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Air flows in dwellings—simulations and measurements
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Abstract

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 and calculations
were performed to determine the variation in ventilation rates due to variation in climate and variation in performance of the ventilation
system. Dwellings with passive stack, mechanical exhaust and mechanical exhaust-supply ventilation, representative of the Swedish
housing stock, were studied. Diagnostic tests were carried out, to discover if the installed ventilation system was functioning as designed
e.g. air flows in mechanical ventilation systems and to determine certain values e.g. airtightness. The continuous monitoring included
tracer gas measurements in dwellings of overall and local (individual rooms) ventilation rates, and measurements of boundary conditions,
during three different periods, each lasting 1-6 days. Predictions of air flows were made for the measuring periods using COMIS, a
multi-zone network model. This article presents and discusses the measurements and the calculations and compares the two. The
predicted and measured average total outdoor air ventilation rates agree reasonably well. The agreement is less good for individual rooms.
© 1999 Published by Elsevier Science S.A. All rights reserved.
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1. Introduction 5. application of the developed design tool on typical
dwellings.
This article presents results from phase 2 and 3, which

were carried out during 1995.

The overall scope of IEA Annex 27 ‘Evaluation and
Demonstration of Domestic Ventilation Systems’ is to
establish a general evaluation tool, which makes it possible
to pre-evaluate the overall performance of different venti-
lation 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,

2. The dwellings tested

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. The work is divided into:

1. numerical simulation of ventilation in typical dwellings

2. measurements in representative dwellings

3. numerical simulation of measured dwellings and com-
parison with the measurements

4. development of a design tool for determining the relia-
bility of a ventilation system

- Corresponding author. Tel.: +46-40-108266; Fax: +46-40-108201;
E-mail: ake.blomsterberg@malmo_jacwid.se

The dwellings which were examined in this project
represent typical Swedish buildings. They are representa-
tive as to building technology, size of the building and
ventilation system (see Figs. 1 and 2).

Important criteria, when choosing the dwellings, were
type of ventilation, year of construction, and number of
storeys (see Table 1).

The dwellings with passive stack ventilation have ex-
haust 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 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
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Table 1
The tested buildings

Ventilation system  Year of Number  Floor Remark
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Fig. 1. Year of construction and ventilation system for the Swedish
one-family housing stock [11].

and laundry-rooms and outdoor air supply to the other
rooms through outdoor air vents near windows. The tested
one-family house does not have any outdoor air vents.
Space heating is provided for by radiators located below
windows.

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. The dwellings are
equipped with radiators for space heating and with heat
recovery.

3. Methods
3.1. Introduction

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

—~measurements in order to determine air flows in ducts

of mechanical ventilation systems

—pressurization in order to determine airtightness of

building envelope and ducts

~IR-scan in order to determine location of the leakage

paths

—measurements of size of air terminal devices in passive

stack ventilated dwellings
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Fig. 2. Year of construction and ventilation system for the Swedish
multi-family housing stock [11].

construction  of storeys area

(m?)

Apartment building
Balanced 1988 4 120  Ground floor
114  Top floor

Exhaust 1990 3 58 Ground floor
50  Top floor

Passive stack 1955 3 56 Ground floor
55  Top floor

One-family house

Balanced 1991 11/2 128 Crawl-space

Exhaust 1976 11/2 160  Slab on grade

Passive stack 1958 1 114 Basement

The actual monitoring phase (during a winter,
spring/fall and summer period) included:

—constant concentration tracer gas during 1-6 days to

determine hourly variations in ventilation rates in unoc-

cupied dwellings.

—passive tracer gas in order to determine monthly aver-

ages of ventilation rates in occupied dwellings. These

measurements are not presented in this article.

During the monitoring phase 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

Simulations of the air flows during the monitoring
phases were made using COMIS, a multi-zone network
model.

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 [10] 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 ventilation. Rooms with separate ventilation such as
boiler rooms and garages were disregarded. The estimated
inaccuracy in the measured airtightness is + 10%.

