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SUMMARY 

In using tracer tests to measure infiltratio,n, ,i~ . is :i(T\porta,nt.tQ .take :1i-nto 
. ·.. ·. '· . .. 

account non-ideal mixing in the bµilding •. This paper pr~p9s~~·)<;l QQ;ithis using a 
.,·, \ ' 

two-region model. . ' ~· .· .. . i,. ' .~ : . ' . ' . 

'td~ "· · .,- . 

A result. of non-:-ideality is that the flet iRfiltPation.-rate,A\nd .hence .the energy 
·. . . 

consumption due to infiltration, will usually not be that calcul~ted fro.m the .rate ·Of 

inflow/outflow. The use of the model is illustrated by an example in which the 

model parameters are deduced both from physical. reasqr:ii11g .and from a:. curve-
~. I ' 

fitting procedure. ' 
CJ 

._ 
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With the current interest in energy conservation, much attention has recently 

. been paid to the ·monifodng and ·red{Jction dt air i~filtration into bui°ldings. An 

international agency/ ihe A·ir Infiltration ·centre, has been founded · to help co-

ordinate world research on this subject. Rapid advances have been made in 

experimental tracer techniques for measuring infiltration, such as the use of 

sulphur :hexafluoride tracer [1] and' the development' .of automatk: tracer injection 

analysis equipment (21]. · ' 1 
· i: 

.. ;":J _ . • • 

Nevertheless ~ ' the ·theoretical ·'basis 1 for · irifiitr~tion studies remains 

rudimentary. Without exception departures from ideality have been ignored, the 

experimenters assuming that the buildings concerned behave as ideally well mixed 

systems (or continuous flow stirred tank reactors, CSTR, in chemical engineering 

terminology). Jenning and Armstrong [3] introduced a "mixing factor" to take 

imperfect mixing into account when calculating contaminant dilution. Sinden [4] 

outlined the general solution for tracer concentrations in multi-chamber systems. 

These methods have not been applied to experimental infiltration studies. Yet it is 

known that even small non-idealities such as deadwater zones can have a 

disproportionate effect on the concentration decay curve [5]. For example, a 

cupboard in a house may slowly release tracer gas and so slow down the measured 

tracer decay rate. The CSTR assumption limits the use of tracer gas techniques to 

systems with low infiltration and little internal partitioning. Efforts to improve 

internal mixing for test purposes may themselves cause errors as the internal 

recirculation system may increase infiltration [6]. Even if this does not happen it 

• 
will be seen that simply changing the mixing characteristics will distort the results. 

Many models have been proposed to represent non-ideal mixing in chemical 

reaction engineering [5, 7]. The results obtained are not always directly applicable 

to infiltration studies for the following reasons: 
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l . In chemical reactor. engineering,' inlet ahd outlet ·streams are clearly 

identifiable, while in infiltration studies they are usually diffuse and often 

impossible to locate. 

2. In chemical reactor engineering, tracers are usually ·injected into inlet 

streams and monitored · at outlet strearhs. In infiltration studies tracers are 

injected directly into the space concerned and also monitored inside that 

space. Thus, quantities such as residence-time distribution and mean exit

stream concentrations are of little interest to infiltrr.ltion research, while 

volume-mean concentrations are of primary importance. 

This paper proposes a general model for non-ideal mixing in enclosed spaces, 

in the context of lnflltration ~tudies. · To keep the number of model parameters to 

a minimum, the space· is assumed to consist of only two well-m.ixed regions (~r 

CSTRs). Although models with more than two regions may be more realistic [4], 

the number of parameters involved would be so large that such models would be 

useless for practical purposes. 

Even with the two-region model the number of parameters usually will be too 

large for interpreting the available data, and further simplifications will be 

considered. Such models will help determine the type and degree of non-ideality 

present. Even when it is not possible to quantify precisely the parameters 

involved, these models will give experimenters an ins~ht into what is happening 

and help in the design of their tests~ 
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~1£ Q;.N:.RALIZE.D TWO-REGION MOJ:EL ·, 

. 
I ' 

(,MOr£L A) · .. ~\ :· 

The enclosed space being considered is assumed to consist of two well mixed 

regions (Fig. 1). J,n the rnost general ca,se po~sible, fluid may Vow between the two .. . . • ' . -· 

regions and the e.nviro.n1T1ent in any m~mner, provided steady st;ate and mass~;balance 
{ .. • • '- ,· I . • ' , ··• , , • '" 

are maintained, F.rorn Fig~ 1 we .can wr;ite for the mass balance: . ' : . -. . . ~ .. . ' . . . 

Region 1: av, ~l ::; .. ,- (b-d+f)vc 1 + (f1d)vC2 

Region 2: 0-a) dC2 = f v C 
1 

- {l-b+f)vc
2 dt 

) -

.. ; ... 
, . 

'I 

!' I : • ,(1) 

. ...... 

(2) 

where v is the net flow rate through the. system., _ V trye system volu111e, t the time, 
~ . ' . ·.·. !·.c .. ,_: ·= . t..J--: - / .... · -· ~· ~.:· ~- ·. ... ·.'.~: : ·. I... ·-

C the concentrations and a, b, d, f are defined in Fig. 1. In dimensionless form: 
, ... ~· ~ ;-:~ . . f.: -~ , . , · : i ,- •• i'r :1 -_,__ . . · i ·.; 

- " • " I . ~ • 4 '• .' \ • 

dc 1 = _ ·b-d+f- c + f~d c .. ()) 
dQ a .. : 1 ., , a 2 . . ' , 

~~ f 1-b+f = - c - --c 
1-a 1 1-a 2 

f. ~- : _\ 

where Q = vt/V ·:::: reduced time 

c = VG/m: -· = · .. reduced cohcet'lttat-ion 
0 

1 

·~· -·· : m = Tota!: amount of :tracer in system at :time o 
0 

'I 

I ~ ' 
: 11 _ .... . . ,• 

(4) 

This model has four independent parameters~ a, 'b{ d ancff, ''whose allowable 

ranges are: 
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a = O to l 

b = 0 to l 

d ;, b-1 to b 

' f = · 0 to infinity if d<O 

d to infinity if d>O 

The general solution to eqns. (3) and (4) is: 

· m Q m Q · 
c 1 = (f-d) (k 1 e l + k2e 2 ) (5) 

( ) mQ ( )mQ c 2 = k 1 b-d+f+am 1 e 1 + k
2 

b-d+f +am
2 

e 2 (6) 

where k 
1
, k

2 
are constants to be found from the initiaf conditiOns and m 1, m2 are 

the eigenvalues of the system of equations (3) and (4) and are given by: 

m , m = a+b-2ab-d+f+ad ~ _1 .:!: /i _ 4a(1 -a)(b-b 2 -d·i-bd+f) J . (?) 
l 2 2a(l-a) l (a+b- 2ab+f-d+ad) 2 

The reader may check that in the limiting cases 

a= 0 and b = 0 

or a = l and b • 1 

or f = infinity 

we obtain m1 = -1 and m2 = - infinity, i.e. we obtain a CSTR. 

