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This papa presems a simpl(fied theoretical wrµlysis of 1he co11.'<111111 tracer flow technique and a 
quantitcwi-e estimate' of the accuracy when 1he i;e111ilu1iun 11ir j /1111• rate is co11s1ant. A system ll'ith 
a stable prf!ssure re9t1lator ll'QS used w keep 1he 1rw:1tr gas } loll' mte cunstant. A 1111111ber of tests 
were curried out in a11 u11occ11pied i11d11nr test hrm:te with 1·er11 il1111on air Jlv•I' rates k11ow11 with an 
accurac.1· of 2%. The aim of the tests was to explore the effect of incomplete. mixinq, The tests 
were carried out bo1h with and without artificial mixing. Simultaneous measurements ll'ere curried 
out with the constant concen1ra1ion technique. Finally. the entries in the sv-ca//ed :-matrix were 
determined by moving the tracer gas source from room to room . 

NOMENCLATURE 

a ratio between amplitude and mean-value 
b,1 elements of the flow matrix Q 
c concentration 
c column matrix (vector) whose elements are the 

chamber concentrations 
c( co) equilibrium concentration 

m flow rate of contaminant or tracer gas 
Pp; probability of a particle released at chamber i to pass 

into chamber p 
q total volumetric flow rate of air supplied to the system 
ij mean volumetric flow rate 
Q flow matrix 

UP purging flow rate in room p 
V volume of system 
t time 

T time of integration 
TP time period 
V volume matrix, whose entries are the chamber vol-

umes 
X fraction of total supply air flow (X ~ l) 
Y fraction of total extract air flow (Y ~ !) 
P factor representing the state of mixing or secondary 

flow 
fc mean age of gas when it leaves the house 
'• nominal time constant of ventilation system, 

'• = V/q 
f 0 mean nominal time constant based on the mean flow 

rate q(f, = (V/ij)] 
T T-matrix. r = Q- 1v 

Subscripts and other symbols 

0 system-average 
refers to estimated quantity 
refers to non-dimensional quantity 

1. INTRODUCTION 

THE TRACER gas techniques generally provide the only 
direct measure of the total flow rate of outdoor air to 
houses. Based on physical principle we can distinguish 
between the following three methods (quantity they pre
dict given in parentheses) . 
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The decay rate method (total flow rate). 

The constant flow method (total flow rate). 

The constant concentration method (indi\·idual flow 
rates to rooms) . 

Of these three methods the decay method is the one that 
requires least effort and is therefore the most popular. 
The constant concentration method is an accurate 
method but requires a fairly sophisticated control system 
which involves expensive equipment. The accuracy of 
both methods has been dealt with in several articles. 
Results from measurements in a controlled environment 
are reported in [l] . 

Most houses in the world are ventilated by natural 
ventilation which implies that one has a time-varying 
flow rate. Therefore. measurement on one occasion pro
vides very limited information. The decay method pro
vides a short-term measurement of the total ventilation 
rate, usually of the order of a few hours, and this method 
is not used for continuously monitoring the flow rate. 
However, there are measuring systems which are based 
on repeated use of the decay method at regular intervals 
in order to be able to assess time-varying flow rates. 

The constant concentration method can be used for 
long-term measurements but this requires that one ties 
up expensive equipment for a long time . 

During the last few years the constant flow technique 
has become a very popular method. This great interest 
stems from the introduction of miniature tracer gas 
sources and miniature passive capillary adsorption tube 
samplers (PFT method. see e.g. [2]) . With miniature 
tracer gas sources the tracer is kept in liquid form in a 
small bottle and the release of gas is by evaporation 
through a permeable membrane. 

The accuracy ofa tracer gas method depends on several 
factors. One factor is of course Lhe accuracy of the 
method used for sampling and analysing the tracer gas. 
Another factor. and one which is a frequently overlooked 
source of error. is the state of mixing of both the air 
and the tracer gas within the ventilatcu space. Bolh the 
constant flow technique and the decay methou require 

... 
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that there is complete mixing throughout the whole space. 
The constant concentration method requires uniform 
mixing within each separate zone. For the meaning of 
uniform and complete mixing, see Section 2. 

A source of error that may arise in connection with 
the use of the constant A.ow technique is a non-constant 
rate of release during the measurement period. When the 
release of the gas is by evaporation through a membrane 
then the release rate is dependent on the temperature 
and probably also on other factors such as air speed, 
turbulence intensity, and orientation of the source. 

In this article the results of two studies are reported. 
In the first study the accuracy of the constant flow tech
nique was explored under the following conditions. Dur
ing the experiment the ventilation air flow rates were 
controlled and kept constant, and the release rate of the 
tracer gas was also kept constant. This enabled us to 
determine the errors due to incomplete mixing. 

In the second study the source of the tracer gas was 
moved from room to room and by doing this it was 
possible to determine the entries in the inverse of the fl.ow 
matrix. 

2. TERMINOLOGY 

In this section we shall assume that we have steady
state both with regard to the ventilation air ft.ow rate and 
to the release rate of contaminants. First we will remind 
the reader of the meaning of the concept of age. The age 
of the air at a panicular point within the room is the time 
that has elapsed since the air entered the room. Not all 
"air molecules" arrive at a point at the same time and 
therefore the age is characterized by a statistical age dis
tribution. A statistical distribution is characterized by a 
whole range of parameters; mean value, variance etc. 
The most important one in this context is the mean value, 
that is to say the mean age. Age distributions are defined 
for what in statistical jargon are called populations. We 
can consider the population of air within a small region 
of a room (a point) characterized by its local mean age. 
The other extreme is the total population of air, that is 
to say the total mass or volume of air present within the 
space. The mean age of all air in a room or house is 
directly related to the time it on average takes to replace 
(exchange) the air present in the room. Other populations 
of interest are the population of air entering or leaving 
the room or house. The nominal time constanr. r0 , of a 
ventilation system is defined as: 

(1) 

where: q = total ft.ow rate of outdoor air entering the 
house: V = total volume. 