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
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Fig. 3. Measured airtightness of tested buildings compared with estimates for the Swedish housing stock (‘Typical’). Ap = apartment, Ho = house,
ps = passive stack ventilation, e = mechnical exhaust ventilation, b = mechanical balanced 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 [3]. 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 [1,8]. These air flows were measured
at the air terminal devices, with an anemometer fitted with
a hood. The estimated inaccuracy for the measured exhaust
air flows is +5% + 0.5 1/s and for the measured supply
air flows +7% + 0.5 1/s.

The short-term measurements in the dwellings tested
were carried out using the constant concentration tech-
nique in order to evaluate hourly variations in the total and
individual room ventilation rates [2]. The outdoor air venti-
lation is obtained directly. The supply of outdoor air to
several individual rooms simultaneously is monitored con-
tinuously, i.e. outdoor air which enters an individual room
directly instead of first passing through an adjacent room.
The estimated inaccuracy in the measured outdoor air
ventilation rate is +8% + 0.5 1/s.

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 mea-
surements can be varied from 15 min to 360 days. The
estimated inaccuracy is +0.5 K.

3.5. Simulations— input

Average pressure coefficients were determined using
values from wind tunnel measurements [9,4]. Each fagade
was given an average value, as it is very difficult to
determine pressure coefficients for individual openings,

whose location are uncertain anyway. The shielding condi-
tions in different directions were considered when choos-
ing the pressure coefficients. The ceiling was given the
pressure coefficient 0.0, as being well shielded by the roof.
The total ventilation rate is not very sensitive to this
pressure coefficient. Calculations for the dwellings tested
show that, if the pressure coefficient is —0.25 instead of
0.0, then the change in total ventilation rate will be in the
range of 3%. For the passive stack ventilated dwellings,
the pressure coefficient at the top of the passive stacks was
assumed to be —0.3 [9]. A previous study showed that this
pressure coefficient is important. A reduction to 0.0, re-
duced the total ventilation rate by 15% at a wind speed of
2.1 m/s [2]. Wind direction and velocity were measured at
a weather station 10 km from the site. Local wind condi-
tions were calculated by COMIS, taking building height
and surrounding buildings into account.

The dwellings were divided into different zones where
each room is equal to a zone. This was done in order to be
able to better compare with the constant concentration
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Fig. 4. Comparison between measured and predicted average total out-
door air ventilation rates in the passive stack ventilated dwellings.
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FLAT. GROUND FIOR The air leakage of the building envelope is based on the
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950210 15:00 - 950213 2:00 results from a fan pressurization/depressurization test
60 combined with an IR-scan of the entire dwelling. The air

leakage of the entire dwelling is described with a power
function. The average value of the pressurization and
depressurization test was used, as the leakage paths are
likely to experience positive and negative pressure differ-
ences.

The result of the IR-scan and knowledge of the con-
struction technique was used to determine the location of
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Fig. 5. Measured and predicted outdoor air ventilation rates for the
passive stack ventilated apartment on the ground floor. The top figure WEATHER CONDITIONS
shows the total ventilation, the middle one shows the ventilation of
individual rooms and the lowest one shows the weather.
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tracer gas measurements. The indoor temperatures were 4
measured and stored as hourly averages. Most doors were
closed. The leakage through an open door was calculated
using the standard equation for a non-ideal sharp-edged 2
orifice. The open door was usually divided into two leak-
age paths at 1 /4 and 3 /4 of the door’s height. For closed

°C OR M/S
w

doors the geometry of the crack round the doors was 0

: : : ; g 8 88 8 888 8 88 8 8 8 8 8
measured. Using the basic equations for fluid flow [5,6] S 6 3 -9 3 838 N8 S <38 g8 @
through ducts and obstructions a power function was deter- [= TEMPERATURE — - — -WiND SPEED |

mined describing the air flow through the closed door. The ) i . o
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simulated, as the main interest was to study the interaction
between air flows and the building envelope. For each air
terminal device a fixed flow was given based on measure-
ments. For the dwellings with passive stack ventilation, the
stacks were simulated as zones with openings in the
bottom and at the top. The flow resistance of the duct part
of the passive stacks was included as a single resistance.
------- - a— The characteristics of the exhaust air terminal devices in
the passive stack systems, were taken from data supplied
by the manufacturer and from laboratory measurements.

