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SUMMARY

In using tracer tests to measure infiltration, .it. is important ta take :into
account non-ideal mixing in the building.. This paper proposes-to do.this using a

two-region model.

- s VQ\QM" 'V.l .

A result of non-ideality is that the ast-iafitration rate, and hence the energy
consumption due to infiltration, will usually not be that calculated from 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 reasoning and from a’ curve-

fitting procedure.



With the current interest in energy conservation, much attention has recently
been paid to the ‘monitoring and rediction of air infiltration into bAuihlrdings. An
international agency;’ the Air Infiltration ;Céﬁtre, has been founded;:‘td Help cfo-
ordinate world research on this subject. Rapid advances have beén' .made in
experimental tracer techniques for measuring infiltration, such as the use of
sulphur ‘hexafluoride tracer [1] and the development of automatic tracéf injection
analysis equipment 2] : ax : s i (SRS

Nevertheless T ‘the theoretical ‘basis' for infiltration studies ' remains
rudimentary. Without exception departures from ideality have been igr;bred, 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]. E ven 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:



l. In chemical reactor. engineering, inlet and outlet streams are clearly
identifiable, while in infiltration studies they are usually diffuse and often

impossible to locate.

2e In chemical reactor engineering, tracers are usually injected into inlet
streams and monitored-at outlet streams. 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 infiltration research, while

volume-mean concentrations are of primary importance.

This paper proposes a general mode!l for non-ideal mixing in enclosed spaces,
in the context of Intlltration studies. To keep the number of model parameters to
a minimum, the sbace' is assumed to consist of only two well-mixed regions:kbr
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.



THE GENERALIZED TWO-RE GION MODEL
. (MODEL A) .

The enclosed space being considered is assumed to consist of two well mixed
regions (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 we can write for the mass balance:

Region 1: aV %(;:1 == (b-d+f)vC, + (f7d)vC2 (1)

(2)

2 = v C - (l-b+f)vC2

Region 2: (1- a) 4

e

where v is the net flow rate through the system, V the system volume, t the time,
C the concentratlons and a, b d f are defmed in F1g 1. In dlmensmnless form: |

(3)

dc b-d+f f-d
de . a’ 4 a
dc f 1-b+f
=z — - c
92 1-& e 2 (4)

vt/V = reduced-timeé

where © =
C = VG/mb . = .reduced concenitration
Totat arfiount of ‘tracer in systém at time 0

bl 1 0 7
o]

This model has four independent parameters, a, b,'d and’f, whose illowable

ranges are:



a=0tol
b=0tol

d = b-1tob

£ =0 to infinity if d<0

d to infinity if d>0

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

¢ = (£d) (k; €M1 4 kpe™2®) (5)

=k (b-dsfram l)emlg +k, (b-d+f+am2)em2® )

N
|

where kl’ k., are constants to be found from the initial conditions and my, m, are

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

= B -aXh-b?-d:
o _ a+b-2ab-d+f+ad { i ‘ﬁ_ ba(!1-a)(h-b?-d+bd+ 1) )

1’ mz = 2
2a(l-a) (a+b-2ab+f-d+ad)

The reader may check that in the limiting cases
a=0andb=0
or a=landbal

or f = infinity
we obtain m; = -1 and m,, = - infinity, i.e. we obtain a CSTR.

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

subsequent equations are:
-a-b+2ab+d-f-ad

m1 + m2 = a(l-a) (3)




b-b?-d+bd+f
m = —— ' '
1M2 = Tl r

In infiltration studies, a tracer is released into the building. If the jnlets and
outlets are known (or if at least the main ones, such as open doors, windows,
chimneys are known), they may be closed and the tracer is given time to mix to a
uniform concentration, then opened again for the test proper. Otherwise good
mixing is simply assumed. Samples of the air-tracer mixy»ture are taken either at
one particular spot where the air is considered well mixe‘d (efg.,_ near a fap) 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:

1. Type I test: Tracer is released in region | at time zero, and immediately
reaches a concen‘tlr_'ation»vc_'k- = l/a in this region. The concentration in region 2
is ¢, = 0 at time zero.

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

O,C = 0’ C2= ll(l-a)'

1

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

(assuming they are known), and the test starts when C =¢,= 1.