Two ·useful expressions that may · be used in deriving and simplifying 

subsequent equations are: 

m 
1 

+ m
2 

= -a-b+2ab+d-f-ad 
a(l-a) 

(8) 
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ml m2 = b-b 2 -d+bd+f 
a(l-a) 

6 

!.:.. (9) 

In infiltration studies, a tracer is released into the building. If the inlets and 

outlets are known (or if at least the main ones, such as open poors, windows, 

chimneys are known), they may be closed and the tracer is giver time to mix to a 

uniform concentration, then opened again for the test proper. Otherwise good 

mixing is simply assumed. Samples of the air-t.racer mixture are ~aken either at 

one particular spot where the air is considered _we~!- mixed (e~g., neai: a fan) or at 

several places at the same time to give a volume-mean concentration. 

.. 
In the context of the two-region model there are three types of tests, 

depending on the mode of tracer release: 
; ·, . :' !t . : .::' r , :~ : ~ . ' 

' '~) ::~ ·y' 1 ' 

1. Type I test: Tracer is released in region 1 at time zero, and immediately 

reaches a con~ent.ration--c 1, ~ _l /a in this region. The .<;oncentr:ation in region 2 

is c2 = 0 at tim·e zero. 

I , 

2. Type II test: As in type I except that tracer is released in r
1
egion 2. At time 

O, c 
1 

= O, c
2 

= 1 /0-a). 

, I ~ ' 

3. Type III test: After tracer release, all inlets and outlets are sealed 

(assuming they ar~ _known), a11d the test star~s when. c 1 = c2 = 1. 
' . -· , . 

I : 

In each of these tests, samples may be taken .in ~egion 1 only, ,in,:negion 2 
._; \: ' 1' ... • 

only, or in both regions so as to obtain a volume-mean concen.!ration: 

c = ac1 + O-a)c2 . m 
.. (lo) 
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. Equations for c 1' c 2 and cm will now be given. Also- of interest is how the 

volume-mean concentration decay curve compares with that for an ideal CSTR (for 

h' h -G w 1c cm= e ). 

Type I Tes~: 

At G = O, c11 = l/a and c12 = O. Substituting into eqns. (5) and (~), one 

obtains: 

1 t c -
, 11 - a(l-a)(m

1
-m

2
) 

m G m G1 
[l-b+f+(l-a)m 

1 
]e l - [l-b+f+(l-a)m2Je 2 J (11) 

f 
cl2 = a(l-a)(m cm2) 

(emlG - em2G) (12) 

elm 
1 [ (b-d ) m G b-d m G J = _ ) - a+ m2 e l + (-+ m1)e 2 . 

1 m2 . a 
(13) 

Figure 2 gives typical curves on a log-linear scale. of e
11

, c12, e1m and also 

Y
1 

(where 

W'--a.J~~;!.J._.u~~.J...U---.:i-~lG.w~tia~rilL!!J.e--tertll-. 

-~ at-will-i:.e.cur-in_Q!b.er-case~. Also 

plotted, in dashed lines, are the e and Y curves for an ideally mixed system (CSTR). 

Type II Test: 

At Q:O, c
11 

=0 and c
12

= 1/(1-a). Substituting into eqns. (5) and (6) one gets: 

f-d 
clll = a(l-a)(ml-m2) 

(em 1 G - em2G) (14) 

cll2 = 
l ~ . · m G ' all·~a)(mcr'r12) ( (b+f-d+aml)e . 1. - (b+f-d+am2)em2G ~ (15) 

cllm 
= l {-c.!:.b+d + m )em 1G +(l-b+d+ m )em 2GJ 

m
1
-m2 1-a 2 1-a 1 

(16) 
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These curves have·· the same general shape as in · typ~ I tests ·(Fig. 2); with c 1 

and c 2 interchanged. 

Type III Test: 

At Q = O, c1111 = c1112 = 1. Substituting into eqns. (5) and (6) one gets: :. 

c1i11 = 1 ' f -<E·+ m
2
)em1Q'+(E+ m )em2Q 

m
1
-m

2 
l a a l l (17) 

l f (1-b m Q 1-b · · m · Q J" clll2 = · · -~ + m )e 1 + (- + m )e 2 • . 
m cm2 1-a 2 1-a 1 

' (18) 

c - l ( mQ ( 
lllm - m l-m2 l -(l+m2)e l +(l+m l)em2Q ~ '' (19) 

Dividing eqn. (19) by .the ideal CSTR response, e-Q, we obtain: 

YIII = (ml~m2) [ -O+m2je(J+mi)Q + (l+ml)/l+m2)Q 1 (20) 

·'• 
-1 

Figure· 3 shows typical 'plots for cIIIl, cIII2, c~Ilm and·· ~III' Also plotted, in 

dashed Hnes, are c and Y cur~es for a t 'STR. ' 
.' J ': \ 

' ' r 
, I 

It would be interesting to know whether the volume-mean concentration c
111

m 

decays faster or more slowly than it would if the system were ideally mixed; i.e., 

' ' - ·, ' ~· ~"' ' 

whether Yin' is greater'or less than 1. If v
111 

> 1, the~ after a time 

Q will be less than for a CSTR, even though gross inflows and outflows are equal. 

The reverse applies if Y 
111 

< l. 

To find this out we·'take the derivative of Yill and.simplify usi~g e~·ns. ·(&) and 

(9): ... 
:. I 



dY III = 
dG 

(a-b)(a-b+d) 
a(l-a) 

9 

mlQ m2Q Q 
(e . ,... e ) e 

ml - m2 
(21) 

It can be seen that the sign of dY I dQ is that of (a-b) (a-b+d) = (a-b) [a-(b-d) ]. 

Thus, if the inflow fraction b and outflow fraction (b-d) are both greater than, or 

both less than, the volume fraction a, dY/dQ will be positive, and Y will be greater 
~~ 

than I at all non-zero times (since Y=l at G:O)~ In other words, the ~n 

will be less than for an ideally mixed system for the same gross inflow and outflow. 

If (a-b) and (a-b+d) are of opposite signs, the reverse will apply. Since a, b and d 

are fixed parameters for a 'given situation, Ym cannot cross the line Ym = 1 (while 

YI and v
11 

can - see Fig. 2}. In practical terms, this means that the energy loss due 

to infiltration will be always greater or always less tha:n 'flow measurements 

indicate, as the case may be. 

TWO-REGION MODEL WITH BALANCED INTERCHANGE 

(MODEL B) 

The generalized two-regfon model (model A) is too complex for most purposes 

and it would be useful to simplify it. By putting d=O in Fig. 1 a three-parameter 

model is obtained, model B (Fig. 4). Equations for concentrations and Y-ratios in 

various test conditions are readily obtainable from eqns. (7) to (20) by letting d=O, 

and wiU not be presented here. From eqn. (21) it can be seen that dYIII/dG > O, and 

thus Y > I for all non-zero times. Thus the ~~~will always be less than 

for an ideal CSTR, except if a = b when it will be the same. 