950302 10:00 - 15:00

(23
o

w
o

S
[=)
!
|
|

N
o

AIR FLOW RATE [1US]
(&)
o

=
o
|
|
|

(=]

10.00 11.00 12.00 13.00 14.00 15.00
MEASURED . — . - coms 4. Results

4.1. Airtightness
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The average airtightness of the tested apartments is 2.3
air changes per hour (at 50 Pa), compared with 6.0 for the
tested one-family houses. In a previous study the airtight-
ness as a function of year (~1940, 1941-1960, 1961-1975,
1976-1988) of construction was presented [7]. Most of the
tested buildings are fairly representative for their year of
3 construction, with the exception for the apartments with
L KIT BED HAL passive stack and exhaust ventilation. The tested apart-
[BMEASURED SUM = 21.7 /'S BCOMIS SUM = 20.0 US | ments with passive stack ventilation are much tighter and
the ones with exhaust ventilation leakier (see Fig. 3).
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Fig. 7. Measured and predicted outdoor air ventilation rates for the
passive stack ventilated one-family house. The top figure shows the total

ventilation, the middle one shows the ventilation of individual rooms and EXHAUST SYSTEM
the lowest one shows the weather.
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the total outdoor air ventilation varies between 27 1/s (0.6
ach) and 52 1/s (1.4 ach) (see Fig. 5). During this period
the outdoor temperature varied between —9°C and + 4°C,
and the wind between 0.7 m/s and 6 m/s. Simulations
and measurements show hourly variations in the total
ventilation rate of the same magnitude, but not always at
the same time. For the apartment on the ground floor the
simulations indicate a temperature dominated ventilation,
while the measurements indicate more of a wind domi-
nated ventilation (see Fig. 5).

The outdoor air ventilation rates are very different for
different rooms (see Figs. 5-7) and is e.g. too low in the
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Fig. 9. Measured and predicted outdoor air ventilation rates for the
exhaust fan ventilated apartment on the ground floor. The top figure
shows the total ventilation, the middle one shows the ventilation of
individual rooms and thc lowest one shows the weather.
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Fig. 10. Measured and predicted outdoor air ventilation rates for the
exhaust fan ventilated apartment on the second floor. The top figure
shows the total ventilation, the middle one shows the ventilation of
individual rooms and the lowest one shows the weather.

bedrooms of the one-family house (see Fig. 7). The dis-
agreement between predictions and measurements is fairly
large for some individual rooms e.g. the kitchen in the
apartment on the ground floor.

4.1.2. Exhaust ventilation

The agreement between simulations and measurements
of the average total outdoor air ventilation rates for the
measuring periods is good (see Fig. 8). The predictions
vary between an overprediction of 8% and an underpredic-
tion of 8%.

The continuous measurements of the overall outdoor air
ventilation in two apartments show some variation over



time in the ventilation rate (see Figs. 9 and 10). For the
apartment shown this is probably due to fairly leaky
exterior walls. The average measured ventilation rate was
27 1/s (0.75 ach). Both predictions and measurements
show a slight variation in total ventilation rate. It is
difficult to determine whether the variations are correlated
to each other or not.

The outdoor air ventilation rates of individual rooms
show some rooms to have too low a ventilation rate e.g.
bedroom 3 and 4 upstairs in the one-family house (see Fig.
11) and some rooms to have too high a ventilation rate e.g.

A. Blomsterberg et al. / Energy and Buildings 30 (1999) 87-95 93
EXHAUST/SUPPLY SYSTEM
80

g OMEASURED

s BCCMIS

=

<

;40

9

230

4

<

%30

T}

F10

w

2

o |

SINGLE FLaT FLAT
FAMILY GROUND THIRO
HOUSE FLOOR FLOOR
WINTER WINTER YWINTER

the kitchen in the apartment on the second floor (see Fig.