In each of these tests, samples may be taken in region ! only, in region 2

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

¢ = ac; + (l-a)c, K L (10)



E quations for Cyy Cp and ¢, will now be given. Also of interest is how the
volume-mean concentration decay curve compares with that for an ideal CSTR (for

. -0
which Cph=¢ ).

Typel Test:

At © = 0, ¢y = 1/a and ¢ = 0. Substituting into eqns. (5) and (6), one
obtains:

C = l
: I a(l‘a)(ml-mz)

{ [1-b+f+(l-a)m llemlg - [1-b+;f+(1—a)m--2]em29}(l 1)

_ f meoe m,0Q
¢y = a(l-a)(ml-mz) (el -e 27) (12)

m i _ b-d m o  b-d m,© A
m = (ml_mz)i (a +m2)e 1 +(a +ml)e 2 } (13)

Figure 2 gives typical curves on a log-linear scale of c and also

1’ <2’ “im
Y| (where Y| = CIm/CIm (CSTR))' The-valume=mean-eongentration, c—~at first-
decreas ickl d the ds lower cxpopential deeay—as_the -term.
conta«'n'mg&ril_@/tﬂmwis_is_a_Qattenl,lhat-williecur*in&tbercases. Also

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

Type Il Test:

At ©=0, CU:O and c[2=1/_(1-a). Substituting into eqns. (5) and (&) one gets:

ep—— - S L L (1)
I a(l..a)(m -m )
)
1 ] m. O m_© ‘ ,
(of = b+f-d - ~d+ b
2 = a(l-a)(m -m.) 2 (b+f-deam )1 - (b+f-dsam.)e™2 S (15)
I _(1-b+d m,© ,l-b+d m.©
U = iy a1 e mpea® -



These curves have the same general shape as in type I tests (Fig. 2);'with ¢y

and ¢, interchanged.

Type Il Test:

At© =0, ¢y = ¢qppp = L. Substituting into eqns. (5) and (6) one gets: -
ml:—l"— { -(-5+m Je™] o +(—+m )e 2 } (17)
my=ma
C1112=m_1?,“n“’ {(I-_—+m)m9 42+ m Je™ } s
=2
1 m m @ *
n = 7, { ~(tem )e™ s(1em )e™2° § (19)

Dividing egn. (19) by the ideal CSTR response, €™, we obtain:

= 1 e yollem O v (l+m_)O -
Ym & (—W“) {-(1+m2)e t +(1+m1)e 2 _g (20)

Figure 3 shows typical plots for cIII P’ CIIIZ’ cIII and YIII' Also plot'ted, in

dashed lifes, aré c and Y curves for a CSTR.:

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

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

. E . : . ML
whether Ym?' is greater ‘or less than L. If YIII > 1, the agymﬁltra@oo after a time

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

The reverse applies if YIII g L.

To find this out we take the derivative of YIIII‘I and'sin{blif-y usi;g edns. (8) and
(9):
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ﬂul _ (a—b)(a—b+d) mlg - em2® )]

e
d® ~  a(l-a) ( m) -m, ¢ (21)

It can be seen that the sign of dY/d© is that of (a-b) (a-b+d) = (a-b) [a-(b-d) 1.
Thus, if the inflow fraction b and outflow fraction (b-d) are both greater than, or
both less than, the volume fraction a, dY/d© will be positive, and'Y will be greater
than | at all non-zero times (since Y=1 at ©=0). In other words, the netinéittranon
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, Yy;; cannot cross the line Yy = ! (while
YI and YII can - see Fig. 2). In practical terms, this means that the energy loss due
to infiltration will -be always greater or always less than flow measurements

indicate, as the case may be.

TWO-REGICN MODEL WITH BALANCED INTERCHANGE

(MODEL B)

The generalized 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. | a three-parameter
mode! is obtained, model B (Fig. 4). Equations for concentrations and Y-ratios in
various test conditions are readily obtainable from egns. (7) to (20) by letting d=0,
and will not be presented here. From eqn. (21) it can be seen that "de/d@ >0, and

o SV 2
thus Y > | for all non-zero times. Thus the At if{i4rarien 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, etc., and there is limited

interchange between the portions.
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TWO-RE GION FLOWTHROUGH MODEL
(MODEL C)