In practice, model B may apply when a building is partitioned into several 

portions, each with its doors, windows, cracks, · e't'c., and there is limited 

interchange between the portions. 
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TWO-REGION FLOWTHROUGH MOCEL 
• • • •• h •• 

(MOCEL C) 

' . 

If b= 1 and d=b we get lhe t~o-parameter model in Fig. 5, wher:e the :air flows' 
' • • I ' 

into the first region and out. of the second r~gion with (ufilbalanced) interchange 
: . , . .. 

between the two. This mode.I has been considered by Levenspiel [5]. In practice 
' ' ~ . : . ! . • ! . . . 

such .a situation IT\ay ar,ise when a building has an open. do9.r ;(or window, chimney, 
, . . :. ' ,' · , . . ' ' 

etc.) at one end, another opening at t~:e other end, and the w.ind's gen~ral. · direction 

is lined up with . tt)e two 9penings. It will be also co.n:imon in many old-fas.t-iioned 

multi-storey cold stores, when there is an open do,()r near the top, another; at the 

floor level, and .c:old air flows out of the bottom door .bY gravity. A: r.oom being 

warmed by an open fire with accompanying draft ls anoth,er ,example. Yet .another 

example is a high-rise cold store with a large open door: warm air will flow in 

through the upper part of the door and collect near the ceiling (region l ), while 

cold air flows out through . the; lower part of the doqr.. If. mixing is :not thorough, 
~ , . ' . 

stratification will set in and there will
1
be dis.tinct hot and cold layers. 

~ 

~~.e eigenvalue~ . m 1 , , .m 2 are found ~y Pl;ltling. b=d=l ir:t eqn. (7),: 

. ' 

. ~ l' rt:l2 . = 
f. f _J 2: Da(l-a) l 

2a(l-a) l f' -- f J: 

··-, .,. 

(22) . 

Doing the same to eqns. (11) to (20) will give expressions :for c
11

; c12, elm' 

ell l' cll2' cllm' cm l' cm21 cIIIm an~ y III° . . .. . .. .. 

.. '( 

Eqn. (21) becomes: 

dYIII 
dQ 

.. " : m G m·'g 
= _(e 1 - e 2 )e ~ 

) , .. mi-m2 

,.:.·, 

.-.i , ·~ . 

·" 
1(23) 

..'( · , 1• 

,. .~j 
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~cl~ 
Hence Y 111 is less than 1 at all non-zero times. In other words, the ti'@'( 

~is greater than for an ideal CSTR at a given rate of inflow/outflow. 

TWO-REGION MOCEL WITH l:EADWATER REGION 

(MOCEL D) 

If b= 1 and d=O, we obtain the two-parameter model shown in Fig. 6, which is 

a particular case of model B. This model has been considered by Bischoff and 

Dedrick [&]. Region 2 is now a "deadwater" zone, which is not directly connected 

with the outside. 

This model may apply when the inliltration happens mainly through a single 

opening or several closely situated openings and there are walls, cupboards, 

furniture, products, etc. that create dead regions exchanging ·tracer slowly with the 

rest of the building. 

Equation (7) now becomes: 

1-a+f _ J -1 .:t. 
m 1' m2 :: - 2a(l-a) l 1 

_ 4af {1-a) ( 

(l-a+f) 2 .) 
(24) 

and p1Jtting b= 1, d::O il1 eqns. (11) 'to (20) will give expressions for c1 p c
12

, elm' ell 
1

, 

cll2' cllm' cIIIl' cII12' clllm and Ynr 

Since this model is a r:1ic~e of' model B, YIII will be ~ositive for all 

non-zero times, and the~wi11 be less than for the ideal CSTR for a 

given rate of inflow/outflow. 
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A special situation of interest is when the factor a tends to zero, in which 

case: 
: I 

__ f_Q 

cll2 = cum = cm2 = cmm = e l+f (25) 

·Q 

Yu = Ym = e l+f (26) 

for non-zero times. 

PhysicaUy this means .that a smaU local recirculation zone or "airlock" occurs 

near the opening (region 1 ), so that the entering and leaving air streams are mixed 

together, thus reducing the effective air interchange by a constant factor f/(l+f). 

This gives a physi~al explanation for , Jenning and Armstrong's "mixing factor" [3]. 

In tests on cold .stores with , an open .do9r '!le have observed reduction factors down 

to 0.50, corresponding to f.= 1. 

TWO-REGION MODEL WITHOUT INTERCHANGE 

(MODEL E) 

. If f=d=O, we obtain the model ·shown in Fig. 7, which is another particular 

case of model B. Fluid flows in two separate streams through the two regions, 

which do not interact • . This situation may happen in practice when the building is 

separated into distinct zones (rooms, levels, etc.,) each with its .own openings. 

Equations for various .concentrations are ._ m9.st easily obtained by direct 

solution. of eqns. (3) and (4) (simplified as required)i , 



Type I Test: 
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el l = ! e -a Q 
a 

Cl2 = 0 

. CI = . m 

Type II Test: 

b 
- - Q 

e a -, ~ 

Cu l = 0 

13 

1-b 

C 
l' --l Q 

II 
- .. " -a 

2 - -e 
1-a 

1-b ' 
' --Q 
Cum = e 1-a 

Type lII Test: 

cllll = e 

c1112 = e 

- ~ Q 
a 

- 1-b Q
0 

1-a 

- !? Q 

cillm = ae a ' 

1-b --Q 
' ( l' + 1-a)e ... a_, ..:.' 

(27) 

<28) 

.~ 

(29) 

(30) 

(31) 

(32) 

(33) 

(34) 

')i 

(35) 

Since this model is a particular case ~f model B,. Y ls grea·t~r .than 1 (except 
~~ 

when a=b) for all non-zero times, and so the ~ill be less than for 
. • - •• 1 : . c:. ' .: ' 

the ideal CSTR' when the rate of in'ffow'/outflow is the same. 

(<;t~~ -~~ T J.!L. ~· ' ts.~· .,::r~ ~; ·~ 
·. · '~~I I , . ·.: ~e;e_' .e,~ """"° . ~ I f°C". ~ I 

ttv=. ~ ~ ~ <?-t.. ~ R...-:1 

• ~ . I· . ...:1 .. ,. " • I n f · • , t ~ -o -~~- ; ;·, -~~ -

,~,~~·~I 

: ·~, ~-~ ~' · -~ f -' ,.v. ·-~~ - Y"" ~- ~c-.2..., ~ • .•. 1 : · 

~·-~·~ 
~ ) l.,{,. 

