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ABSTRACT

Knowledge of air movement within a building is often a
condition for solving problems with the spread of pol-
lution. The internal airflow paterns are mostly very
complex and a survey of the airflow normally demands
that measurements are carried out.

Measuring equipment for defining air movement within
buildings almost always uses the tracer gas technique.
We have used two tracer gases and have kept a constant
concentration of these in the polluted and the clean
zones respectively. Thus enabling us to get a time
history of the airflow between the two zones. Concur-
rently, with measurements of the airflow between clean
and polluted zones, we have measured the concentration
of pollution components.

The article describes both the results from testing
the measurement method in an uninhabited test-house
and the results from field measurements in a house and
in a large factory building. From the results, the
accuracy of the measurement method and the relation-
ship between the calculated and actually measured
pollution concentrations are discussed.
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INTRODUCTION

Problems with the spread of pollution in buildings and
problems in calculating the concentration of the pollu-
tion source are often so complex that simple measure-
ment methods and common sense are not sufficient to
achieve the correct results. Such problems require
more advanced measurement techniques.

The tracer gas measurement methods are among the most
effective and flexible tools available when you want
to trace air movements. If you make use of several
tracer gases you will come a long way in understanding
the often very complex air movements in buildings. In
our investigations we have used a measurement equip-
ment capable of keeping a constant concentration of
tracer gas in up to 12 rooms and handling 2 different
tracer gases at the same time. With this equipment you
will also be able to register the pollution concentra-
tions and temperatures in the rooms.

The measurement equipment will calculate the outdoor
air-exchange and make current print-outs, whereas the
calculation of interzonal airflow must be done manual-
ly. In the following chapter the equations being used
for calculating the interzonal airflow are explained.
We are dealing with 2 different sets of equations,
each related to the 2 main types of measurements. When
performing the type of measurement we call split-mea-
surement we keep a constant concentration of tracer
gas A in one area of the building and a constant con-
centration of tracer gas B in the rest of the build-
ing. When performing the type of measurement we call
supplement~measurement the concentration of tracer gas
A is kept constant all over the building and in addi-
tion to this a constant concentration of tracer gas B
is kept in a limited area of the house.

We have carried out three measurements, two of which
are reported in the present text. One measurement in a
factory hall is not included, as we have not been able
to demonstrate any interzonal airflow between the
polluted and the clean area of the building.

Calculation of Interzonal Airflow.

In figure 1 the flows which can be calculated by the
split-measurement method are shown. The unknown values
are the 6 flows marked with arrows, and the known
values are the measured air-exchanges, concentrations
and volumes. During the measurement the concentration
of tracer gas A is kept constant in room 1, and the
concentration of tracer gas B in room 2. Tracer gas A
is not dosed in room 2, and tracer gas B is not dosed
in room 1.
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In figure 1 the 6 equations which are used for calcu-
lating the unknown airflow are stated. The 6 equations
derive from stating a mass balance for tracer gas A,
tracer gas B and the airflow for each room. The equa-
tion system is easily solved, especially if there is
stationary flow and you wait until all tracer gas
concentrations are stable.

Room 1 Dose A
q1o‘1ﬁ Vi Cia s 9
ST e (D
» 1B .
912 N
T
Hoom2—’ 7 : l Dose B
\// O q02
Y20 4] T .
y ————i V2()2A < B
B 28
Ny X Vg = qgq Fdyy x (1-CHp/Cyp)
ng X Vy = dgy ¥ dyp ¥ (17C1p/Chp)
Vy % dCyp/dt = gy ¥ (Cup=Cypl-dpy ¥ Cyp
Vy ¥ dCy,/dt = qqy x (C1a=Chp)=dgy X Cpp
910 T 91 T 921 T 912
920 T 9p2 T 912 T 921
n = measured air-exchange
vV = room volume
C = concentration of tracer gas
q = airflow
dC/dt = change in tracer gas concentration with

respect to time.