If b=1 and d=b we get ;he two-parameter model in Fig. 5, where the air flows
into thé first regiqp and out of the second region with (unbalanced) interchange
,b’et\_v'een the two. This model has been considered by Levenspiel [5]. In practice
such a situation may:_a}_t‘jj‘se when a building has an open, door (or window, chimney,
etc.) at one end,_ anpther opening at ,.‘;h.‘,e other end, and the wind's general-direction
is lined up with the two openings. It will be also common in many old-fashioned
multi-storey cold stores, when there is an open door near the top, another’ at the
fl;mr level, and cold air flows out of the bottom door by gravity. A:room being
warmed by an open fire with accompanying draft is another.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 1), while
cold air flows out through the, lower part of the door.. If mixing is ‘not thorough,

stratification will set in and there will be distinct hot and cold layers.

The eigenvalues m,, m, are found by putting b=d=1 in eqn. (7):

| g Sall=) R
D ‘/1-——-— | 5
127 2a(1-a) { AR f } : (22)

Doing the same to eqns. (11) to (20) will give expressions for 117 €122 S’

“ur’ “n2’ “um’ iy’ Sma2? ratm 2" Yoor,

E gn. (21) becomes:

MO mle
L T e LN , ‘ ‘ (23)
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Hence YIII is less than | at all non-zero times. In ofher words, the gfef

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

TWO-RE GION MODEL WITH DEADWATER RE GION

(MODEL D)

If b=1 and d=0, 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 [8]. Region 2 is now a "deadwater" zone, which is not directly connected

with the outside.

This model may apply when the infiltration 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.

E quation (7) now becomes:

o l-aef § h_f#af(l-a)g
T ™25 Za(l-a) il— (1-a+f)? (2‘4)

and putting b=1, d=0 in egns. (11)'to (20) will give expressions for 115 €12 Sime Sty

C112* 1’ Sury? Sz’ Sim 209 Yy

Since this model is a particMe of ‘model B, YIII will be"positive for all
UMV

non-zero times, and thewwwm be less than for the ideal CSTR:for a

given rate of inflow/outflow.



12

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

case:

f

C = C = € = C = e- 1+f

112 IIm 112 IIm (25)
-9

Y= Yy = e 14 (26)

for non-zero times.

Physically this means that a small 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/(1+1).
This gives a physical explanation for Jenning.and Armstrong's "mixing factor" [3].

In tests on cold stores with, an open door we have observed reduction factors down

to 0.50, correéponding to f=1.

TWO-REGION MODEL WITHOUT INTERCHANGE

(MODEL E)

If £=d=0, we obtain the mode! 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 most easily obtained by direct

solution of eqns. (3) and (4) (simplified as required):,
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b
e .1, 7a® (27)
H=a® :
_bo | o
Cim=¢e 3 = ' (29)
Type II Test:
Chyp = 0 (30)
-11_-129
gt g7 178 ' (31)
Cimp & ¢
-ll;b@
T e I ' (32)
Cim = ®
Type Il Test: _QQ
a ' " X :
-.11_-_'9@'
-3
B (34)
Chmz = ¢
_bg -11_-2@
a o Qs 4 = K
GfIIm = ae + (1-a)e | (3“5)\

Since this model is a particular case 6f model B, Y ils'grea‘t.ﬂér lfhan l' (except

Al M
when a=b) for all non-zero times, and so the ﬁt/inﬁh:a-t\i.ouill be less than for

[

the ideal CSTR' when the rate of 1nﬂow/outﬂow is the same.

(gr“c;w:) M"Cart T Fek N‘“‘{Q‘mi"“ M‘“
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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 model 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 f{itting purposes, one must plot the relevant quantity a; éiven by
the above equations (C“, CIZ’ CI Y, etc., as the case ‘ma‘y be) against the time
©. If the rate of inflow/outflow, v, is not known, as is generally the case, then it
would be best to plot this quantity for various values of the p‘arameters 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 non-linear 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 ©) will be more convenient, as all curves will then tend

to straight lines as © tends to larger values.

Since most readers w1ll have access to calculators or computers to help:them
make up these plots, they will not be presented here (as there are many possible
combinations). Instead an actual case will be used to illustrate the technique.

b el
Example:  Sulphur hexafluoride tracer was used to measure the w@t iMfitPatief-
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? and a net volume
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(gross volume - product volume) of 2983 m®. Air flowed in through the top half of
“the door and out the bottom half, at a rate measured at 3.0 m?/s (3.6 a:ir changes
per hour). The tracer test consisted of releasing the tracer,‘ cio;ing the door untii' :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
a type Il test and the concentration being measured was C;IIEIr;' Table | ;hows the

test durations and measured air changes.