The physical meaning of the nominal time constant is 
limited to be equal to the average age of the air leaving 
the room or house. This is the same as the average period 
of time that the supplied air will stay in the room. 

We will make a distinction between uniform mixing 
and complete mixing of air and contaminants. The mix
ing of the air within a building is said to be complete 
when the mean age of the air at all points within the 
building is equal Lo the nominal time constant. For a 
contaminant or tracer the mixing is complete when the 

stationary concentration is the same everywhere. Within 
a given room or zone of a building the mixing is said to 
be uniform when the mean age of the air is the same at 
all points within that part of the building. However. the 
mean age of the air in the latter case is not necessarily 
equal to the nominal time constant. 

In general. the mixing within a building is not 
complete. However. when the supplied air has a tem
perature which is lower or equal to that of the room air 
temperature then the mixing very often becomes close to 
uniform within each room, but differs from room to 
room. In a two-storey house the mixing is often uniform 
within each floor but there is a marked difference between 
the lower floor and the upper floor. When the supplied 
air is heated up the mixing very often becomes strongly 
non-uniform, even within individual rooms. 

3. BASIC THEORY 

The principle behind the constant ft.ow technique for 
predicting the total ventilation flow rate is very simple in 
cases when we have complete mixing of both air and 
tracer gas and the fl.ow rate is constant. We continuously 
inject tracer gas with a constant rate, m, and the ven
tilation air flow is then calculated from: 

mT 
q = • r c(t) dt 

(2) 

where Tis the total measuring (integration) time. 
When we do have a constant steady-state con

centration c( oo) the above expression in fact becomes 
simply: 

m 
ij = c( cc)' (3) 

At complete mixing c( :c) = (miq) at every point and 
therefore ij = q. However. if we do not achieve complete 
mixing then the situation is no longer so simple. It is 
often claimed in the literature that in this situation one 
can insert the room average concentration into Equation 
(2). However, from the theoretical point of view this 
statement is not correct. but. nevertheless, it is often a 
fairly good approximation method. The room average 
equilibrium concentration obtained, < c( ~)), is directly 
proportional to the mean age of the gas, f". when it leaves 
the ventilated space [3]: 

m 
<c(:c)) = f" v· (4) 

In cases when we have a situation with complete mixing 
of both air and tracer gas. the mean age of the tracer gas 
when it leaves the ventilated space is equal to the nominal 
constant, t 0 • 

In general, the mean age of the contaminant. f", can 
be greater or smaller than the nominal time constant. 
Therefore, based on the room-average concentration, the 
calculated ft.ow rate may be smaller or greater than the 
correct ft.ow rate. 

In the general situation we may have both incomplete 
mixing within the ventilated spa1.:e and a time-varying 
A.ow rate. With time-varying flow rate there are three 
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alternative ways of using the concentrations in order to 
assess the flow rate. 

Firstly, one can use Equation (2) in order to assess the 
mean flow rate. This is the only possible method when 
one has a slow measuring system. If one has a fast meas
uring system then there are two other possibilities. One 
can use the instantaneous concentration c(t) in order to 
calculate an instantaneous flow rate: 

(5) 

Or one can integrate the inverse concentration in order 
to assess the mean flow rate: 

- 1 IT dt 
ij = m T o c(t) · (6) 

We will explore the three different alternatives by con
sidering a simple case. We will assume that we do have 
complete and instantaneous mixing within the ventilated 
space. The ventilation air flow rate is assumed to vary as 
a simple harmonic with period, TP, around a stationary 
mean value ij: 

where a, (a< I), is the ratio between the amplitude and 
the stationary mean flow rate. The mass balance for the 
tracer gas is the well known equation: 

dc(t) 
vdt = -q(t)c(t)+m. (7a) 

This equation cannot be solved analytically for a time
varying flow rate together with a simultaneous release of 
tracer. Before we analyse the properties of this equation 
it is convenient to transform the equation into a non
dimensional form. We therefore introduce the non
dimensional concentration, c, and time, i: 

m 
c = -c q ' 

where: 

is the nominal time constant based on the mean flow q. 
Equation (7a) becomes: 

di' ( ( • r 0 
)) dr = - 1 +a sin 2m· TP + 1. (7b) 

For a given flow rate with period TP the solution of this 
equation is a function of the quotient. f 0 /TP. That is to 
say between the timescales of the ventilated space, f 0 , and 
the varying flow rate, TP, it is also a function of the 
amplitude "a". That is to say : 

. (f" ) c = f Tr .a . 