Figure 1: Equations for calculation of interzonal
airflow by split-measurements.
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When wusing the supplement-measurement method we only
have to calculate 4 unknown flows, as the flow of out-
door air into the two rooms is measured direct. In
figure 2 the 4 unknown flows are marked with arrows
out of and between the rooms. The known values are the
measured air-exchanges, concentrations and volumes.
During measurement a constant concentration of tracer
gas A is kept in room 1 and 2, and a constant concen-
tration of tracer gas B in room 2., Tracer gas B is not
dosed in room 1.

In figure 2 the 4 equations used for calculation of
the unknown airflow are stated. The 4 equations derive
from stating a mass balance for tracer gas B and for
the airflow for each room.

Room 1 Dose A
q”/{_ Vi Ca ViNia
'w____; Cis N
A2
r PN
: =
Room 2 { _7 i Dose A
L—  poseB Vv
q y q, , 2"2a
20 /i | ) \Y; / _
{ § 2 A /
\\l;——____._i n C —
B 28
(ng=n,,) x V, = qp5 % (1-C15/CHp)
Vy % dC p/dt = qy; x (Cyp=Cip)=V; X ny, X Coy
19 = V3 X 03 t 91 " 9
dyp = Vp X Dpp * dyy T 9y

Figure 2: Equations for calculation of interzonal
airflow by supplement-measurements.
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Measurement in Test-House.

As a control of the equipment a measurement was per-
formed in a test-house at the Thermal Insulation Labor-
atory. It is a two-storied house with the size of a
normal Danish one-family house. The measurements were
carried out on the ground floor which fonsists of twg
almost equal-sized rooms of 135 m and 142 m
respectively.

At first the leakage of the house was determined by
the constant concentration measurement method. Tracer
gas SF6 was used and the target for the tracer gas
concentration was 1 ppm. The measurement was running
during 12 hours and the following results were
achieved:

Basic air-exchange rate = 0.01 1/h
Mean value SF6 concentration = 1.01 ppm
Spread in concentration = 0.02 ppm

The basic ailr-exchange is much lower than normally for
Danish houses. However, in the test-house all joints
was sealed very carefully. The outdoor climate during
measurement of the basic air-exchange was:

Mean wind velocit 6 m/s

Yo
Temperature = -3,0

C

Then 3 ventilation plants were installed in the test-
house, two of which were used to ventilate the two
rooms with outdoor air and one to create an airflow be-
tween the two rooms. A plate orifice was installed in
3 of the ducts, enabling us to measure the exhaust
airflow from each room and the flow from room 1 to
room 2.

Four measurements were ©performed in the test-house
with 4 different flow between room 1 and 2. They were
all split-measurements and a concentration of the
tracer gas Flourcarbon-22 was kept at 10 ppm in room 1
(vestrum), and a concentration of the tracer gas SF6
was kept at 1.0 ppm, in room 2 (oestrum). All measure-
ments were running until all tracer gas concentrations
were stable. In figure 3 an example of measured tracer
gas concentrations and air-exchanges in the two rooms
during a period of 12 hours is shown.

340



rate in test-house during test No.

tion "Vestrum"”