In Table | the reduced time © is the same as the air change for CSTR, since

for the latter:

lim -~

and air change = -In ((:II

Im)'

In Table ! YIII is simply the difference between the air change for CSTR and

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

Solution: ~ We will limit ourselves to one 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 eliminated. Also, since YIII increases with time, model C can be

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

deadwater).

E quation (20) for YI;I was plotted in the range © = 0 to 4 (Fig. 8) with:
a = 0.2’ 0.5, 009

f = O.l’ 0.3’ l.o
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Smce v/V is known, @ can be calculated for all data, and so we plot ln YIII Vs

Q We then plot the experlmental data on the same figure. It can be seen that the

data are best htted by

The physmal mterpretatlon of this result is that the product, which is stacked
on pallets, tends to partmon the rooms and create "dead" pockets of air that

exchange tracer very slowly with the main zone.

The curve fitting procedure in this case is quite insensitive to the measured
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 m1x1ng must be taken into account when [one measures the
. i, K

mflltratlon rate. Unfortunately thlS factor has been ignored by previous workers in
this field and this has hmtted the scope of tracer test}ng. A good log-linear plot
for the tracer clo‘ncentratio_n is no proiof that the system is yell mixed: as can be
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 e 1Q where ml is the larger, 1e. less neganve, exgenvalue) is

mainly mﬂuenced 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

[10).

Finally, an interesting and potentially important resu.ltwof tﬁis paper is that
the pe,t«-in:tz;a@wafter 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 expectéd, or smalier (models B, D
and E), in which case less may be required than expected. In gener"al, the energy
(heat or refrigeration) load will be intermediate between éhat estimated by a
tracer test and that deduced from direct inflow/outflow r'neas‘Ur'erri'en‘ts, since heat

may be transferred to or from the infiltration air both by miScihg with the air inside

and by contact with walls, furniture; people, products, and so forth.

1
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NOTATION

a volume of pegi\on Il as a fraction of total volume V

b flow into region | as a fract"xon of total inflow v

c | dimensionless tracer concentration (VC/mo) ,

c tracer concentration, kg/m?

CSTR  ideally weh 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 from region 1 to region 2, as a fraction of total inflow v

kl’ k2 | éonstants

m, mass of tracer in system at.time 0, kg

m, M, eigenvalues of thensystem of equations (3) and (4)

t time after test starts, s

v totaluﬂow into or out of system, m?/s

\Y total Qo}um{e of system, m?

Y ratio of volume-mean concentration of system to that of ideal CSTR

=] dimensionless time (vt/V)

Subscripts

| concentration in region !

2 concentration in region 2

m volume-mean concentration of system

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

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

III

type III test (response to initially well-mixed tracer injection)
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Generalized Two-region Model for

Infiltration Studies

Q.T. PHAM*

In using tracer tests to measure infiltration. it is important to tuke into account non-ideal mixing in the
huilding. 4 method using a two-region model is considered. A result of non-ideality is that the air
change rate. and hence the energy consumption due to inpltration. will usually not be that calculated
Jrom the rate of inflow owiflow. The use of the model is iilustrated by an example in which the model
parameters are deduced both from physical reasoning and Jrom a curce-fitting procedure.

NOMENCLATURE

volume of region ! as a [raction of total volume V
flow into region 1 as a [raction of total inflow ¢
dimensionless tracer concentration (¥'C m,)

tracer concentration, kg m*

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

d difference between inflow into and outflow [rom region 1,
as a fraction of total inflow v

t fow from region | to region 2. as a fraction of total

inflow v
k,.k., constants
m, mass of tracer in system at time 0. kg
my.m, eigenvalues of the system of equations {3) and (4)

t time after test starts. s

v total flow into or out of system. m> s

V' tolal volume of system. m?

