
are coupled. Preliminary studies indicate the advantages of this combined approach
when compared with the network approach, even with relatively simple CFD models.
It should be stressed that currently the main focus is on enabling future research (as
opposed to achieving high accuracy now).

The results obtained thus far indicate that conflation of the two modelling approaches
can be satisfactorily achieved by maintaining each method’s separate solution
algorithm. The two modelling approaches are connected via regions which each
approach considers as its boundary condition. The overall system balance is achieved
through an iterative procedure. Careful consideration has to be given to how the
boundary conditions are implemented, especially for the CFD solution which is
sensitive to the specifications of the inlet conditions.

It is felt that inclusion of the CFD approach in ESP-r is again a step further towards a
fully integral building appraisal system.
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SYNOPSIS. ASHRAE has developed a draft of a measurement standard, Standard 129,
entitled “Standard Method of Measuring Air Change Effectiveness.” This standard defines
a method of measurement for measuring air change effectiveness in mechanically ventilated
spaces, and provides a discussion of how the values of air change effectiveness may be
used to demonstrate compliance with ASHRAE 62-1989.

Since Standard 129 defines relatively complicated tracer gas procedures for measuring air
change effectiveness, the Standard Project Committee 129P and the cognizant technical
committee (TC 5.3) have recommended an experimental evaluation of the measurement
procedure. The objectives of the proposed work are to obtain information on the practicality
of the. measurement procedures and to quantify the precision of measured values of air
change effectiveness. ’

The experimental test plan involves measuring the air change effectiveness at ten

workstations in an 800 ft2 office space mock up. Tests will be repeated under fixed
temperature and airflow rate conditions ten times for the step up and ten times for the step
down (decay) measurement methods. Sulfur hexafluoride will be used as the tracer gas and .
three different sample coliection techniques will be used simultaneously; line sampling,
grab sampling, and integrated bag sampling.

This paper presents our experimental protocol to evaluate this proposed new standard.

Preliminary results will be presented at the meeting and the complete set of data will be
published as an ASHRAE technical paper at an upcoming ASHRAE meeting.
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1.0 INTRODUCTION. Today there is an increased interest in ventilation effectiveness
‘being stimulated by the tremendous increase in the interest of indoor air quality and the general
lack of information regarding the impact of ventilation effectiveness upon indoor air quality.

An early ventilation effectiveness parameter called "the mixing factor” was used to describe the
mixing of outside air in a space as early as 1958 in the United States (ACGIH). This mixing
factor was defined as the ratio of the effective air changes to the theoretical or nominal air
changes. A 1960 article by Richard Brief suggested that the mixing factor "may vary from 1/3
to 1/10." He further cautioned that a mixing factor of 1/10 be used by individuals "not
particularly familiar with the efficiency of air mixing within enclosed spaces.” An early tracer
gas study by Peter Drivas, reported mixing factors of 0.3 to 0.7. Following these early
recommendations and experimental studies many researchers have cited values in this range
when discussing outside air mixing factors. :

However, it should be noted that the rather low mixing factor values reported in the Drivas
study were obtained in laboratory test spaces with very high air exchange rates ( e.g. 13-15 air
changes per hour) where we would expect there to be difficulties in achieving good mixing
conditions. Yoshiaki Ishizu noted in a 1980 paper that when the outside air flow rate "divided
by the volume of the room increases, the mixing factor becomes smaller."”

While we now have considerably much more experimental data regarding mixing of outside
air in buildings, it is still just a drop in the bucket with perhaps less than a dozen building
studies under very specific operating conditions and done using different measurement
protocols. The little data available today suggests that for office systems operating at minimum
outside percentages the mixing of outside air in rooms gives rise to ventilation rates not
substantially different from that if there was perfect mixing (e.g. within 10-30%). Rather less
data are available regarding mixing of outside air at the air handler although there have been
reports of differences of as much as 30% as compared to perfect mixing. Some measurements
of European non-recirculating displacement ventilation systems have reported air exchange
rates in the occupied zone up to 30% higher than those predicted by perfect mixing.