3.
and room 2 is location

SETTINGS: GENERAL INFORMATION: COMBMENTS:
Sampling Interval: Cont. Start Time: 1991-02-16 20:00 Luftskiftet i oest- og vest-
Time bet. measurement 1570 s Stop Time: 1891-02-17 10:00 rummet.
Normalization temp.: 200 °C Compression time: None Infiltration ca. 30 m3/h.
Croas Compensation: No Warning: None
Tracer Gas Water Vapour Compens: Yes Data Edited: No DATABASE:  EXPHUS3
Measurement  Air Pressure: 101.30 kPa Resolution: 1% USERPRG: None
1.00
0.95 1
0.8 w
0.85 1
0.80 1
0.75 1
0.70 1
0.85 1
0.80 1
0551 -
0.50 =
0.45 1
0.40
0.35 1
0.30 1
0.25 1
0.20 1
0.15 1
0.101
0.05
0:.00 T T T T T T T
1891-02-16 1891-02-18 1891-02-17 1801-02-17 1881-02-17 1991-02-17 1991-02-17 1981-02-17
20:00 22:00 00:00 02:00 04:00 06:00 08:00 10:00
C Location: Measurement Line Scale Unit Room Voi. Mean val. Sprd. of c. p.
1 Vestrum Flourocarbon 22 —— 2E+01 ppm 13500 m® 9.90 ppm  2.87E-02 ppm
1 Vestrum Sulphur Hexaflouride——~ 5E-01 ppm 135,00 m® 2.52E-01 ppm 2.55E-03 ppm
1 Vestrum Air-change I 1E+02 m%h 135,00 m? 80.57 md/h 3.79 mah
SETTINGS: GENERAL INFORMATION: COMMENTS:
Sampling Interval: Cont. Start Time: 1991-02-18 20:00 Luftskiftet i oest- og vest-
Time bet. measurement 1578 s Stop Time: 1991-02-17 10:00 rummet.
Normalization temp.: 200 °C Compression time: None Infiltration ca. 30 m3/h.
Cross Compensation: No Warning: None
Water Vapour Compens: Yes Data Edited: No DATABASE: EXPHUS3
Alr Pressure: 101.30 kPa Resolution: 1% USERPRG: None
T e P
0.00 T T T T T T T
1891-02-16 1891-02-16 1801-02-17 1891-02-17 1991-02-17 1991-02-17 1891-02-17 1691-02-17
20:00 22:00 00:00 02:00 04:00 08:00 08:00 10:00
C lLocation: Measurement iLine Scale Unit Room Vol. Mean val. Sprd. of c. p.
7 Oestrum Flourocarbon 22 —— 5E+00 ppm 142.00 m? 2.27 ppm 1.54E-02 ppm
7 Oestrum Sulphur Hexaflouride-—— 2E+00 ppm 142.00 m® 9.89E-01 ppm 3.06E-03 ppm
7 Oestrum Alr-change I 2E+402 mdh 14200 m®  106.38 m3/h 3.98 md/h
Figure 3: Tracer gas concentrations and air-exchange

Room 1 is loca-
"Oestrum". The

plotted values are half-hour mean values.
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From the figure you can see that the tracer gas concen-
trations are very stable during the entire measure-
ment, but the air-exchange rates vary. E.g. from 3.00
to 7.00 a.m. the air-exchange is lower than the aver-
age air-exchange which is equal for both rooms. We
cannot explain any direct source to these variations.
They are probably caused by variable outdoor climate,
or changes in the ventilation fans' £flow caused by
variation in the mains voltage.

Table 1 shows a summary of the measurement results from
the test-house. At the measurement method "Tracer gas
corr." corrections are made for the set-off on concen-
trations measured from one channel to the other. E.q.
if you measure on a very high concentration of tracer
gas on one channel and afterwards on clean air on the
next channel, the gas monitor will read out a few per-
centage of the last measured high concentration. This
phenomenon we call the memory effect. How big the
memory effect is, depends on the ability of the specif-
ic gas to stick to the surfaces in the sampling sys-
tem. As for the tracer gas SF6 it is app. 3% and for
Flourocarbon-22 it is 4-5%.

Test Measurement Method. Flow m3/h
No. e e e e — e ———————
e e dro__ F20 T2 To1
Tracer gas 75 89 4 2
1 Tracer gas corr. 77 89 0 0
Pitot Tube 73 81 0
Tracer das 67 82 17 le
2 Tracer gas COrr. 69 81 12 15
Pitot Tube 72 75 i1
Tracer gas 70 88 26 24
3 Tracer gas CoOrr. 74 84 19 23
Pitot Tube 71 81 23
Tracer gas 68 87 32 31
4 Tracer gas COrr. 76 81 25 31
Pitot Tube 70 80 30

- v D T WD A T Y G Son D A AN G S e e e S T A S G KX G S S W T O G W0 i k. G G e G - -

Table 1: Flow measured with Pitot tube and tracer

gas in m~/h and 4 different interzonal airflows. In
fig. 1 you can see which flows are shown and how they
are calculated. At the measurement method "Tracer gas
corr." corrections for the memory effect in the mea-
surement system have been made.
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From the table you will find a mean difference of 4
m~/h in the measurements on tracer gas and Pitot
tube. The Pitot Tube measurements should result in
somewhat lower values than the tracer gas measure-
ments, as they do not compensate for airflow caused by
leak in the construction.