Y ratio of volume-mean concentration of system to that of
ideal CSTR

0 dimensionless ume (v1 V)

Subscripts
| concentration in region !
2 concentration in region 2
volume-mean concentration of system ou
[ type I testiresponse to pulse in region 1)
IT type [ test iresponse Lo pulse in region 2)
type HI test tresponse Lo initially well-mixed tracer
myection)

INTRODUCTION

WITH the current interest in energy conservation, much
attention has recently 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 on this subject.
Rapid advances have been made in experimental tracer
technigues for measuring infiltration, such as the use of
sulphur hexafluonde tracer [1] and the development of
automatic tracer infection and analysis equipment [2].

Nevertheless the theoretical basis for infiltration studies
remains rudimentary. Without exception depirtures from
ideality have been ignored. the experimenters assuming
that the buildings concerned behave as ideally weli-
mixed systems (or continuous-tlow stirred-tank reactors,

* Meut Industiry Research Institute of New Zealand, P.O. Box
617 Hamulton, New Zeuland

¥ |
L (]

CSTR.in chemical engjneering terminology). 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 have not been applied to experimental infiltration
studies. Yet it is known that even small non-idealities such
as deadwater zones cah 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 meusured tracer decay rate. The CSTR

-assumption 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 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 [3. 7). The
results obtained are not always directly applicable to
infiltration studies [or the following reasons:

(1) In chemical reactor engineering, inlet and outlet

streams are clearly identifiable. while in infiltration studies
lhgy are usually diffuse and often impossible to locate.
" (2) In themical reactor engirteering, tracers are usually
injected into inlet streams and monitored at outlet streams.
In infiltration studies tracers are injecteddii'-e‘cify 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
infiltration research, while volume-mean concentrations
are of primary importance.

This paper proposes a general model for non-ideal
mixing in enclosed spaces, in the contéxt of infiltration
studies. To keep the number of model parameters to a
minimum. the $pace is assumed to consist of only two well-
mixed regions (or 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
avallable data. and further simplifications will be
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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 insight into what is
happening and help in the design of their tests.

THE GENERALIZED TWO-REGION MODEL
(MODEL 4A)

The enclosed space being considered is assumed to
consist of two well-mixed regions (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
Region 1:

dCc
avd—[l = —(b=d+)C,+(f—d)C, (1)

Region2: (1—a)—2 = fiC,—(1=b+f1C, (2)

dt

where v is the net flow rate through the system. -V the
system volume, t the time, C the concentrationsanda, b, d,f
are defined in Fig. 1. In dimensionless form

dey o bdtf  f-d

d9 = —cC + €2 (3)
dCz . f : 1_b+f
B 1-a"' " T1-a 2 )

where 8 = vtV = reduced time, ¢ = VC, 'm, = reduced
concentration, and m, = total amount of tracer in system
4l time 0.

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

a=0tol

b=0tol

d=b—-11w010

f=0tox ifd<0
. dto r 'ifd>0.

The general solution to equations (3) and (4) Is
el = (f—d)lk, €m0 4 kyemh) (5
¢ =kyb—d+f+am)e™’ +k, (b—d+f‘+am2)c"‘5" (6)

where k,, k, are.constants to be found from the |mlm|
conditions and m,, m, are the exgemdlues of the system of

Region 1
A N

. / ' GY i Cl“ \\
bv \‘(b—d)v
i
. ! 1
\. 4

— (f=a)v
{1-b)v ‘\\ [ |/1-b+d)v

‘; Ragion 2|

1 —a)V».cz

Fig. I Model A generalized two-regson model.

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

a+b—2ab—d+f+ad
2a(l —a)

B ; _4a(1,—(1)(b—b2-d+bd+f)
X{ li\/[l Tavb—2abri—dvady || 7

The reader may check that in the limiting cdses

my,m, =

a=0andb=0 ora=1landb=1 or S = infinity

one obtains m, = —1 and m, = —x. 1e. a CSTR is
obtained. v
Two useful expressions that may be used in deriving and
simplifying subsequent equations are
—a—b+2ab+d—f—ad

my+m, =- al—a) (8)

2
mlm:=b_b —d+bd+f' ©)

a(l —a) ’

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 dodrs, windows. chimneys are
known), they may be closed and the tracer is given time to
mix to a uniform concentration. then opened again for the
test proper. Otherwise good mixing is simply assumed.
Samples of the air—tracer mixture are taken either at one
particular spot where the:air is considered well-mixed (e.g.

near a fan) or at several places-at the same time to givea _,,

volume-mean concentration.