Figure I shows the effo.:t on the predicted instan
taneous flow rate of the magnitude of the quotient 
between the time-scales. When the time-scale of the vary-
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Fig. l. Predicted instantaneous flow rate based on Equation (5) . 

ing flow rate is much less than the time-scale of the 
ventilation system we obtain a strong damping, and the 
predicted instantaneous flow rate becomes close to the 
mean flow rate. On the other hand, when the time-period 
of the varying flow rate is much larger than the time
constant of the ventilation system then the damping is 
small, but there is a phase shift in the predicted instan
taneous concentration. The predicted mean flow rate, 
based on both Equations (2) and (6), is shown in Fig. 2. 
Predictions based on the integrated inverse concentration 
will always overestimate the mean flow rate. When the 
integrated concentration is applied we see that there are 
three regions which are dependent on the magnitude 
of the quotient between the time-scales. With a strong 
damping the predicted mean flow rate becomes close to 
the actual one. and when the time-scales are of equal 
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Fig. 2. Predicted mean flow rate based on Equations (2) and (6) . 
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mugn1tuc.lc th..: me:.111 tlow rate will be overesumated. 
When the Jumping bi;:1.:o mcs vcr: $m:1ll the me11n flow 
rate will be undcrcsllmated. The limit With no inertia. 
that 1s to'>ay. V = f, = 0.1:an be analy~ed exactly. fn this 
c:is.: the prcuictc<l instantaneous flow ra te becomes "qua! 
to the a<.:lUal llow r;itc ~1nce the conccmroton is 1:qual to : 

1i1 m 
l "(I)=-= • 

t/(I) ( ' t ') ~ . I -'-a sm ( 2:~ r;) 
This relation can be integrated. anti the integr<).ted con
centration bas.:d on a [ime or' integration equal to T~ 

bet.:l'mes: 

·r,. n"1T I L"(t)dl = _ .- 0
- • • 

•" lf v 1-,/· 

Attt:r inserting this in Equation (6) the c;ilculated mean 
flow rate becomes: 

'f=v·l-u:·,7. (8) 

Thus q < •i· and r'rom this simi;>liikd analysis. which is 
vailJ when there is no inertia. we can conclude that we 
undcrestimut.: the mean rtow rate. The numerical ;olution 
sh0wn in Fig. 2 indicated that th~ error in predicted 
me:in flow race attains its maximum for .the case wich no 
d;imping. In 0rder to assess this error for real mua.cions 
we must hav<.: some tde:.1 of the rna.gnitude of . Very few 
me:.isuremencs of the instantaneous now race are reported 
in the li terature. [n (..LJ the im;tantaneous now rate was 
recorded by a measudng syscem with u trme orinregracion 
equal to about l 0 3. The maximum value of the quantity 
a report<::d in (4] is bout 0 . .33. This figure will. according 
to Equation (8). give rise co an underestimation of the 
me:.in tl.ow rare of about 6%. 

~- A .'vfCL TI-CELL \-IODEL 

In order to explore in more detail the effect of incom
plete mixing within the ventilated space we will use a 
multi-cell model described in [:5]. We will assume that we 
have time-independent t1ow ra res. 

The starting point in the mode! is the flow matrix Q 
consis.cing of the lOcal now rate to each room (the diag· 
onal elements qi. ) and the negative values of total !low 
races between the rooms \the off-diagonal elemems 
-q,1) . The first index denotes to which room the air 
flows. while the second index denotes from which room 
the air flow comes. 

The inverse. Q- '.of the tfow matrix can be written as: 

r :, 
P,: P," l 
u, u, 

Q-' 
(9) 

P,,, P": 
u 

" 
r..:. u" 

Where c.:, is the purging now rate in room i. The purging 
flow rate is the net flow r:.i te by which :1 Jynamic;illy 
passive cont:J.mmant relc:1scd in that room is transported 
away Crom the ro1)11\ wwurds the excracc. The maximum 
val ue that th<! purging tfow rate can att:.im is of course 

equal to the to tal ·1entilauon ai r flow r:.ite. P~, gives the 
(non-uim..:nsion:J.!) prob:J.bility that .t contaminant 
(tracer) released 1n room 1 passes into ro0m fl · 

The .:qu11ibnum cunccntrauon attained in each room 
is controlled b~- the inwrse matn.x. Q - and the tracer 
rele;ise r;ite vector m. 

(10) 

The me;isurement of the steady-stale concentration in all 
rooms. while releasing a passive tracer at a constant rate 
in one cell (say kJ allows one to compute to kth column 
of the Q-' matrix 

(l I) 

where 1i1~ is the source strength in room k and c,, is the 
concentration in room i due to this source. 

By using the inverse matrix. Q- ' . and tho;: diagonal 
matrix. V. consisting vr' the room volumes. we can c;il
culate the so-cailed ~-m;itnx: 

(I:) 

The entnes in the t"·matrix have time Jimens1ons. The 
sum 01" row p in :he 7-matrix is equ.il to the me1n-age. 
f~, of the air in room p. The 7·matrix :o\·erns the changes 
at non-steady-state condiuons. 

In 0rder to analyse the enec: of incumplete mixing we 
will make US<! of a ; imple model. We will conjder a house 
consisting oft\ o rooms. ;ee Fig. 3. Both rooms have the 
same volume. Outdoor air is ;upplied to room l and 
room : and is also l!xtrac:ed from both rooms. 

The tlow matri.x of the house onsisllng of tho;: total 
flow ra tes is readily set up (the arrows denote ·he cor
responding row and column sums). 

r !X-"-,8) -Xq 

Q = q L -((X-l)..,..µ) 
-~ J 

(1-Yl-.B -(l-.'()q 

I 

Yq (1- Ylq ( 13) 

The inverse matrix Q-' becomes : 

l-(l-YhP f3 l 
Q-' = ~ X(l - Y) + µ X(l - Y) + p 

q (X-Y)-i-/J X+/3 

X(l-Yh·/3 X(l-Y)-T-/j .J 

(14) 

The equilibrium concentration attained due to a release 
rate m1 in room I and ril: in room : becomes. according 
to Equation (lO): 

Yq 
I 

IX-Ylq ·/)·q -

CD 

11-X)q 

I 

XSl. YS1, X~Y 

fig. 3 .. .\ two room house. 