Thus, while the impact of mixing upon the distribution of outside air may not be as significant
as previously held (e.g. mixing factors of just 1/10 to 1/3), the possibilities of actual air
exchange rates being even 20-30% less than that calculated assuming perfect mixing is
sufficient to inspire the development of models to predict performance. The development of
these models should be an exciting dance between the empirical researchers who provide the
test data upon which the theoretical researchers may validate and improve their models. A
standard measurement protocol for collecting field or laboratory data is desirable since it will
provide a larger and more reliable data set for model validation and thus expedite the progress -
of the model development process.

Further driving the increased interest in ventilation effectiveness is the fact that this concept is
connected to minimum outside air requirements set forth in the current ASHRAE Standard 62-
1989, “Ventilation for Acceptable Indoor Air Quality.” The minimum ventilation rates
contained within Table 2 of Standard 62-1989, are based upon an assumption that the outdoor
air being delivered to the space is perfectly mixed with the indoor air.

To this end, ASHRAE has developed a draft of a measurement standard, Standard 129,
entitled “Standard Method of Measuring Air Change Effectiveness.” This proposed standard
defines a standard method of measurement for measuring air change effectiveness in
mechanically ventilated spaces, and in Appendix B provides a discussion of how the values of
air change effectiveness may be used to demonstrate compliance with ASHRAE 62-1989.

Since Standard 129 defines relatively complicated tracer gas procedures for measuring air
change effectiveness, and is based upon the experience of a small number of researchers, the
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Standard Project Committee 129P and the cognizant technical committee (TC 5.3) have
recommended an experimental evaluation of the measurement procedure as defined in the RFP
“Validation of Standard 129 - Standard Method of Measuring Air Change Effectiveness.” The
project being described here is in response to this RFP.

2.0 STUDY OBJECTIVES. The objectives of the proposed work are:

1.) to obtain information on the practicality of the measurement procedures in the draft of
Standard 129 and to obtain recommendations that can be used to improve future versions of
the standard; and

2.) to quantify the precision of measured values of air change effectiveness, when the
measurement procedures specified in the draft of Standard 129 P are utilized.

3.0 TEST PROTOCOL. The following is our technical plan to conduct the work requested
in 891-TRP. The following is a description of each of the tasks together with a description of
our test facilities and instrumentation we propose to dedicate to this research project.

3.1 Task 1. Test Space Preparation. We will use a specially prepared test room that
meets the criteria stipulated in Section 4 of the draft Standard 129. In addition the test space
will be prepared to meet the following additional requirements:

a.) furnished with typical office furniture including desks, tables, chairs, and partitions.

b.) contain functional lighting and office equipment.

c.) contain 10 workstations and a floor area of at least 800 ft2.

d.) have at least one adjoining indoor space.

e.) equipped with a typical air distribution system with multiple supply outlets and return
grilles at or near ceiling height.

3.1.1 Test Space Description. The test space is located on the second floor of a three story
office building. Indoor Environmental Engineering’s offices and laboratory are located on the
first floor. The floor area of the test space is 800 ft2 and has a slab-to-slab ceiling height of
10.9 feet, A suspended ceiling is positioned 29 inches below the ceiling slab and holds the
fluorescent lighting fixtures and supply air diffusers and return air grilles. The test spacé is
adjoined on three sides by other indoor spaces and an exterior wall on one side. The test space
has been pressurized to identify any leaks between the space and adjacent spaces and these
leaks have been sealed. An instrument room for the tracer gas equipment and data acquisition
system are located in the adjoining space immediately to the north of the test space.

3.1.2 Test Space Furnishings. The test space is furnished with 10 workstations as depicted in
Figure 1. Each work station is equipped with a desk, chair, and partitions. In addition to these
requested furrushmgs we propose to add simulated heat loads in place of real occupants and
computer equipment. We propose to add two 100 watt heat loads, each contained within
separate cubicle enclosures at each work station. This controlled approach will add a heat load
similar to that of occupants and computers, but in a more repeatable and controlled manner.
The test space is furnished with six fluorescent fixtures four bulb (four 34 watt bulbs per
fixture) which are mounted in the suspended ceiling.