In the context of the two-region model there are three
types of tests, depending on the mode of tracer release:

(1) Type I test: Traceris released inregion 1 at time zero,
and immediately reaches a concentration ¢, = 1/a in this
region. Theconcentrationin region 2isc, = Oattime zero.

{2) Type I test : Asin type [ except that tracer is released
in region 2. At time 0, ¢, = 0.¢, = /(1 —a).

(3) Type 111 iest: After tracer release. all inlets and
outlets are sealed (assuming they are known), and the test
starts when ¢y, =c¢, = L.

In each of these tests, samples may be taken in region |
only, in regign 2 only, or in both regions so as to obtain a
volume-meun concentration

Con = uc +11 —ajc,. (10)

Equations for ¢, ¢, and ¢, will now be given. Also of
interest is how the volume-mean concentration decay

curve compares with that for an ideal CSTR (for which
=e" U).

Type | test
At 0 =0. ¢, = lja and ¢, = 0. Substituting into
equations (5) and (6), one ubtains

!

(= o (L= b f (1 = alm, ] ™
Tl —aHml m,)
—[l=h+f+(1 —aim,] ™ (11)
ey ,/_M._.,‘v_ c""”—c"‘-‘"’) (12
Tl —u](ml —m.,)
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1 { (b—d ) .
Cly = =4 = +my je™
(m1‘_mz) a
+(b;'1+ml;> e’"%"}. (13)
a

Figure 2
Ci2 Ciem and also Y; (Where Y, = ¢;/Cjm (csTry)- Also plotted,
in dashed lines, are the c and Y curves for an ideally mixed
system (CSTR).

Type Il test
At =0, c;; =0 and ¢;; = 1/(1 —a). Substituting into
equations (5) and (6) one gets
f—d

mi8 __ m>
a(l—a)(m; —m,) (e & (14)

Cmp =

1

€uz = a(l—a)im, —m,)

X {(b+f—d+am1)leo—(b+f_d+am2)em20} (15)

1 l=b+di - \i o
Citm = = +my | e™
m;—m, l=a

1=
+(————b'+d + ml> e"‘z"}. (16)
l—a

X

These curves have the same general shape as in type [
tests (Fig. 2), with ¢, and ¢ interchanged:

Type 11 test
At =0.cpy, =iz = 1. Substituting into equations(5)
and (6) one.gets

{ (b )e"“"+<b +m ) ’"’9} (17
1-b ) 1—b -
TR

S =

Q

Ciz =
(13)
Cltm = P—(1+my)e™ +(1+m,) e™®). (19)
m;—m,
\
G / S
21} )
9 Y
:\t._ Cia b _‘\\\\:\C[ 2
£ - \ 2
= - N B
e N NN fesm
w_‘ ‘\\.\'
N\ s \\.
\ '\\.
¢ N
- \\ \
2 b ) -
8
Fig. 2. Concentration vanations in type I test. (a = 0.5, b = 0.8,
d=071=08)

gives typical curves on a log-linear scale of ¢;,,

‘(Responises)

Ln

Fig. 3. Concentration variations in type 11l test.(a = 0.5. b = 0.8,
d =07 f=08)

Dividing equation (19) by the ideal CSTR response, e ~°.
one obtains

Y= AR ){—ll +my)ett TS (L fmy) et T
1M _

(20)

Figure 3 shows typical plots for ¢yypy, ¢z Cinm @0d Y.
Alsoplotted,indashed lines,arecand YcurvesforaCSTR.

It would be interesting to know whether the volume-
mean concentration ¢y, decays faster or more slowly than
itwould il the system were ideally mixed :i.e. whether Y, is
greater or less than LLIf ¥}, > |, theairchange afteratime ¢
will be less than fora CSTR, even though gross inflows and
outflows are equal. The reverse applies if Y < {.

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

de_(a—h)(a—b_Hl) em8 _ gm0 )
40 T al-a) ( . (21)

my—n,
[t can be seen that the sign of dY/d#f is that of
(a—b)[a—(b—d)].

Thus.iftheinflow fraction band outflow fraction (b —d)are
both greater than, or both less than, the volume fraction «,
dY do will be positive, and Y will be greater than | at all
non-zero times (since Y = 1 at 0 = 0). In other words, the
air change will be less than for an ideally mixed system lor
the same gross inflow and outflow. If (a —b) and (« — b +d)
are of opposite signs. the reverse will apply. Since a. band d
are fixed parameters for 4 given situation, ¥y, cannot cross
the line Y, =1 (while ¥ and Y, can—see Fig. 2). In
practical terms. this means that the energy loss due to
infiltration will be always greater or always less than flow
measurements indicate, as the case may be.