11-Y)q 
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rri, 11-n-;J 

4 .n 1 - n -11 
c, (;:;) 

m, 1 x - n -dJ 
c,( x;) = ---
- i/ .Ul - Y)-/J 

m: Ji 
4 .\'(I - Y) -t- µ. 

( 15a) 

m: X-"-# 
q X(l - Y)-"-µ· 

t l SbJ 

With incomplete mixing\µ< -1;) and ':loth supply and 
extr;ict from each room the correct ;'\ow r:i.te will not 
be orcdictcd. This conclusion hoids true regardless of 
wh~ther we put room concentrations or the average con
centrations into Equation (2). Howe·;er. under special 
circumstances the i.:orreci flow rate will be predicted. [f 
we only supoly <.1ir to room l r X = l 1 and only release 
tr::o.c::r \!:ls into the same roorr.. :hen ".ve will predict the 
correct-flow rate. If with the same air flow conditions. we 
rek:lse tracer gas in both ro oms the:i. ag:iin. we wiil 
predict the correct flow rate 1 providing we use the con
centration readings l'rom room l onlyJ . 

5. DESCR!PTlO:'\ OF THE TEST HOCSE AND 
THE EXPERI.\'lE:"iTAL :VlETHOD 

The tests reported in this paper were carried out in an 
indoor test house located in :he laboratory hall at the 
National Swedish Institute for Building Research (!]. 
The house has five "rooms" 'Nith a total volume of 
175 .' m} and a floor area of 70.2 m: (see drawing in Fig. 
2). The south wall of the house consists of part of the 
external wall of the laboratory hall. The opposite (north 
wall) is connected to a cooiim~ chamber which can be 
cooled to a temper:.Hure of - :.5°c. However. during the 
experiments reponed here the ~ooling chamber was not 
in operation. Thus the north side had the same tem
perature as the remaining cwo walls. that is the tem
perature of the laborawry hall. 

The test house can be operated unde:- a diverse number 
of ventilation strategies at controllable conditions. In 
the work reported h;re the system was set for constant 
extraction flow. Extraction was made from the kitchen 
(approx. 68%) and the bathroom (32°'ol. >io mechanical 
suoolv of air was used. Air was caken from che laboratory 
hall. through two openings in the ceiling. one in the living 
room. the other in the bedroom. The plan of the house 
is shown in Figs ~a and b. Room air was kept close to 
20°( via the~ostatic electric radiators in the living 
room. All internal doors were kept open except the one 
between the kitchen and the bedroom. 

During the experimental series the conditions were 
kept approximately the same for every run. Thus the 
nominal flow rate of air to the house was determined by 
the mechanical extract system. which keeps the total flow 
rate constant (94-96 mJ h- 1). However. the outside tem
per:uure at the south wall and the solar radiation through 
the windows varies. which might cause :.1 varying mixing 
pattern of air. This is especi;lly pronounced when no 
mixing fans are in operation. 

The following tracer gas experiments were made. 

5.1. Conscantjlowme1hod 
:"itrous oxide tracer gas was rek:ised in each room. 

one :it a time. The rele:i~e continued :ll :.1 constant flow 

·oo I a l . . . ...... ~.(ncusf :Jucr 

---- i<1rcnen 
-- i_,y1ng :-oom I* Sauret. room l 

,_------_,,_ .... --... ~ 
~- 'iO / ' ======='=" 

~, I * . ~ l I ~;~ 

a 10. f 
<.J ' 

?!) • / 

·o 

~ 

~ =---= 
~ .... ·~ -

- 4:~::;.;". __ . __ , 

Fil?: . .+. Examoies of tracer concentration histories :H ~onstant 
tracer :low. The tracer gas is released in the iiving room 1. • ). 
Above. :Vlixin!?: !ans in operauon. Beiow. No artitki~I mixing. 
Note the incre;sed short-term and long-term 124 hi il.uctuations 

when no artificial mixing is used. 

rate for at least ::'.8 h. The temperature and pressure in 
each room was monitored before and after each run. 
During a run the tracer gas concentration was recorded 
every 5-10 min in the middle of every room :it J. point 
l.5 m above floor level. Concentrations were also re
corded in the extract ducts from the kitchen and the bath
room and in the combined extract duct. The concentra
tions were measured with a non-diffracti\ e infra-red 
analyser equipped with a constant humidity regulation 

lSee Appendix). 
Two series of runs were made-one with mixing fans 

in operation (two in the living room and one in each of 
the other rooms), and one without any artificial mixing. 
The tracer gas was released closely behind a mixing fan. 
When the ~xing fans were not in operation. the tracer 
gas was mixed with helium gas at N 10t He volume ratio 
~t' 5: 3 before it was released in the room in order to 
a void 3tratification of the tracer gas due to its higher 
density relative to air. 

5.2. Constant concentrations and decay me1hods 
Constant concentration measurement and subsequent 

tracer decay measurement was carried out at intervals 
between the constant flow runs. The constant con
centration and decay methods were 1Jsed as described in 
(l]. During the constant concentration measurement the 
mixini? fans were kept in operation. During the decay 
period. the mixing fans were either in operation or not 
in uperation. 