Measurement in a one-family house.

Measurements were carried out in a typically Danish
one-family house, see photo below. It is a one-storey
house inhabited by 2 adults and 1 child. In figure 4
you will see a plan of the house.
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Figure 4: Plan of house with room numbers, dosing
points and sampling points entered. During measure-
ments the doors between the hall and the two rooms
next to the living room were open.
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The measurements were carried out as supplement-mea-
surements. The tracer gas SF6 was used to measure the
flow of outdoor air into each separate room, and the
tracer gas R-22 was used to measure the total airex-
change in one individual room, = as well the outdoor
air entering direct from outdoor as the outdoor air
entering from adjoining rooms. At this measurement
especially the airflow to Main bedroom and Livingroom-
Kitchen was examined. In addition to the measurement
of airflow, the concentrations of carbon dioxide in
the rooms and the temperatures in- and out-door were
registered.

Below is shown a photo of the measurement equipment
set-up in one of the guestrooms in the house. All tube
connections to the equipment were placed so that the
family was able to live as always in the house, and we
asked the famlly to act as they used to with regard to
airing and opening and c1031ng of internal doors.

In figure 5 you will see the total air-exchange as
function of time. Especially the most variable air-
exchange is significant, and this is typically for a
naturally ventilated house (ref. 1 and 2), with a very
low air-exchange during night and some peaks during
the day caused by airing.
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PO0O0O00O0O00O00ODLOOODO =
885388888428 35EEEER

1991-06-14  1981-06-156  1801-06-16  1891-06-17  1991-068-18  1881-068-19  1891-06-20  1891-06-21 1691-08-22

00:00 00:00 00:00 00:00- 00:00 00:00 00:00 00:00 00:00
C Location: Weasuroment Line Scale Unit Room Vol. bin.Val. Max.val. tdean val. of c.p.
W Weighted mean Air-change ™ 1E+01 h-1 278.10 m® 3.056-02 h-1 7.48 h-1 7.386-01 h-1
5 Hall Temperature - 5E+01 °C 72.00 m® 19.15 C 2295 C 2056 C
2 ‘Bedroom Temperature —-- B5E+01 °C 23.00 m® 685 C 21,45 C 13.27 C
Figure : The air-exchange in the house and in- and

out-door temperatures as function of time.

In the upper plot of figure 6 "C 4" states the mea-
sured airflow of outdoor air into the main bedroom,
and "C 10" states the total measured air-exchange in
the same room. The equations in figure 2 have been
used to calculate the flow from the hall into the main
bedroom during the period from 11 p.m. to 8 a.m. The
flow calculated is shown in the upper plot.

On the second plot you can see how the air from the
bedroom is circulated to the rest of the house, and
e.g. a low air-exchange between the main bedroom and
the livingroom/kitchen is seen.

If you compare the three graphs in the figure you will
see that the door between the main bedroom and the
hall has been left open from 1 p.m. to 5 p.m., then it
has been closed until 11 p.m., and then again it has
been partly open during the night.

At some occasions it could be very useful to combine
measurement of air-exchanges with measurement of pollu-
tion concentrations, as this will give you the possi-
bility to determine the source strength of a pollutant
in a certain room. In this example we will calculate
the produced volume of carbon dioxide during the night
in the main bedroom.
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50.00 1
40.00 -
30.001
20.00 1
10.00 1
0.00 T
1991-08-16 1991-06-168 1991-08-16 1891-06-18 1991-08-16 1891-08-17 1891-06-17 1891-06-17 1991-068-17 1891-08-17
09:00 12:00 15:00 18:00 21:00 00:00 03:00 06:00 09:00 12:00
C Location: Measurement Line Scale Unit Hoom Yol.
4 Main bedroom Alr-change _e 1E+00 m®/h 34.00 m®
10 Main bedroom  Air-change ™= 1E+00 mMh 34.00 m*®