({a—h)lu—bh+d) =

TWO-REGION MODEL WITH BALANCED
INTERCHANGE (MODEL B)

The generalized 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 three-parameter
model is obtained. model B (Fig. 4). Equations for
concentrations and Y-ratios in various test conditions are
readily obtainable from equations (7H20) by letting d = 0.
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Region 1
av , cy

fv fv

Region 2
i (1=a)V,c,

Fig. 4. Model B: two regions with balanced interchange.

and will not be presented here. Fromequation(21)itcan be

seen that dY,,;d# > 0, and thus Y > | for all non-zero .

times. Thus the air change 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.

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

TWO-REGION FLOWTHROUGH MODEL
(MODEL C)

Ifb =-1 and d = b the two-parameter model in Fig. 5 is
obtained. where the air flows into the first region and out of
the second region with (unbalanced) interchange between
the two. This model has been considered by Levenspiel [5].
In practice such a-situation may arise when a building has
an open door: (or window, chimney, etc.) at one end,
another opening at the other endy and the wind’s general
direction is lined up with the two openings. [t will be-also,
common in many-old-fashioned multi=storey cold storeg,
when there is an open door near the top, another at the
floor level, and cold air flows.out of the bottom door by
gravity. A room being warmed by an open fire with
accompanying draught is another example. Yet another
example'is @ 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 1), while cold air flows
out through the lower part of the door. If mixing is not
thorough, stratification will set in and there witll be distinct
hot and ¢old layers. rjd

The eigenvalues m,, m, are (ound by puttingh =d =1
in equation (7)

B [ dall —a)
moms= it a2 1= 272

Reqinn ?
(!

—~ia} /,czi

Fig. 3 Model C o two-reaion [lowthrough model,

Doing the same to equations ({ ['}H20) will give expres-
1008 OF €14y C1av Crme Citts 112+ Climo ittt Curzs Coten A0d- Yy
Equation (21) becomes

4y, famit __ amat
i _ (__> (231

do my—m,

Hence Yy is less than 1 at all non-zero times. [n other
words, the air change is greater than for anideal CSTR ata
given rate of inflow outflow’

TWO-REGION MODEL WITH DEADWATER
;REGION,(MODEL D)

If =1 and d =, one obtaifis the two-parameter
model showmipFig: 6. which s a partlcular case of model
B. This model, has bqen Lonsldered by Bischolf and
Dedrick [8]. Region 2is now a ‘deadwater’ zone, which is
not directly connected with the outside.

This model may apply when the infiltration happens
mainly through u single opening or several closely situated
openings and there .are walls, cupboards, furniture,
products. etc. that create dead regions exchangmg (racer
slowly with the rest of the building.

Equation (7) now becomes

) m,.m3=1——a—’/ -1+ / l—ij‘——g)—, 124)
‘ 2utl —a) v (l—a+f)

and putting b = 1. d = 0 in equations (11)—(20) will give
expressions for ¢,. ¢{ay Crms C111+ Ci2s Cims Cirte Crize Ciim a0
Vi

Since this model is a particular case of model B, Y, will
be positive for all non-zero times, and the air change witl be
less than for the ideal CSTR for a given rate of inflow:
outflow.

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

in

I TP T B a5
Ciiz = O = Cia = Cppm = € (23

Vi = Yy =g?to ot (26)

for non-zero times.

. Physically this means that a small 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 eflective Lur interchange by a constant
factor /(1,1 /) Thl, gives L1 physical explanation for

Jenning . dnd —\rmitronzs mmng factor’ [3]. In tests on
cold stores with un open dogr, we have observcd reduction
factors down ta .50, Lorrupondlnh to f=1.

o Peqion 2

/._j Y.y

b 6 Maodel D:two regions with deadwater.
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Region 1
av ., ¢y,
bv
v
(1ab)v\
Region 2
(1—(S)V.c'2

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

J

TWO-REGION MODEL WITHOUT
INTERCHANGE (MODEL E)

If /= d = 0.the model shown in Fig. 7, which is another
particular case of model B. is obtained. Fluid flows in two
separalé streams through the two regions, which do not
interact. This situation may happen in practice when the
bulldmzns separated into distinct zénes(rooms levels.etc.)
each with its own openings.