... · ........... . .. ' 1 
·- ' ,., ~' ' • ~~ .. l :: ... , .. p \ ' l 

_,·. 
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PRACTICAL APPLICATIONS 

To apply the foregoing models to a practical case, one should first of all try 

to .understand the physical situation as far as possible, so that a proper m,odel can 

be selected and perhaps some of the parameters quantified. Only then will it be 

appropriate to carry out curve fitting procedures, using tracer concentration data, 

to find the other parameters. 

For curve fitting purposes, one must plot the relevant quantity as given by 

the above equations (Cll, c
12

, elm' Y, etc., as the case may be) against t,he time 

Q. If the rate of inflow/outflow, v, is not known, as is gener,ally the case, then it 

would be best to plot this quantity for various values of the parameters on a log-log 

scale. The experimental data (also plotted on a log-log scale) ~an then be shifted 

up, down or across until the best fit is obtained [8]. Alternatively, if a computer is 

at hand, a non-linear regression using hill-climbing techniques c~n be carried out. 

., 
If the rate of inflow/outflow is known, for example when all the inflow (or 

outflow) happens at one particular opening and can be measured, then a log-linear 

plot (log of C or Y vs time Q) will be more convenient, as all curves will then tend 

to straight lines as Q tends to larger values. 
' . 

.. ) .. 
Since most readers will have access to calculators or: compu~ers to help.thero 

·, 

make up th~se pl~ts, they wiV. 11ot be ·presented here (as there are many possible 

- combinations). Instea.d ,an actual case will be used to illustrate ~he tech~ique. 

o...>.-~ 
Example: Sulphur hexafluoride tracer was used to measure the ~ 

rate into a meat cold store when the door was opened [9]. The store was of the 

single-storey high-stud type with a gross volume of 4080 m 3 and a net volume 
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(gross volume - product volume) of 2983 m 3 • Air flowed in through the top half of 
' ·. ' 

the door and out the bottom half, at a rate measured at 3.0 m 3 /s (3.6 air changes 

per hour). The tracer test consisted of releasing the tracer, closing the door until a 

uniform tracer concentration was obtained, taking samples at various spots in the 

store, opening the door to start the test, closing it after a given time (5, 10, 15, 20 

or 30 min), and then waiting again for equilibrium before sampling. Thus, this was 
:i 

a type Ill test and the concentration being measured was c111 m. Table 1 shows the 

test durations and measured air changes. 

In Table l the reduced time G is the same as the air change for CSTR, since 

for the latter: 

-G 
clllm . = e 

and air change = -ln (cIIIm). 

In Table 1 Ylll is simply the difference between the air change for CSTR and 

the measured air change (column 4 - column 3). 

Solution: We will limit ourselves to orie of the two-parameter models (C, D or E) 

in view of the small number of data. Since , there is only one main inlet and outlet, 

model E can be eliminat'ed. A !so, since Y III increases with time, . model C can be 

eliminated. · We are therefore left with model D (two-region model with 

dead water). 

Equation (20) for· Y 1~1 was plotted in the range G = 0 to 4 (Fig. 8) \\(ith: 

a = 0.2, 0.5, 0.9 

f = 0.1, 0.3, 1.0 
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Since v/V i~ ;knm':'.~' : ~ c~n be calculat~d for .all. d~ta, ands.ow~ ~lot_ ln Ym vs 

G. We then plot the experimental data on the same figure. It can ~e seen that ttie 
j'I . ' . 

'· 
data are best fitted by: 

' 
.. 

a= 0.5 .. 
f = 0.1 .. 

<~ 
.•. 

The physical interpretation of this result is that th~ product, which is stacked 
') • ,; · :r " • I 

on pallets, tends to partition the rooms and create . "dead" pockets of air that 

exchange tracer very slowly with the main zone. 

I '1 

The curve fitting procedure in this case is quite insensitive to the 1)1easured 

value of the rate of inflow/outflow. An error of 10% in the latter makes hardly 

any difference in a and f (Fig. 8). 

. 
CONCLUSION 

Non-ideality in mixing must be taken into account when one .measures the 
I > 

infiltration rate. Unfortunately this factor has been ign~red by previous workers. in 

this field and this has limited the scope of tracer test~n&· A ,g909 log-linear .plot 

for the tracer concentration is no proof that the system is well mixed: .as can be 
• . : ~ I 

seen from Figs. 2 and 3 and eqns. (11) to (19 ), all the concentration curves will tend 

to an exponential decay anyway as the time becomes large, but that final decay 

(term containing em 1 G wh_ere, m 
1 

is the larger, i.e~ less negativ.e, eigenvalue) is 

' 
mainly influenced by the more stagnant region, even though the actual .volume of 

that region may be quite small, e.g., the volume of a closet or cupboard. 
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Also, from a practical point of view, it is important to know in which part of 

the building the infiltration is happening. For example, a large air interchange in 

the attic is clearly less important than one in the living area. Our simplified 

models and curve-fitting procedures will help in the determination of these relative 

infiltrations. The tracer-response approach can be complementary to recent 

attempts to model multi-zone situations with fluid mechanics, using computers 

[ 1 O]. 

Finally, an interesting and potentially important result of this paper is that 
~~ .. . 

the ~after a period of time may be quite different from what could 

be expected from the values of inflow/outflow: it may be larger (model C), in 

which case more energy may be requ'ired than expected, or smaller (models B, D 

and E), in which case less may be required than expected. I~ general, the energy 

(heat or refrigeration) load will be intermediate between ~hat estimated by a 
I 

tracer test and that deduced from direct inf1'ow/outflow measurements, since heat 

may be transferred to or from the infiltration air both by mi~ing with the air inside 

and by contact with walls, furniture; ·people, products, arid ~o forth. 
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NOTATION 

volume -of region 1 as a frac~ion of total voh,.1me V 

flow into region l as a fraction of total inflow v 

dimensionless tracer concentration (VC/m ) . 
. , ··, .,,.· . 0 

tracer concentration, kg/m 3 

.. ;i; .·· · ... . ' . 

,. 

CSTR ideally well mixed system (short for continuous-flow stirred-tank reactor) 

d difference between inflow into and outflow from region 1, as a fraction of 

total inflow v 

f flow f_rom region 1. to r_egi.on 2, as, a fraction .of total inUow v_ ' . 

k 
1
, k

2 
constants 

mo mass of tracer in system at}..ime o, l<g 

m 
1
, m2 eigen_values of the .. system ot eq;ya~ions_ (3) and (4) 

t time after test starts, s 

v total flow into or out of system, m3 /s 
t'· 'l 

V total vo.lum_e of sys~~m, m 3 

Y ratio of volume-mean concentr~tJon of system to that of ideal CSTR 
, , " ' - . 