3.1.3 HVAC Equipment. The test space is equipped with a dedicated constant volume air
handler which serves only the test space. The air handling unit is a basic fan coil unit
suspended from the ceiling. Outside air is delivered to the mixing box where it mixes with
return air which is drawn up through the return air grilles in the suspended ceiling. Outdoor air
is delivered in a controlled manner by a separate forced air supply. Exhaust air is removed
from the space also in a controlled manner by a separate forced air exhaust. Both exhaust and
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outside air flow rates are adjustable and the flow rates are monitored by orifice plate flow
measuring stations.

Space temperature and supply/return air temperature difference is controlled by a proportional
controller which controls an electric re-heat coil in the air handling unit. The supply and return
air temperature difference is maintained within 1 ©C. This temperature control is important
since buoyancy effects are an important factor influencing the mixing of the supply air in the
space.

3.1.4 Ventilation System Configuration for Tests. The repeat measurements of air change

effectiveness requires that all airstrip flow rates be constant for the entire series of tests. This
requirement is important, since one of the objectives of the series of repeat test is to determine
the precision of the measurement method, and the flow rates of the a1r streams is an important
variable in determining the air change effectiveness.

For these tests we propose to set the outside air delivery rate to the test space to 200 cfm. This
corresponds to the minimum rate of 20 cfm/occupant (i.e. 10 workstations x 20 cfi/occupant)
proposed by ASHRAE Standard 62-1989. We have selected this rate since it is under the
minimum prescribed rates proposed by Standard 62- 1989 that air change effectiveness
becomes critical to meeting the minimum ventilation requirements.

We also plan to set the total supply air flow rate to the test space to 600 cfm. This corresponds
to a moderate supply air circulation rate of 0.75 cfm/ft2 and a relatively high outside air
percentage in the supply air stream of 33%. A high air circulation rate with a low outside air
percentage is not desirable for these tests since it will tend to create a well mixed space. Under
well mixed conditions the repeated tests of air change effectiveness will predominantly be just
a measure of the precision of the tracer gas sampling and analysis. In order for some of the
more stochastic variables related to air mixing to come in to play, it is desnrablc to create a
ventilation scenario where there is less than perfect mixing.

Thus, the relatively high nominal outside air exchange rate in combination with the relatively
high outside air percentage proposed for these tests will insure a ventilation scenario that is not
atypical of office spaces and is likely to create an air change effectiveness of less than unity.

3.2 Task 2. Instrumentation and Equipment Preparation. We propose to use sulfur
hexafluoride (SFg) gas as a tracer gas for all tests conducted in this study. SFg meets all of the
criteria stipulated in Section 5.1 of the draft Standard 129. The following is a description of
the analytical, sampling and injection equipment proposed for this study.

3.2.1 Tracer Gas Analysis Equipment. We propose to use a pair of gas chromatographs
equipped with electron capture detectors. These instruments are highly sensitive and reliable

gas analyzers which are microprocessor controlled. The linear measurement range of the

instrument is 0.02 ppb to 20 ppb with a precision of + 3 % of the measured value. We

propose to calibrate the analyzer using specially prepared calibration gasses together with a

precision gas divider. These calibrations span the range of concentrations (i.e. 0.05 ppb to 20

ppb) we are planning for the tests. All calibration gasses will be prepared to a tolerance of +
%.

3.2.2 Tracer Gas Sampling Equipment. As required in Parts 4 and 5 of the RFP Scope of
Work, three different air sampling methods are required:

» direct sampling into the analyzer

« grab sampling followed by subsequent analyses and
» time integrated sampling with sample bags followed by subsequent analyses
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The following describes the equipment we propose to use for each of these three sampling
techniques.

e Direct sampling into the analyzer. We propose to use the microprocessor controlled multi-
port sampling manifold built into each of the two chromatographs. Each chromatograph is
capable of sequentially sampling from up to 9 different locations. We are proposing a total of
twelve sample locations (i.e. breathing level at 10 workstations, in the single exhaust air
stream at one location, and in the outside air stream). The simultaneous use of two gas
chromatographs will allow for a sample analysis frequency of one sample every 45 seconds.
We propose to use special 4mm OD, 3mm ID nylon tubing for transport of tracer gas samples
to the chromatograph. This type of tubing, unlike Teflon tubing, is not prone to adsorbing or
desorbing tracer gas from the sample.