6. RESCLTS 

For the constant flow method the function of interest 
is the concentration vs time. For a system with a constant 
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Table I. The equilibrium method. Predicted flow rates, q, (m' h - 1
). Mixing rans in operation 

Measuring 
point- Average t 

Nominal To ta!• witho ut 
flow rate Source room l Living room Hall Bedroom Kitchen Bathroom Extract average source roo m 

96 Liv in g roo m 78 90 11 3 94 92 94 97 90 
(-1 8%) ( + 6%) (+ 17%) ( -2%) ( -4% ) (- 2%) (+1 %) ( -6%) 

95 Hall 11 4 95 127 98 95 98 108 110 
( + 20%) (0%) ( +33%) (+ 3%) (0%) ( + 3%) (+ 14%) (+1 6%) 

96 Bedroom 100 105 63 94 91 95 90 99 
(+4%) ( + 9%) ( -34%) ( - 2%) (-5%) ( - 1%) (-5%) (+3%) 

96 Kitchen 173 142 18 1 71 144 86 131 162 
(Ventilation ( + 80%) (+48 % ) ( +89 %) ( -25%) (+50%) (-10%) (+36%) (+69 %) 
extract) 

96 Ba throom 186 149 195 136 52 93 144 163 
(Ventila tion (+ 94%) (+55 %) (+ 102%) (+36% ) (-46%) (-3%) (+50%) ( +13 %) 
ex trac t) 

•Flow rate predicted by using the average concentrati on in the house. 
t The average concentra tion o btained from all rooms a part from the source room has been used. 

Table 2. The equilibrium method. Predicted flow rates, q. (m' h - 1
) . No artificial mixing 

Measuring 
point-

Nominal 
flow rate Source room i Living room Hall Bedroom 

96 Living room 92 n 92 
( - 4%) ( - 4%) ( - 4%) 

96 Hall 102 91 93 
( + 6%) ( - 5%) ( - 3%) 

96 Bedroom 106 92 82 
(+11 %) (-4%) (- 15%) 

96 Kitchen 127 83 152 
(Ventilation (+ 32%) ( - 13%) (+ 58%) 
extract) 

95 Bathroom 159 140 182 
(Ventilation ( + 67%) (47 %) ( +91 %) 
extract) 

air flow rate the concentration will approach a steady
state value. If the tracer gas is released at an appropriate 
place and the measurement is made where the incoming 
air has mixed completely with the tracer then the steady
state concentration will be c(t) = m/q, where m is the 
volume release rate of tracer gas and q the total ven
tilation flow. The flow rate values (q) determined from 
Equation (2), using the long-term mean concentra
tions, are shown in Tables 1 and 2 for different source 
rooms and measuring points. The relative error 
{(q-q/q) x 100} is in brackets. 

It can be seen from the result that the best agreement 
with the nominal flow rate is achieved when the tracer is 
released in a room with a supply of air and when the 
analysis is made in a room with exhaust. This arrange
ment minimizes the risk of losing some of the tracer 
before it is mixed with alt the incoming air. and it also 
gives the most thorough mixing of tracer and air at the 
measuring point. The estimated accuracy using this 
arrangement is within 5% of nominal flow rate both with 
and without artificial mixing. Flows determined from 
total average concentration in the house should give a 
measure of the inverse of the mean residence time. and 
is thus only a good measure of the nominal flow rate if 
there is complete mixing of air and contaminant in the 
whole system. 

Average 
To tal without 

Kitchen Bathroom Extract average source room 

92 94 97 92 92 
(-4%) (-2%) (-1 %) ( - 4%) (-4%) 

84 105 99 95 95 
(-1 3%) (+9%) (+ 3%) (-1 %) ( -1 %) 

98 102 98 97 99 
(+2%) (+ 6%) (+2%) (+1 %) (+3%) 

44 86 95 87 11 2 
( - 54%) ( - 10%) (-1 %) (-9%) (+16%) 

149 77 90 141 155 
(+57 %) ( - 19%) (- 5%) (+48%) ( +63 %) 

The greatest error occurs when gas is released in a 
room from which air is extracted. This arrangement gives 
rise to a direct loss of tracer gas . We obtained errors up 
to around 100% with this arrangement. This error may 
occur in a natural ventilated house where we do not know 
the locations of the supply and extract points. 

6.1. Comparison of the constant concentration method 
and the constant flo1r method 

The constant concentration method yields the inflow 
of fresh air into the different rooms. The sum of the 
infiltration rates into the different rooms should thus be 
equal to the nominal flow rate into the system. In Table 
3, the results for the total flow from the constant con
centration measurements are compared with the result of 
the constant flow method, as obtained from tracer release 
in the living room and analysis in the kitchen . 

In the first case. the constant concentration method 
incorrectly predicts a large inflow of air to the hall. This 
behavior has been observed before (I]. It can be abscribed 
to the fact that a fraction of the "fresh .. outdoor entering 
the living room flows directly towards the hall. By the 
constant concentration method, this is predicted as a 
direct inflow of air to the hall. 

Apart from the first case with the constant con
centration method. the total flow rate predicted by the 
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Table 3. Comparison between How rates (ml h- 1
) predicted by the constant concentration an<l the constant flow technique 

Nominal Living 
Method flow room Hall 

Constant concentration 95 27.5 57 
Constant concentration 95 5 l.3 0 
Constant concentration 93 .5 50.6 0 
Constant concentration 95 48.5 4.4 
Constant concentration 93.5 52.7 0.5 

Constant flow 96 Mixing fans in operation 
Constant flow 96 
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Fig. 5. Ratio between steady-state tracer concentration in a 
room and the concentration in the source room. The source 

room is indicated by •. 

two methods gives comparable results and accuracy, pro
vided that the precautions mentioned above about the 
placing of source and analysing equipment are followed. 
It should also be mentioned that the steady-state con
centration used for the constant flow method should be 
taken as a mean value over a time interval large enough 
to cancel out short-term fluctuations in mixing pattern. 
A typical variation of concentration in the living room. 
kitchen and combined extract channel is shown in Fig. 
4. 