Q dimensionless time (vt/V) 

Subscripts 

1 concentration in region l 

2 concentration in region 2 

m volume-mean concentration of system 

I type I test (response to pulse in region 1) 

II type II test (response to pulse in region 2) 

Ill type III test (response to initially well-mixed tracer injection) 
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'.'40'.\lE:\CLATLRE 

a volume of re E<ion 1 as a fraction or total volume V 
b flow into region 1 as a fraction of total inflow L' 

c dimensionless tracer concentration I VC ' 111 0 ) 

C tracer concentration. kg,. m J 

CSTR ideallv -..ell-mixed s1stem tshort for continuous-flow 
stirred-tank rea..:tor) · 

d difference between inflow into and outflow rrom region 1. 
as a fraction of total inflow v 
flow from region I to region 2. as a fraction of total 
intlow L' 

k 1.k! constants 
m0 mass of tracer in sys tem at time 0. kg 

m 1, 111 1 eigenvalues of the -;ystem of equations I J) and 14) 
c time after test starts. s 
v total tlow into or out of svstem. mJ s 

V total volume of S)Stem. ~J 
Y ratio of' olume-mean concentration of svstem to that of 

ideal CSTR . 
tJ dimensionless time Irr Vi 

Su/Jscriprs 
I concentration in region I 
2 concentration in regiun 2 

m volume-mean (uncentration of -;ystem 
l t) pe l lest I re,punse to pulse in regiun I I 

l I t) pe l l test I re,pon,;e lO pulse in region 2) 
Ill t)pe Ill test 1response tu initially -..ell-mi.xed tracer 

inJc:ctronl 

l'.'\TRODLCTIO'.'i 

WITH the current interest in energy consenation, much 
attention has rt:cently been paid to the monitoring and 
reduction of air infiltration into buildings. An inter
national agency. the Air Infiltration Centre. has been 
founded to help coordinate world research un this subject. 
Rapid a<.hances h<ne heen made in experimental tracer 
tcchni4ues for mt:a~uring inliltration. such as the use of 
'iulphur hexallullridc tracer [ l] and the de,elopment nf 
autumatic tracer inicct inn and analy'iis eljuipment [2]. , 

:\e,erthclcss the theur..:tical basis for inliltrallon studies 
r..:marns rudimcntar\ Without ..:xccption departures from 
ideality ha\c been ignored . the experimenters assuming 
that the huildin~s ..:llncc:rm:d behave ;is ideally wcll
rni.xcd sy'i tcms tor continuous-llow qirred-tank reactors. 

•\teat lndu-;tn Re-;c.irch Institute .if ~cw Zealand. P.O Box 
h I". Hamdlun. <e-.. Zeal.ind 
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CST R. in chemical engineering tecminology). Jenning and 
Armstrong [3] introduced a 'mixing factor' to take 
imperfect mixing into account when calculating contami
nant dilution. Sinden [ 4] outlined the general solution for 
tracer concentrations in multi-chamber systems. These 
methods ha ve not been applied to experimental infiltration 
studies. Yet it is known that even small non-idealities such 
as dead water zones can ha\'e a disproportionate effect on 
the concentration decay curve [5]. For example, a 
cupboard in a house may slowly release tracer gas and so 
slow down the measured tracer decay rate. The CSTR 

. assu.mption limits the use ,of tracer. gas . techniques to 
systems with low infiltration and little internal par
titioning. Efforts to improve internal mixing for test 
purposes may themselves cause errors as the internal 
recirculation system may increase infiltration [6]. Even if 
this docs no t happen it will be seen that simply changing 
the mi.xing characteristics will distort the results. 

Many models have been proposed to represent non
ideal mixing in chemical reaction engineering [5. 7l The 
results ,o btained a re ,not always directly applicable to 
inliltration studies for the following reasons : 

11) In chemical reactor cngineering, inlet and outlet 
streams are clearly identifiable. while in infiltration studies 
t .h~y '\re usually dilTuse an,d often. impossible to locate. 
· (2) In chemical reactor engineering, tracers are usually 

injected into inlet streams and monitored at outlet streams. 
In infiltration studies tracers are injected direcify into the 
space concerned and also monitored inside that space. 
Thus, 4uantities such as residence-time di stribution and 
mean exit-s tream concentrations are of little interest to 
inliltration n:search. while volume-mean concentrat ions 
arc of primary importance . 

This paper propmcs a gcncral model for non-idea l 
mixing in l'nclosed -;paces, in the contht of intiltration 
studies. T1> kt:cp the nurnbcr of model parameters to a 
minimum. the ~pace is assuml!'i:t'to consist of only two well
ITllXl'd rcginns Jor CSTRs1. Although models with more 
lhan t\\o regiL>ns may he more realistic [4], the number of 
paramctcrs in,ohcd 1\ould be so large that such models 
would be useless for practical purposes. 

fl.:n with the 1-..0-region model the numb.:r of 
rarameters usually will be too large for interpreting the 
•1va1lahle data. •ind further simplifications will be 

.-
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considered. Such mc'dels will help determine the type and 
degree of non-ideali:y present. Even when it is not possible 
to quantify precisely the parameters involved, these 
models will give experimenters an insight into what is 
happening and help in the design of their tests . 

THE GE'.'iERALJZED TWO-REGIOI'I '.\IODEL 
(MODEL A) 

The enclosed space being considered is assumed to 
consist of two well-m; xed regic1ns (Fig. 1 ). In the most 

general case possible, fluid may flow between the two 
regions and the environment in any manner. provided 
steady state and mass balance are maintained. From Fig. 1 
one can write for the mass balance 

dC 1 . 
aV- = -(b-d+j)i·C 1 +(f-d)r;C, 

dt -
Region 1: 

dC 2 
Region 2: (1-a)- = frC 1 -(l-b+f)rC2 dt 

(1) 

· (2) 

where 1: is the net flow rate through the system . .V the 
system volume,! the time, C the concentrations and a, b, d,f 
are defined in Fig. l. In dimensionless form 

dc 1 .. . b-d+f f-:d 
·-= ---. -c +--c, 
d8 · a 1 a · • 

(3) 

dc2 f • 1-b,+f 
-=--Ci - '·· . C2 
de 1-a .l -a ·. 

(4) 

where e =rt · v =reduced time. c ·= vc;mo =reduced 
concentration, and m0 = total amount of tracer in system 
al lirnt:: 0. 

This model has four independent parameters. a, b, d and 
f, whose allowable ranges are 

a= 0 to I 

b = 0 to I 

d =Ii-I tu /1 

f = 0 to x if d < 0 

d to x if d > 0. 

The general solution to equations f)J and {4) is 

Ci =(f-d)(k1e'" 10 +k2~'"'") t5) 

c 2 = k 1(b-J+.j+ami)e'"' 0 +k1(h-d+f+am 2 )c"''0 (6) 

where k 1, k 2 are.,constants to be fou~d from the initi;]I 
conditions and m 1, m1 are the eigenv~lues of the system of 

RP.gion 1 

.._ (b-O)v J~
. V,c , 

I ' •' 

v 

" (f ""<t)v 

( 1 -b)v 
' ~ :?~qion 2 

;( 1 -a)V,,c 2 

Fig. l .\loud .\ ~c:11crJ/iLcd two-rt:)llllll model. 