» Grab sampling followed by subsequent analyses. We propose to collect grab samples using
a 60 cc polypropylene slip-tip syringes. As with the direct sampling method, we propose to
use special 4mm OD, 3mm ID nylon tubing for pump assisted transport of tracer gas samples
to the syringe samplers. Samples will be withdrawn from the sample lines through a gas tight
needle septa using a custom built 12 syringe sampling unit. The syringe samples will then be
analyzed by installing the sample bags directly onto the inlet ports of chromatograph, which
will sequentially transfer the samples for analysis.

» Time integrated sampling with sample bags followed by subsequent analyses. We propose to
use 1 Liter Tedlar (2 mil) bags to collect time integrated samples. Air samples will be
transported into the bags at a constant rate using 33 RPM peristaltic pumps fitted with
Norprene tubing. The sample flow rates of the peristaltic pumps will be set for a constant
sampling rate in the range of 3 to 5 cc/min.

3.2.3 Tracer Gas Sampling Locations. We are proposing to measure the tracer gas

concentration at seated breathing height (i.e. 4 feet above the floor) at each of the ten
workstations. The 4 mm OD nylon sampling lines and integrated bag samplers will be attached
to a guide wire strung between the floor and sealing at each workstation seat. We will also
measure the tracer gas concentration in the exhaust air stream at a position downstream of the
orifice plate (i.e. to insure good mixing) and upstream of the exhaust fan (i.e. to avoid effects
from any air leakage). The 4 mm OD nylon sampling lines and integrated bag samplers will be
attached to a multipoint air sampling manifold installed in the exhaust duct in a manner to
insure a representative sample of the tracer gas concentration as required in Section 5.4.4 of
the draft Standard 129. The use of sealed PVC pipe will insure that the exhaust air
concentration is not effected by air leakage.

3.2.4 Tracer Gas Injection Equipment . We propose to use a mass flow meter to provide a

constant injection rate of tracer gas. The mass flow controller has a measurement precision of
0.2% full scale which exceeds the requirements set forth in Section 5.3.1 of the draft Standard
129. The inlet to the mass flow controller will be connected directly via 1/4 OD copper tubing
to a pressure regulated supply of tracer gas from a compressed tank of tracer gas (i.e. 0.1%
pure SFg balance air). The outlet of the mass flow controller will be connected directly via 1/4
OD copper tubing to a multipoint tracer gas injection manifold installéd in the outside air
upstream of both the outside air fan and orifice plate flow monitoring station in a manner to
insure a uniform concentration of the tracer gas in the outside air stream. The data acquisition
system will read the analog output of the mass flow controller once per minute in order to
provide a detailed record of the tracer gas injection rate into the test space. We will validate the
calibration of the mass flow controller using a bubble meter once before and once after the
series of tests. '

3.2.5 Air Flow Rate Measurement Equipment. We will measure the outside, exhaust, sﬁpply,
and return air flow rates using methods described in ASHRAE 111-1988, ASHRAE 41.7-
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1984, and ASHRAE 41.2-1987. We will monitor the exhaust and outside air flow rates with
orifice plate flow measuring stations. The outside air and exhaust air ducts are six inch PVC
pipe which has been specially sealed to be air tight. Orifice plate differential pressures will be
monitored with electronic pressure transducers with analog outputs connected to the data
acquisition system. We will measure the supply and return air flow rates as required in Section
6.3 of the draft Standard 129 using velocity traverses of the ducts. We will measure the
supply air flow rate from each of the supply air diffusers and return air grilles using an
electronic airflow capture hood. The airflow capture hood will be calibrated once before and
once after the series of tests using an orifice plate flow measuring station.