A picture of the spatial dispersion pattern of a tracer 
(or contaminant) in the house can be obtained from the 
ratio of steady-state concentration in the different rooms 
and the concentration in the source room. This is graphi
cally displayed in Fig. 5. 

7. PRACTICAL ASPECTS 

7 .1. Constanr /folV eqt1ipment 
A reliable constant flow system is needed. This can be 

arranged in various ways. One alternative is to use a 
stable pressure regulating system that keeps the pressure 
constant at a suitable level. In the work presented here 

Bedroom Kitchen Bathroom Total 

20 0 0 l04 
34.1 7.4 I 93.8 
31.9 3.8 3.4 89.7 
31.4 5.5 2.7 92.5 
34.6 4.8 1.2 92.8 

94 
92 

this was achieved by connecting a pressure governor to 
the line from a gas cylinder equipped with a pressure 
reduction valve. The pressure after the pressure governor 
is measured with a precision manometer. The flow rate 
is adjusted to the desired value with a needle valve and 
is finally measured with a rotameter, calibrated against a 
soap film flow meter. Another possibility to keep the flow 
rate constant is by using a "choked" nozzle with a very 
small opening. At a sufficiently high pressure drop the 
velocity in the small opening becomes equal to the local 
velocity of sound. This in turn implies that the down
stream pressure becomes independent of the upstream 
pressure, and therefore the mass flow rate is kept constant 
and independent of any further increase in upstream 
pressure. The condition for this to occur is that the down
stream pressure should be approximately half of the 
upstream pressure. 

7.2. Analysing equipment 
The correct evaluation of data demands that the con

centration measurement system gives accurate absolute 
concentration readings . The instrument must be cali
brated against a precisely known standard mixture of 
tracer gas. Thus the demands for a constant flow 
measurement on reliable calibration are higher than for 
a decay experiment, where only relative concentrations 
are of concern. In the present work a non-dispersive 
infra-red nitrous oxide analyser is used. Such an instru
ment is sensitive not only to the gas of concern, but to 
all gases with overlapping infra-red absorption bands. 
Two such gases present in the air are carbon dioxide and 
water vapour. It was found that the variation of water 
vapour in the air during a long-term measurement greatly 
influences the instrument readings. while variation in the 
carbon dioxide level poses no problems. To circumvent 
the problem of varying moisture in the air to be analysed 
we used a technique to regulate the water vapour pressure 
of the air to a constant value by the use of a saturated 
salt solution prior to letting it into the instrument. The 
technique is described in detail in the Appendix . In the 
calibration procedure pure nitrogen gas was used to set 
the zero reading. and 90 ( ± 2) ppm nitrous oxide in 
nitrogen to set the 90 ppm reading. The constant 
humidity equipment was in use during calibration in the 
same manner as during measurement. After the cali
bration the instrument usually showed a background of 
1-3 ppm on nitrous oxide free air (probably due to car
bon dioxide) whii:h was compensated for by simple zero 
off-setting the instrument. A long-term background vari
ation (drift) (in the order of a few ppm over several days) 

I ~ I _________ _ 
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was noticed. The drift should be noticed and corrected 
for by taking a background reading on air which is free 
from tracer gas after the test period. 

7.3. Preparations /or test 
The preparations are the same as for the rate-of-decay 

method. The major points for inflow of outdoor air to 
the house shall. if possible. be identified. If there are no 
air terminals one can release smoke to see where the air 
enters. The location of the point of tracer gas release is 
determined by where we expect the highest inflow of air 
to occur. The major points of outflow of air shall also, if 
possible, be identified. Again. release of smoke can help 
to identify these points. The location of the sampling 
point is determined by where the highest outflow of air 
occurs. In case there are no well defined points of outflow 
of air, as can occur in buildings with natural ventilation, 
then the concentration is recorded in each room and the 
room volume weighed average concentration is cal
culated. 

7.4. Measurement procedure 
The mixing fans are started and the release of gas is 

started. It is extremely important that as good mixing as 
. possible is achieved in the room where the tracer is 

released. Concentration readings obtained before 4-5 
nominal time constants have elapsed should not be incor
porated in the evaluation. If integrating samples are 
taken (for example with absorption tubes), then the sam
pling shall not begin before enough time has elapsed to 
yield a steady-state concentration. 

7.5. Accuracy 
To evaluate the accuracy of a tracer gas method in 

multi-cell applications an independent and accurate 
knowledge of the air flow rates is required. In this evalu
ation we used a test house where the total flow rate 
can be accurately controlled by means of the mechanical 
extract system. Additional information about the dis
tribution of the supply air is achieved by a constant 
concentration tracer gas method which has been evalu
ated earlier [3]. 

It was shown that the accuracy of the constant flow 
tracer gas technique to give the correct value for the total 
ventilation flow rate is dependent on to what extent the 
tracer gas is mixed with the incoming fresh air between 
the point of release and the point of measurement. Com
plete mixing cannot be expected if the tracer gas source 
is located close to an extract point or if the point of 
measurement is close to a fresh air supply point. The best 
accuracy is achieved when the tracer source is located in 
the room with the largest inflow of air and when the 
measuring point is close to the point of largest extract of 
air. 

If these precautions are taken then accuracy is within 
5'% of nominal flow rate in the present case. whether or 
not we use artificial mixing. It should be observed that 
these conclusions are valid only if the tracer is dynam
ically passive, that is, has the same density as the air. 
Otherwise. unless artificial mixing is used. stratification 
of the tracer gas will give incorrect results. 