.. 

equations (3) and (4) and are given by 

a+b-2ab-d+f+ad 
m1,m2 = 

2a('l-a) 

x{-1±J[1 4a{l-a)(b-b 1 -d+bd+f)]} 
. . ' . (7) 

(a+b-2ab+f-d +ad)-, ' 

The reader may check that in the limiting cases 

a = 0 and b = 0 or a = 1 and b_ = 1 or f = infinity 

one obtains 111 1 = -1 and 111 1 = - x;, i.e. a CSTR is 

obtained. 
Two useful ex'pressions that may be used in deriving and 

simplifying subsequent equations a're 

-a-b-r 2ab +d-f- ad 
m1 ~rn, = 

- a(l-a) 
(8) 

h-b 2 -d +bd +! 
11111111 = (9) 

a(l-a) 

In infiltrati o n studies, a tracer is released into the 
building. If the inlets and .outlets are known (or if at least 
the main ones . such as open dobrs, windows. chimneys are 
knov.nl, they may be closed and the tracer is given time to 

mix to a uniform concentration, then opened again for the 
test proper. Othcnvisc good mixing is simply assumed . 
Samples of the air-tracer mixture are taken either at one 
particular spot where the :ai1 is considered well-mixed (e.g. 

near a fan) or at several places··at the same time to give a "'·' 
volume-mean concentration. 

In the context of the two-region model there are three 
types _of tests. dependmg on the mode of tracer release: 

(I) Type I test: Tracer is released in region 1 at time zero, 

and immediately reaches a concentration c 1 = l/ a in this 
region. The concentration in region 2 is c2 = 0 at time zero. 

(2) Type I I t~sc: As in type I except that tracer is released 
in region 2. Al time O, c 1 = 0. r1 = U(l -al. 

(3)T_1·p(' III i<'st: After tracer release. all inl•'t' :incl 
outlets are sealed lassuining they are known), and the test 
s tarts when,. , = c1 = 1. 

In each of these tests, samples may be taken in region 1 

1 
only, in n:gion 2 only, or in both regions so as to obtain a 
volume-mean concentration . 

Cm= llt'1+(1-a)Cz. (10) 

Equations for c 1, c 2 and cm will now be given. Also of 
inten:st is ltuw the volume-mean concentration decay 
<.:urve _<;om pares with that for an ideal CSTR {for which 
('m = e-•ii. 

T_1 ,ne I lr.''t 

At IJ = 0. c11 = l/a and c 12 = 0. Subsiitutin g into 
c4uations ( Sl and 161. one obtains 

. I 
( I I = ·· - -- . I al I - ,;·,·,-,;, _ m;I 1 [I - h -rf + (! -alm 1 ) c'"•" 

-[l-h+f+(l-.ilm 2)c'"'": (II) 

<"1· = ·---~-l-----~-(e'"' 9 -e'"'"l 
· <1( I -a)(m 1 - m~) 

I I ~l 

'T 
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c
1
m = I { (b -d ) (m, -mi) - -a-+ m2 e'"·'o 

+(b:J + m1) e'"'6}. (\3) 

Figure 2 gives typical curves on a log-linear scale of c11 , 

c12 , c1m and also Yi (where Yi = c1,,,/c1m <CST~J Also plotted, 
in dashed lines, are the c and Y curves f~r an ideally mixed 
system !CSTR). 

Type 11 test 
At 0 = 0, c11 = 0 and c12 = 1/(1-a). Substituting into 

equations (5) and (6) one gets 

f-d (e'"'e-e'"'9) 
C111 = a(l-a)(m1 -mi) 

I 
C112 = -.--- - 

a( l -a)(m1 -m2) 

(14) 

x [(b+f-d+ami)e'" 18 -(b+f-d+am1 )e'"'8 } (15) 

Cnm = ---- - + m, e'" 18 I { (1-b+d; ) ' 
m 1 -m 2 1-'-a -

( 1-b+d ) } +' 1-a +m1 e'"'e. (16) 

These curves have the same general shape as in type I 
tests 1Fig. 2), with c 1 and c2 interchanged: 

Type I I I tesc _ 
At 0 = 0. cin i = c1112 = I. Subst i t~ting into equations (5) 

and (6) one, gets 

C1111 = -1-{-(~ + m2) e'" 18 +(~ +m 1) ~'"'9} (17) 
m1 -m 2 a a 

C1112 = --· - - -- + m2. e'"' 8 + -.- + m1 e'" '
9 I { (\ -b ) (1-b ) } 

m 1 -m 2 ,1-a I-a 

118) 

I . 
C111m = ---:-11 +m 2 ) e'" 18 +(l +m) e""81

. m,-m1 . t , . 
( 19) 

Y1 csm 
0 

--- l r· "' . 
~-· ~ •. ' a ·~· 
~ '~ 

~-2 • C1, 

CI CSTR 

- l 

- · ~ 
a 

Fig. 2. Cum:eniraliun \anat1uns in l:>P<! I tcsl . f11 = 0.5. h ~ IJ.X. 
J = 07/=ll~I 

o-----=. 

~ .,_, 
c 
a 

~ 
~-z 
c 

-..J 

,.Y m csra 

{;! 

fig. 3. Concentration variations in type III test. (a = 0.5. b = 0.8, 
d = 0.7.J= 08.) 

Dividing equation t 19) by the ideal CSTR response, e- 8
• 

one obtains 

I 
Y. = .< -(\+m,)e\l•m.ie+(l+m )e11 -'"' 181 .. 
m !m1 -m2' l - i J 

(20) 

Figure J shows typical plots for c1111 , c1112 , c111m and Yin · 
Also plotted, in dashed lines, arec and Y curves for a CSTR. 

It would be interesting to know whether the volume
mean concentration c11 1m decays faster or more slowl y than 
it would ir the S) stem \\ere ideally mixed: i.e. whether )1 11 is 
greater or less than 1.1 f t; 11 > I. the air change aft era time tl 
will be less than fora CST~. even though gross inllows and 
outflows are equal. The reverse applies if Yiu< l. 

To find this out we take the derivative of l';u and simplify 
using equations (8) and (9) 

d Yiu =(a- b)(a-b + J) (e'"18 -e'"'8
) ee. 

dO a(l-a) m1 -m 2 

(21) 

It can be seen that the sign of d Y,'d8 is that of 

(a-h)(u-h+d) = (a-b)[a-(b-d)]. 

Thus. ifthe int1ow fraction hand outflow fraction f b-d) are 
both greater than . o r both kss than. the volume frm:tion "· 
J Y di/ v.ill b.: positi\·e. and Y wi ll be greater than I at all 
non-1.<!rO times !since Y = I a t I)= 0). In other words. the 
air chan ge will be less than for an ideally mixed system ror 
the same gross mlluw and outflow. rr(a -hJ a nd (Cl - b + cl) 
are or opposite signs. the re verse will apply. Since a.band d 
arc tixcd parameters for a given situation. l;11 can not cross 
the line Yj 11 = I (while YI <tnd Y11 can-see Fig. 2). In 
practica l tcrms. th is means that the energy loss due 10 

infiltration will be always greater or always le~s than ll •>W 
measurements indicate, as the case may be. 