3.2.6 Air Temperature Measurement Equipment. We will monitor the temperature in the

supply and return air streams using resistance temperature detectors (RTD’s) positioned in the
air streams to provide a representative measurement of the air temperature.

3.2.7 Data Acquisition System. We will use an 12-bit 8-channel A/D converter (Strawberry
Tree) connected to a Macintosh personal computer. As described in the above sections this
data acquisition system will be used to collect once per minute the tracer gas injection rate, the
outside air, exhaust air, and supply air flow rates, and the supply and return air temperatures.
The accuracy of the data logger is + 0.2 % of reading. Data will be backed up on hard disc as
well as displayed in real time on the computer screen to facilitate monitoring of the test data
during the tests. Tracer gas data will be collected by a separate personal computer connected to
the chromatographs.

3.3 Task 3. QA/QC Measurements.

The QA/QC checks of the measurement system performance described in Sections 5.2.2
through 5.4.4.2 of the draft Standard 129. These QA/QC tests include the following tests:

5.2.2 Tracer Gas Analyzer Precision and Stability

5.2.3 Tracer Gas Analyzer Calibration

5.3.1 Tracer Gas Injection Rate Stability

5.3.2 Tracer Gas Injection System Leak Check

5.4.1 Sample Tubing Check

5.4.2 Grab Sampling Check

5.4.3 Time Integrated Sampling with Sample Bags Check
5.4.4 Representative Sampling from Airstreams Check

® & & @ & & © ©

These QA/QC tests will be conducted once prior to any of the test space air change
effectiveness measurements and once following the test space air change effectiveness
measurements.

3.4 Task 4. Well Mixed Chamber Tests.

We propose to conduct the well mixed chamber tests as described in Section 5.7 of the draft
Standard 129 four times as required in the RFP (Scope Item #3). We propose for these tests to
use a small cubicle chamber with an air volume of 2 m3. The size of this chamber will insure
that the air samples withdrawn from the test chamber must not exceed 0.01 chamber volumes
per hour as required in Section 5.7 of the draft Standard 129. The chamber is fabricated from
plywood and is lined on this inside with 6 mil polyethylene which is sealed with an adhesive
to the plywood to form an air tight enclosure.

We propose to supply the chamber with 1.0 air changes per hour of tracer free air at a constant
rate. The outside air and exhaust air ducts are three inch PVC pipe which has been specially
sealed to be air tight. Orifice plate differential pressures will be monitored with electronic
pressure transducers with analog outputs connected to the data acquisition system. The data
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acquisition system will read the orifice plate pressure drops once per minute in order to
provide a detailed record of the air flow rates into and out of the test chamber. A pair of
mixing fans in the chamber will be used to insure complete mixing of the tracer gas in the
chamber. As required in Section 5.7 of the draft Standard 129 the concentration of tracer gas
will be monitored at eight locations in the chamber selected to be in the centroids of eight equal
volumes of air. The tracer gas concentration will also be monitored in the exhaust air stream
using a multipoint air sampling manifold installed in the exhaust duct in a manner to insure a
representative sample of the tracer gas concentration as required in Section 5.4.4 of the draft
Standard 129.

All three sampling methods (i.e. direct, grab, and integrated bag samples) will be performed
simultaneously during the four repeated measurements of a tracer step up test and the four
repeated measurements of a tracer decay test. These tests will be completed prior to any of the
test space air change effectiveness measurements.

3.5 Task 5. Ten Repeated Step Up and Decay Tests.

We propose to conduct ten repeated step up and step down tests as described in Scope Items
#4 and #5 of the RFP. The test space and-instrumentation/equipment will be configured as
proposed in Tasks 1 and 2. All three sampling methods (i.e. direct, grab, and integrated bag
samples) will be performed simultaneously duri ing these repeated tests. Internal heat loads, all
air stream flow rates, and supply and return air temperatures will be kept constant for the
entire senes of tests within the limits specified in the draft standar