7.6. Practical prohlt'ms 
The practical problems involved in the use of the con

stant flow method to determine total flow rates are con
nected to the following sources of error. 

(I) Non-constant flow rate of tracer gas. 
(2) Error of gas concentration analyses from: (a) inter

fering gases; (b) absolute analysis accuracy (instrument 
calibration); (c) instrument drift. 

(3) Incomplete mixing between tracer and air. 
(4) Time variation of ventilation flow. 

If detailed information about the flow patter between 
rooms and transfer probabilities etc. are to be evaluated 
then the maintenance of uniform mixing within each 
room is an additional problem. 

8. DETERMINATION OF THE INVERSE OF 
THE FLOW MA TRIX A:"iD THE i;-MA TRIX 

As we have seen. the multi-cell theory can be used to 
calculate the tracer concentrations in different uniformly 
mixed cells once the flow matrix and the source strengtl1 
are known in each room. 

If the rooms in a house can be represented as uniformly 
mixed cells and the flow pattern does not change between 
the experiments then it is possible to determine the entries 
in the Q- 1 matrix. Using only one tracer gas one has to 
repeat the experiment and use as many linearly inde
pendent release patters as there are cells. If one has access 
to as many different tracer gases as there are rooms then 
the full matrix can be determined in one experiment. In 
the experiment reported here the gas source was moved 
from room to room. Tables .+ and 5 show the obtained 
inverse, Q- 1

, on the form given in Equation (9). 
The numerators of the entries in the Q- 1 matrix denote 

the room to room transfer probabilities [Equation (9)]. In 
Fig. 6 the transfer probabilities are displayed in graphical 
form. 

As expected the probability that a tracer released in 
the living room or bedroom will appear in the hall is close 
to one. while there is a much smaller probability that a 
tracer released in the kitchen or bathroom will appear in 
the living room or bedroom. 

Table 4. Predicted inverse. Q- 1
, of the flow matrix. Mixing fans 

in oper~tion 

Living Bed- Bath-
room Hall room Kitchen room 

Living room 
I 0.68 0.78 0.45 0.42 

77.5 77.5 77.5 77.5 ru 
Hall 

1. 06 0.90 0.66 0.63 

94.3 94.3 94.3 94.3 94.3 

Bedroom 
0.55 0.50 0.35 O.J:'. 
62.9 62.9 62.9 62.9 62.9 

Kitchen 
0. 79 0.73 0.76 0.55 
7 J..+ TIA 71.4 7U 71A 

Bathroom 
0.57 0.55 0.57 0.36 

52.1 52. 1 52.1 52.1 52.1 
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Table 5. Predicted in verse, Q - ' . of the flow matrix. No artificial 
mi:dng 

Living Bed- Bath-
room Hall room Kitchen room 

0.90 0.86 0.73 0.58 
Living room 

91.7 9T.7 9 l.7 9l.7 fil 

0.99 0.99 1.09 0.65 
Hall 

90.9 90.9 90.9 90.9 90.9 

0.89 0.88 0.54 0.45 
Bedroom 

8 l.3 81.3 81.3 8 l.3 81.3 

0.48 0.53 0.45 0.30 
Kitchen 

44.4 44.4 44.4 44.4 44.4 

0 82 0.73 0.75 0.89 I 
Bathroom 

76.3 76.3 76.3 76.J 76.3 

The sum of row p in the t-matrix is equal to the mean 
age i'P of air in room p. The results can be compared with 
the average of the two determinations of the mean age 
of air in each room which were obtained directly with the 
decay (step-down) method, the Result is presented in 
Table 7. 

By comparing Tables 6 and 7 we observe that the 
correspondence is good. The same tests were repeated 
with no mixing fans in operation. The correspondence 
between the mean ages obtained from the t-matrix and 
those obtained from the direct decay tests become some
what poorer in this case . However, the maximum differ
ence is only 14%. 

In principle it would be possible to determine the whole 
Q matrix by inversion of the Q-' matrix. Though this is 
an ill-conditioned problem, we report here the result of 
the inversion in order to illustrate some of the charac
teristics of this matrix. 

As explained before. the diagonal elements of this flow 
matrix are equal to total flow rates of air leaving the 
rooms. The off-diagonal elements are the negative values 
of the inter-room flows q ij from room j to room i. The 
sum of a row is the direct inflow of air to the room from 
the ambient and the sum of a column is the outflow of 
air from a room directly to the ambient. 

If the result is compared with the result of the constant 
concentration method (see Table 8) then it can be 
observed that less air is predicted to flow into the hall 
with the constant concentration measurement. However. 
the total air flow is almost correct. Concerning the out
flow of air. the flow matrix indicates a direct outflow of 
air from the hall. which is not correct. 

TRANSFER PROBABILITIES 
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room room 
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Fig. 6. The transfer probabilities of tracer from source room(•) 
to different rooms as obtained from the Q- 1 matrix. 

As a matter of fact, the obtained flow matrix is not 
physically correct, because no positive off-diagonal 
elements should appear. Furthermore, the flow matrix is 
not consistent with the assumed model of uniform mixing 
in each room since this would mean that the interflow 
between rooms which are not directly connected should 
be zero. 

The flow matrix for the case of no artificial mixing is 
not reported here. It shows a non-physical result. The 
reason is that the assumption of complete mixing in each 
room is even less valid in this case. However, the computed 
to ta! flow is still correct. 