SINGLE FAMILY HOUSE
EXHAUST SYSTEM
950224 10:00 - 17:00

[*2]
o

8
i

{
[
{

|
|
|
|
|

AIR FLOW RATE {LIS)
w
S

-
o
|
)
|

0
10.00 11.00 12.00 13.00 1400 15.00 16.00 17.00

[ MEASURED — - — - COMIS |

20 feas= e e

o
I
|
|
|
|
H
|
|

]

i
St}
DA

{ B

AVERAGE AIR FLOW RATE {L./S}

—
x a 2 2
w w = =

3] @ = = 3

X
EMEASURED SUM = 453 US @COMIS SUM =490 US ]

|

AD
BE3

WEATHER CONDITIONS .
5 DIRECTION
a
5
215 Qp
4| 196
[72]
= 20
x 3
(o]
Qe 2
1
0

1000 1100 1200 1300 1400 1500 1600 1700
| —___TEMPERATURE _  _._ VMIND SPEED

Fig. 11. Measured and predicted outdoor air ventilation rates for the
exhaust fan ventilated one-family house. The top figure shows the total
ventilation, the middle one shows the ventilation of individual rooms and
the lowest one shows the weather.

Fig. 12. Comparison between measured and predicted average total
outdoor air ventilation rates in the dwellings with mechanical exhaust and
supply ventilation.

10). The agreement between predicted and measured venti-
lation rates is for most rooms good.

4.1.3. Balanced ventilation

The agreement between simulations and measurements
of the average total outdoor air ventilation rates for the
measuring periods is good (see Fig. 12). The predictions
vary between an overprediction of 26% and an underpre-
diction of 4%.

Both apartments have an almost constant outdoor air
ventilation due to a high level of airtightness (see Figs. 13
and 14).

The measured (tracer gas) ventilation rates of individual
rooms, in the dwellings with balanced ventilation, agree
well with the measurements of the air flows through the
supply air terminal devices (Fig. 15). The exfiltration is
very low, as the building envelopes have a good level of
airtightness. Therefore the predictions should agree well
with the tracer gas measurements and so they do.

5. Conclusions

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 pre-
dicted and measured average total outdoor ventilation rates
agree reasonably well. The hourly variations often dis-
agree. For individual rooms the predicted and tracer gas
measured outdoor air ventilation rate can be very different.

The exhaust ventilated dwellings had a reasonably con-
stant outdoor air ventilation rate over time. The ventilation
rate would have been more constant, if the dwellings had
fulfilled 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 fulfilled e.g. the airtightness re-
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quirements of the Swedish Building Code and had outdoor
air vents, then the distribution of outdoor air to individual
rooms would have been better. The agreement between
predicted and tracer gas measured average total ventilation
rates is good. For individual rooms the agreement is less
good.

The dwellings with balanced ventilation had,over time,
an almost constant outdoor air ventilation rate. This was
due to the fact that the air leakage of the dwellings was
very low. The dwellings fulfilled 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 agreement be-
tween tracer gas measured and predicted outdoor air flows
was good.

The difference between measurements and simulations
can probably be explained by the inaccuracy in the tracer
gas measurements of the air flows and the inaccuracy in
the inputs to the simulations (distribution of leakage paths,
characteristics of individual leakage paths, pressure coefti-
cients, local wind speed and direction). An important
factor for the exhaust ventilated dwellings is that as input
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Fig. 14. Measured and predicted outdoor air ventilation rates for the
balanced ventilated apartment on the second floor. The top figure shows
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Fig. 15. Measured and predicted outdoor air ventilation rates for the
balanced ventilated one-family house. The top figure shows the total
ventilation, the middle one shows the ventilation of individual rooms and
the lowest one shows the weather.

for the exhaust air flows through the air terminal devices
measured values were used. The good agreement between
predicted and measured (tracer gas) average total outdoor
air ventilation rates can partly be explained by a good

agreement between tracer gas measurements and measure-
ments of exhaust air flows at the air terminal devices. For
the balanced ventilated dwellings both measured exhaust
and supply air flows through the air terminal devices were
used as inputs.

6. Future work

Predictions will be made for the periods with passive
tracer gas measurements in occupied dwellings.
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