TWO-REGIO:'-i '10DEL WITH BAL..\:'-iCED 
l:'-iTF:RCHA~GE (MODEL B) 

The generahlcd two-region model (model A) is too 
complex for most purposes and it would be useful to 
simplify it. By putting d = 0 in Fig. 1 a thret:-paramcter 
mudel is obtained. model B (Fig. 4). Equations for 
concentrations and Y-ratios in various test conditions are 
rcadily nhtainablt: from i:quations (7H20l by li.:tling ti = 0. 
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•• 
'J 

Region 1 

av . c, 

fv fv 

Region 2 

(1-a)V,c2 

'j 

Fig. 4 . .'vfodel B: two regions with balanced interchange. 

., 

and will not be presented here. From equation (21) it can ~e 
seen that d fi 11j d8 > O. and thus Y > l for all non-aero 
times. Thus the air change will. always be less than for lj/1 

ideal CSTR. e:Xcept if a = b wheil' it 'will be the samfi!. 
In practice. model B may apply-when a building is. 

partitioned into several portions, each with : its doors, 
windows. cracks; etc .. and there is limited interchange 
between the portions. 

T:WO-REGIO~ FLOWTHROL'GH :\IODEL 
(~IODEL C) 

If b = -1 and d = b the two-parameter model in Fig. 5 is 
obtained. where the air flo:ow's into the first region and out of 
the 'second region with (unbalanced) interchange between 
the iwo. This model has been considered by. Levenspiel [5]. 
[n practice such a ·situation may arise when.a building has 
an· open door· (or window, chimney, etc.) at one en,d, 
another opening at the other end;and· the wind's gener;i.l 
direction is liried up with the two openings, It will be· al~o, 

common in many .old-fashioned multi'--stotey cold store.~, 
when there is an open door near .the top, another at tbe 
tloor level, and cold air flows. out of the bottom door by 
gravity. A' room being warmed by an open fire with 
accompanying draugh~ is another e:xumple. Yet another 
exari'lple' is ;i high-rise c·old store with a large open door: 
warm air will flow in through the upper part of the door 
and collect near the ceiling (region 1), while cold air !lows 
out through the lower part of the door. If mixing is not 
thorough, stratitication will set in and the-re w1ill be distinct 
hot and cold layers. ·" ,; ; 

The eigenvalu6 m 1, m2 are found by putting h = J. = l 
in equation (7) 

m m, = ____ / ____ {-r+J[r - ·foll-a)]}· 
1

' • 2a( I -ul - · , J 

v ,I R-'<iion 1 
']"/I r: , 

( I_• ) 1 ! ! f 1 

p,..1ion 

1 ~1 - c,1, -:. 2 

1·1!! 5 \1nJd C l"n·r~l!J<>n lluwlhruu11h mu<..ld . 

(22) 

Doing the same to equations (I l'H20) will give expres

sions for C11. L'12· ('Im• CIU• Cu2· Cum, CUil• C1112' Clllm and Yin· 
Equation ( 21 l becomes 

dY ('em'tl-emzti) . Ill ti --=- e. 
dB m1 -mz 

1231 

Hence }'; 11 is less than l at all non-zero times. In other 
words. the air change is greate~ fhan for an ideal CSTR at a 
given rate of inflow outflov/ 

TWO-REG!O:"' \IODEL WITH DEADWATER 
;~~GIO.~~(}IODEL D) . 

If h = l and d = :o: 1one obtailis the two-parameter 

model showlil! \n:fig: 6. '<'f~ich .is ,a p,articular case of model 
B. This med~I .. has · b~e~ .. corisidcred by Bi~cholT and 
Dedrick [8]. Region 2 is rw.w a :'de.ad water" zor~~. ,.;,h_i,c.p is 
not direqtly connt?ctcd .with the outside. 

This model mn;· ;ipply .~~· hen the infi ltration ha.pP,ehs 
mainly through 11 single o pening or 5evera l closely situa~ed 
openings and tht:re .are 'yalls, cupboasds, furniture, 
products. etc. that cr_eate dead regions e,llchanging ['racer 
slow Iv with the rest of the building. · · · 

• ._ ;'" 1 

Equation (71 now becomes · 

_ 1- a+f {- /[ _ -laf(l-a) ]} ~ m ,m, - 1 + 1 , 1-4) 
'

1 
- .2u(l-al -\) · (1-a+f)· 

and putting b = 1. d = 0 in equations ( 1 l)-(20) will give 

e'xpressions for c11 • c12 , c1m, c111 • c112 • Cnm• c1111 • C1112• Cmm and 

Yin· · 
Since this model is a particular case of model B. Yiu will 

be posili ve fur all 11011-Ltro ti Illes. and the air change will be 
less than for the ideal CSTR for a given rate of intlow• 
outtlow. 

A special situation of interest is when the factor a tends 
to zero. in which case 

('112 = t'11m = C1112 = ('lllm = e--11 II ~J>lti 1.25) 

};
1 

= };
11 

= eu < 1 • f1 1261 

for non-zero time-;. 
_ Physically this means that a small local recirculation 
wne or 'airlock' occurs near the opening (region I). so that 
the entering and lea~ing air ~treams are mixed together. 

;thys reducing the ~lfecti\'e ai_r interchange by a constant 
fuctor / ( l_ , i fl. .This gi\'c~; ,'a phy~ical explanation for 
'Jen.ning3nd Armstrong's ·n,1ix'ing factor' [3]. In tests on 
cold stores with an open doqr

1 
we have obserycd reduction 

fa,ctors down tt~. !).50. corresponding to f = I. 

.... r 
' ' _J Region 1 

[~ 
(. 

' ·~ ' f' 

I I 
.lo J .· . i Reqio'l 

j ( 1 - .G)'l ,C2 

I 1g fl \f,•Jel [) · l\\11 r~~il>ns wirh Jcadl'.alcr . 
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Region 1 

av ' c, j 

Regi,on 2 

(1-ci)V,c 2 

fig. 7. Model E: two regions without interchange. 

TWO-REGION \IODEL WITHOUT 
INTERCHAl'iGE (MODEL E) 

I 

If f = J = O. the model shown in Fig. 7, which is another 
particula r case of model B. is obtained. Fluid tlows in two 
separate s treams through the two regions, which do not 
interact. This si tuation mav happen in practice when the 
buildin'g is separated into di.s tinct zories (rooms, levels, etc.) 
each with its own openings. 