The results clearly show the difficulties in determining 
the inter-room flows when there is an incomplete mixing 
of the tracer and the air in a room before it enters the 
next room. The use of a multiple tracer gas technique 

Table 7. Local mean age of air obtained with the decay method. 
Mixing fans in op~ration 

Living 
Room room Hall Bedroom Kitchen Bathroom 

Mean age 1.65 1.68 1.61 2.0l 1.95 

Table 6. Predicted ~-matrix [from Equation 12]. Mixing fans in operation. Entries are given in hours 

Room Living room Hall Bedroom Kitchen Bathroom Row sum 

Living room 0.720 0.3 l6 0.360 0.20[ O.Q71 l.690 
Hall 0.625 0.381 0.342 0.243 0.088 l.678 
B~droom 0.491 0.284 0.572 0.19l 0.067 1.605 
Kitchen 0.597 0.366 0.382 0.486 0.101 1.932 
Bathroom 0.608 0.377 0.392 0.239 0.252 1.869 

_L 
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Table 8. Predicted Row matrix (Q matrix (ml h-')J. Mixing fans in operation 

From: 
Living room Hall Bedroom Kitchen Bathroom Row Sum 

Living room 287 -193 
Hall -297 479 
Bedroom -15 -70 

To: Kitchen 5 -108 
Bathroom 6 -74 
Column Sum -14 34 

will of course not alter this conclusion. However, the 
circumstance that the flow matrix is obtained from sev
eral experiments might have induced an extra error due 
to a changing flow pattern over time. Furthermore, the 
constant flow technique is not suitable for determining 
the inter-room flows, when these flows are very large 
compared to the nominal flow of fresh air. In this case 
we have a nearly complete mixing in the whole house and 
the different rooms cannot be considered separated cells. 
It is the difference in concentrations between the source 
room and the other rooms. which allows one to compute 
the inter-room flows. 

The difficulties in the determination of the flows 
between rooms by tracer methods were further dem
onstrated by Okuyama [6]. His tests were performed in 
the same test house, but now arranged as a two-room 
house, with uniform mixing in each room. The air flows 
between the rooms were controlled by fans. Tracer gas 
was alternately released into the two rooms during 15 
min periods each half hour. 

The concentrations as a function of time were analysed 
using a system parameter identification method. The 
results of this test showed approx. 17% underestimation 
of inter-room flows, while the flows from the ambient 
were overestimated by only 8%. 

However, the Q- 'v matrix is still a good measure of 
the t-matrix, even if there is nearly complete mixing. 

The formulations of the multi-cell theory involves the 
tracer gas concentratons of the air leaving each cell. Thus, 
in the problem of achieving the flow matrix from mea
sured concentrations, it is essential that the con
centrations at the measuring points are representative of 
the air leaving the rooms. 

9. CONCLUSIONS 

The theoretical analysis shows that even if the ven
tilation flow rate is constant. then non-complete mixing 

-70 3 ~ 31 
-8 -91 -45 J8 
118 -5 -I 27 

-22 138 -I~ -I 
-15 l 80 -2 

3 46 24 93 

within the ventilated space will introduce an error. 
Depending on the degree of mixing, the estimated flow 
rate can be greater or smaller than the correct flow rate. 
Under conditions of a time-varying flow rate. but with 
complete and instantaneous mixing within the space. the 
analysis shows that the average flow rate may be both 
underestimated or overestimated. The practical tests 
showed that when the air supply and extract points are 
well known. then the effect of non-complete mixing can 
be minimized by locating the tracer gas source in the room 
with largest inflow of air, and the measuring point in the 
room with largest extract of air. When these precautions 
are taken care of, the accuracy of the constant flow tech
nique became within 5% of the nominal fl.ow rate. This 
applied both with and without artificial mixing. The pre
cautions mentioned above are recommended to be car
ried out with any tracer gas method. If they are carried 
out, then the accuracy of the decay technique will be 
better than reported earlier by one of the authors in [l] . 

When the gas was released in a room from which air 
was directly extracted, and the assessment of the total 
flow rate was based on concentrations in individual 
rooms, then a maximum error of l00% was obtained. 
Assessments based on the average concentrations in the 
test house gave an error of around 50%. These extreme 
errors may occur in situations where we do not know in 
advance the location of the supply and extract points of 
ventilation air. 

The experiments carried out by moving the tracer gas 
source from room to room showed that it was difficult 
to determine the flow rates between the rooms by this 
method . This can probably be explained by the fact that 
the flow situation occurring in the test house is not cor
rectly represented as a system consisting of five inter
connected rooms with uniform mixing within each room. 
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APPENDIX 

Water vapour is a well known interfering gas when using non
diffractive infra-red gas analysers. In order to minimize the 
influence of varying humidity during long-term measurement of 
nitrous oxide concentration, the procedure described in Fig. 7 
below was used to maintain a constant humidity of the air to be 
analysed. 

A saturated aqueous solution of calcium chloride in contact 
with solid calcium chloride hexahydrate (CaCl, · 6H,O) adjusts 
the relative humidity to a value close to 32%. It is essential to 
avoid complete disappearance or excessive build up of the solid 
phase. Thus, during high humidity conditions some solid phase 
must intermittently be added. and during dry conditions some 
pure water be added. 

During very dry conditions saturated lithium chloride solution 
(15% r.h.), and during very humid conditions saturated 
ammonium chloride solution (79.5% r.h.) will yield a higher 
capacity than saturated calcium chloride solution. 

Rubber stopptr, 
airtight 

Saturated ---+-
salt solu1'ion 

Solid crystals 

~To suction port' 
of' instrument 

Fig. 7. Equipment used to keep the humidity constant during 
long-term measurement of nitrous oxide concentration with a 

non-diffractive infra-red analyser. 