1 Userindex 1 Calculated _I=1 1E+00 m3/h
12.00 1
10.00 1
8.00 1 .
8.00 1
4.00 1
2.00 1
0.00
1891-08-16 1991-06-16 1991-08-18 1991-08-16 1961-068-18 1891-08-17 1991-08-17 1991-06-17 1801-08-17 1991-08-17
09:00 12:00 15:00 18:00 21:00 00:00 03:00 06:00 089:00 12:00
C Llocstion: Measurement Line Scale Unit Room Yol. Mean vel. of c.p.
1 Scullery R22 1E+00 ppm 14,00 m® 1.52 ppm
2 Bedroom R22 - 1E+00 ppm 23.00 m*® 3.04 ppm
3 Bathroom R22 ---- 1E+00 ppm 8.10 m? 3.90 ppm
4 Main bedroom R22 —— 1E+00 ppm 3400 m® 9.59 ppm
5 Hall Ra2 e 1E400  ppm 72.00 m® 3.63 ppm
8 Livingroom-Kitc R22 ~~—- 1E+00 ppm  127.00 m® 1.44 ppm
2500.0
2000.0 1
1500.0
1000.0 1
500.0 -
0.0 T T T T T T T T T
1891-06-18 1981-08-16 1891-06-16 1991-08-18 1981-06-16 1991-08-17 1991-06-17 1991-08-17 1991-06-17 1891-08-17 1991-08-17
09:00 12:00 15:00 18:00 21:00 00:00 03:00 08:00 09:00 12:00 15:00
C Location: Measurement Line Scale Unit Room Vol. Max.vai. Meoan val. of c.p.
4 Main bedroom Carbon Dioxide ~——— 1E+00 ppm 34.00 m® 2.868E+03 ppm  1.46E+03 ppm
5 Hall Carbon Dioxide --—- 1E+00 ppm 72.00 m® 1.53E+03 ppm 1.08E+03 ppm
Figqure 6: Airflow into main bedroom, tracer gas

concentrations in the house and
trations in the bedroom and the hall.
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The equation used to calculate the source strength of
a pollutant in the room is:

™

Fip = Vy x dClP/dt + q01(C1P~400) + dyq X (Cyp-Chyp)

FlP is the source strength of pollution in
room 1.
Vl is the volume of the room.

dClP/dt is change in pollution concentration with
respect to time.

991 is flow into room 1 from outdoor.

Gy is flow into room 1 from adjoining room.

ClP is pollution concentration in room.

CZP is pollution concentration in adjbining
Yoom.

A somewhat easier way to calculate the carbon dioxide
production is to use the following simplified equation:

blP = Vl X ng X (C1P - 400)
ng is the total measured air-exchange in the room

{the graph C 10).

However, this equation has its limitations, especially
because it assumes that the carbon dioxide concentra-
tions and the R-22 tracer gas are equally spread all
over the house. Especially at the beginning of the
night this is not true. The result of the calculations
using these two ecquations can be seen in figure 7.
Calculation of the production wusing the first-men-
tioned equation is shown as "User index 2", and calcu-
lation using the second equation is shown as "User
index 3".

From figure 7 it appears that the calculated produc-
tion is varying during the night from 25 1/h to 30
1/h. The expected production from 2 adults is 38 1/h
in the first hour of the night and 26 1/h the rest cof
the night {(ref. 3).
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0.90 1
0.801
0.70 4
0.80 1
0.50 -
0.40 1
0.301
0.20 1
0.101
0.00

- 0.10

i T T i T T T 1 T

1981-06-16 1991-08-168 1991-06-16 1991-08-16 1091-06-16 1891-08-17 1991-08-17 1991-068-17 1991-08-17 1991-06-17
09:00 12:00 15:00 18:00 21:00 00:00 03:00 08:00 09:00 12:00

C Location: Mersurement Line Scale Unit Mm Vol. Max.val. Meoan val. of c.p.

4 Main bedr.oom Carbon Dioxide

5E+03 ppm 34.00 m® 2.66E+03 ppm  1.48E+03 ppm

2 Userindex2  Calculated I BE+04 3.08E+04 1.78E+04
3 Userindex3 Calculated L BE+O4 3.23E+04 1.83E+04

Figure 7: Carbondioxide concentration in main bed-
room and the calculated production in the main bed-
room. "User index 2" and "User index 3" show produc-
tion of Carbondioxide in ml/h. "User index 3" shows
calculation using the simplified equation.