Equati()nS fot various concentrations are most easily 
obtained by direct solution of equations (3) and (4) 

(simplified as required) 

Type I test 

1 
C

11 
= - e - 1b•o>ll 

a 

C12 = 0 

Cim=e - !ba18 

T.rpe ll cesf 

C111 =O 

,, I 
c

112 
= --e-r11-b111 - uiJe 

1-u 

t'11m = e - {tl ·- ti1tl -u1ld 

Type 111 test 

C1111 = e 
jh u18 

l'1112 = e (!I - /11 l l · ..irlH 

(27) 

(28) 

(29) 

(30) 

(31) 

(32) 

(33) 

()4) 

C111m =tie '""'"-1l-<1)e · r11-0111 - "1IR 135) 

Since this model is a particular case of model 8. Y is 
greater than l I except when u = ·h) for all non~zero times, 

, and so the air change will be less than for the ideal <:STR 
when the rate of intlow outflow is the same. , 

!Strictly speaking t)pe Ill test is meaningless in the 
t:Lintext of model E. sinLc no mixing takes place betwet:n 
the two regions. However. in practice, this model can be 
used as a limiting case when fis non-zero but much smaller 
than I l 

PR..\CTIC\L ..\PPLICATIO'S 

To apply the for..:going moJcls to a practical case, one 
'hould tirst cif all try to under'itand the ph~sical situation as 
far as possible. so that a prupc::r model can be selected and 
p..:rhaps 'Lime of the parametl!rs 4uantili..:d. Only th..:n will 
1t tie ;1ppnipnate to l·arrv- 11ut curv-e-litting proc..:Jurcs . 

using tracer concentration data., to find the other 
parameters. 

For curve-fitting purposes, one must plot the relevant 
quantity as given by the above equations (C11 , Cu, C1m, Y, 
etc., as the case may be) against the time fJ. If the rate of 
inflow/outflow, u. is not known. as is generally the case, 
then it would be best to plot this quantity for various values 
of the parameters on a log-log scale. The experimental 
data(also plotted on a log-log scale) can then be shifted up, 
down or across until the best fit is obtained [8]. 
Alternatively, if a computer is at hand, a nonlinear 
regression using hill-climbing techniques can be carried 
out. 

If the rate of inflow outflow is known, for example when 
all the inflow (or outflow) happens at one particular 
opening and can be measured. then a log-linear plot (log of 
C or Y vs time 8) will be more convenient, as all curves will 
then tend to straight lines as 8 tends to larger values. 

Since most readers wilh.have access to calculators or 
computers to help them make up these plots, they -.yill not 
be presented here. r.as there are many possible combi
nations): Instead ·an actual case will be u~ed to illustrate 
the technique. 

Example 
Sulphur hexatluondc tracer \yas used to measure the air 

change rate into a meat cold store' when the door was 
opened [9]. The store was or the single-storey high-stud 
type with a ·gross ,·ol ume of 4080 m 3 and a tlt''. volume 
!gross volume - product volume) of2983 m 1. Air flowed in 
through the top ha tr of the.door a nd out the bottom half, a.t 

a rate measured at 3.0 m1/s (3.6 air changes per hou.r). The 
tracer test consisted of releasing the tracer, closing the door 
until a uniform tracer conc.entration ~as obtained, taking 
samples at various spots in the store, opening the door to 
start the test, closing it after a given time (5, 10, I 5, 20 or 
30 min), and then waiting again for equilibrium before 
sampling. Thus. this was a type III test and the con
centration being measured was c 111m. Table I shows the test 
durations and measured air changes. 

In Table I the reduced time II is the same as the air change 
for C:STR, since ior the latter 

C111m = e- 8 

and air change = - ln lc 111 ml· 
In Table l Yin is simply the di!Terence between the air 

change for CSTR and the measured air change (column 4 
-column 3). 

Solwion 
We will limit ourselves to one of the two-parameter 

models (C. Dor El in view of the small number of data. 

Table I. DJ ta from tracer test for worked enmple 

\kasured Air 
Tes! Dimens1,1nlcss air change 

duration. 11me .:hange for 
1/ (-In C111ml CSTR 1'111 ------ __ .,. 

300 11_:.:o 0.32 0.30 -0.02 
600 IJ.60 0.49 0.60 0.1 I 
'ii)() I) 90 0.54 0.90 0.36 

I 2t)() I 20 0.69 I 20 0.51 
IXOO I ~O 0.86 l.80 0.94 
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The curve-fitting procedure in this case is quite 
insensitive to the measured value of the rate of 
inflow1outflow. An error of 10°-~ in the latter makes hardly 
any dilTerence in u and/ (Fig. 8). 
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'.Jato with in flow rate 1ncceased by 10% 

CONCLUSION 

Non-ideality in mixing must be taken into account when 
one measures rhe infiltration rate. Unfortunately this 
factor has been ignored by previous workers in this field 
and this has limited the scope of tracer testing. A good log
linear plot for the tracer concentration is no proof that the 
system is well-mi.xed: as can be seen from Figs 1 and 3 and 
equations ( 11H19), all the concentration curves will tend 
to an exponential decay anyway as the time becomes large, 
but that final decay (term containing em• 9 where m 1 is the 
larger, i.e. less negative. eigenvalue) is mainly influenced by 
the more stagnant region. even though the actual volume 
of that region may be quite small, e.g. the volume of a closet 
or cupboard. 

Fig. 8. Curve-fitting model D for cold store example. Parameters 
for each cune are fa. fl. 

Also. from a practical point of view, it is important to 
know in which part of the building the infiltration is 
happening.For example. a large air interchange in the attic 
is clearly less important than one in the living area. The 
simplified models and curve-fitting procedures will help in 
the determination of these relative infiltrations. The tracer
response approach can be complementary to recent 
attempts to model multi-zone situations with fluid 
mechanics. using computers [I OJ. 

Since there is only one main inlet and outlet, model E can 
be eliminated. Also. since }'(11 increases with time, model C 
can be eliminated. We are therefore left with model D (two
region model with deadwater). 

Equation 120) for Yin was plotted in the range (} = 0-4 
!Fig. 8) with 

u = 0.2, 0.5, 0.9 and f - 0.1. O.J, 1.0 

Sim;e l' Vis known, V can be calcu·. tt ed for all data. and 
so In Yin vs 0 is plotted. Then the ;;xperimental data is 
plotted on the same figure. It can be seen that the data are 
best fitted by 

u = 0.5 and ( = 0.1. 

The physical interpretation of this result is that the 
product. which is stacked on pallets. tends to partition the 
rooms and create "dead' pockets of air that exchange tracer 
very slowly with the main zone. 

Finally, an interesting and potentially important result 
of this paper is that the air change after a period of time may 
be quite different from what could be expected from the 
values of inflow outflow : it may be larger (model C), in 
which case more energy may be required than expected, or 
smaller (models B. D and E), in which case less may be 
required than expected. In general, the energy (heat or 
refrigeration) load will be intermediate between that 
t:~li111alt:J uy a tlJ.Cel test and that deduced from direct 
inflow-outflow measurements, since heat may be 
transferred to nr from the infiltration air hoth hy mixing 
with the air inside and by contact with walls, furniture. 
people. products. and so forth. 
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