In figures 8 and 9 the data are shown for a 24-hours
period with a constant concentration of the tracer gas
R-22 in the 1livingroom/kitchen. As in figure 6 you
will also here see the low air-exchange between
livingroom/ kitchen and the rest of the house. Only
twice during the day you find the door between the two
rooms open for a longer period.

80.00
70.00 1
60.00
50.00
40.00 1
30.00 1
20.00

10.00 4

0.00

L T T T T T i 1 1

1991-08-18 1991-06-18 1991-08-18 1991-06-18 1991-06-18 1991-068-19 1991-06-19 1991-08-10 1991-06-19 1881-06-19
09:00 12:00 15:00 18:00 21:00 00:00 03:00 06:00 09:00 12:00

C Location: ifeasurement Line Scale Unit Room VYol. Mean val. of c.p.
8 Livingroom-Kitc Air-change _ite 1E400 mih  127.00 m® 27.68 m3/h
12 Livingroom-Kitc Air-change " 1E+00 m%h  127.00 m? 34,28 m3/h

Figure 8: Airflow into the livingroom/kitchen.
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12.00 1
/‘\\
10.001 S U RS ~ // S e —— ~
8.00 1
8.00 1
4.00
2.00
0.00 T T T T T T T T T
1891-08-18 1991-06-18 1991-08-18 1991-06-18 1981-06-18 1891-08-19 1881-06-18 1891-08-19 1861-08-18 1891-06-18
09:00 12:00 15:00 18:00 21:00 00:00 03:00. 08:00 08:00 12:00
C Location: Measurement Line Scale Unit Aoom Yol. Mean val. of c.p.
1 Scullery RZ2 e 1E+00 ppm 14.00 m® 1.80 ppm
2 Bedroom R22 -~ 1E+00 ppm 23.00 m® 3.29 ppm
3 Bathroom Re2 ---- 1E+00 ppm 8.10 m? 2.86 ppm
4 Main bedroom R22 —— 1E+00 ppm 34.00 m® 3.65 ppm
5 Hall R22 we- 1E400 ppm 72.00 m® 4.15 ppm
8 Livingroom-Kitc R22 -—~- tE+00 ppm  127.00 m® 8.91 ppm
Figure 9: Tracer gas concentrations in the house.
5. Conclusion,

The most exiting results from the performed measure-
ments are the capability of the measurement method to
determine the source strength of a pollutant placed in
a certain room. The possible applications for this
type of measurements are many, a.o. determination of
the strength of a humidity source in houses or to
calculate production rate of pollution in the industry.

The measurements carried out also prove that the mea-
surement method gives reliable results of interzonal
airflow, although we have not adduced any real proof
of the accuracy of the measurement method. In order to
evaluate the accuracy of the measurement method we
have to compare this with a more precise reference
than the test-house. Therefore, we are not able to
decide whether it is a good idea to correct the mea-
sured tracer gas concentrations before they are used
to calculate the interzonal airflow.

When calculating the production of carbon dioxide in
the main bedroom the accuracy was surprisingly high,
in fact much better than could be expected, as the
calculated strength of the source deviated less than
10% from the expected values.

349




References.

B. Kvisgaard, P.F. Collet, J. Kure,
"Research on Fresh-air Change Rate: 1",
Technological Institute, Copenhagen, 19285

Bjgrn Kvisgaard and P.F. Collet, "The User's
Influence on Air Change", pp67-76 in "Air Change
Rate and Airtighitness in Buildings" by M.H.
Shermann, STP 1067, ASTM, March 1990.

J. Pejtersen, G. Clausen, J. S¢rensen, D.
Quistgaard, G. Iwashita, Y. Zhang, T. Ouishi and
P.0. Fanger, Laboratory of Heating and Air Condi-
tioning, Technical University of Denmark. ’
"Air Pollution Sources in Kindergartens", Healthy
Buildings, IAQ 1991, Washington, September 1991
(submitted) .

Bjgrn Kvisgaard, P.F. Collet

"Constant Concentration Measurement with 2 Trac-
ers", Paper 10 of Proceedings of the 9th AIVC
Conference, vol. 1, 1988.

350