Equations for various concentrations are most easily
obtained by direct solution of equations (3) and (4)
(simplified as required)

Type I test
€ = — ¢ (ba® 27
a
¢ =0 (28)
Cm =€ (29)
Type I test .
e =0 (30)
(-nzz’,l;l_aeﬂu—bm—uno 31)
Ci =1L (32)
Type [ test
Cuy = "*° (33)
cug =g (34)
Cm =4 e () M R (35)

Since this model is a particular case of model B, Y is
greater than | (except when a =) for-all non-zero times,
,and so the air change will be less than for the ideal CSTR
when the rate of inflow outflow is the same. 5

(Strictly speuking type T test is meaningless in the
context of model E. since no mixing takes place between
the two regions. However. in practice, this model can be
used as alimitingcase when f'is non-zero but much smaller
than 1)

PRACTICAL APPLICATIONS

To apply the foregomng models to a practical case, one
should tirstofalltry to understand the physical situation as
fur as possible, so that a proper model 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 (C,,, C,,, Cy, Y,
etc., as the case may be) against the time 6. If the rate of
inflow/outflow, v. 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-logscale) 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 technitques can be carried
out.

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

Since most readers will-have access to calculators or
computers to help them make up these plots, they will not
be presented here. tas there are many possible combi-
nations). Instead an actual case will be used to illustrate
the technique.

Example

Sulphur hexafluoride tracer was used to measure the air
change 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? and a ne! volume
(gross volume — product volume) ol 2983 m?, Air flowed in
through the top hall of the door and out the bottom half, at
a rate measured at 3.0 m*/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 a type III test and the con-
centration being measured was ¢y,. Table | shows the test
durations and measured air changes. ;

In Table | the reduced time (is the same as the air change
for CSTR, since for the latter

Clm =€ 7°
and air change = —In(c¢y).

In Table 1 Y{; is simply the diflerence between the air
change for CSTR and the measured air change (column 4
—column 3).

Solution
We will limit ourselves to one of the two-parameter
models (C. D or E) in view of the small number of data.

Table 1. Data from tracer test for worked example

Measured Alr
Test Dimensionless air change
duration, ume change for
S " (=Incym)  CSTR Y
300 030 0.32 0.30 —0.02
600 .60 0.49 0.60 0.11
900 050 0.54 0.90 0.36
1200 1,20 0.69 120 0.51
1800 1 %0 0.86 1.80 0.94
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/1

2  Data from table 1

x  Data with inflow rate increased by 10%

Fig. 8. Curve-fitting model D for cold store example. Parameters
for each curve are (a, /).

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

Equation (20) for Y, was plotted in the range 8 = 04
(Fig. 8) with

u=020509 and f-0.1.0310

Since v V is known, 0 can be caleu’ :ted for all data. and
so In Yy, vs 0 is plotted. Then the ¢xperimental data is
plotted on the same figure. [t can be seen that the data are
best fitted by

a=05 and (=01

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.

The curve-fitting procedure in this case is quite
insensitive to the measured value of the rate of
inflow/outflow. An error of 10°%; in the latter makes hardly
any difference in g and f (Fig. 8).

CONCLLUSION

Non-ideality in mixing must be taken into account when
one measures the 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-mixed : as can be seen from Figs 2 and 3 and
equations (11)-(19), all the concentration curves will tend
to an exponential decay anyway as the time becomes large,
but that final decay (term containing e™® where m, is the
larger,i.e. less negative. eigenvalue) is mainly influenced by
the more stagnant region, even though the actual volume
ofthat region may be quite small,e.g. the volume of a closet
or cupboard,

Also, from a practical point of view, it is important to
know in which part of the building the infiltration is
happening. Forexample.alargeairinterchange in the attic
is clearly less important than one in the living area. The
simplified models and curve-fitting procedures will help in
thedetermination of these relative infiltrations. The tracer-
response approach can be complementary to recent
attempts to model multi-zone situations with fluid
mechanics. using computers [ 10].

Finally, an interesting and potentially important result
ofthispaperis 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
estitnaled Ly a tracer test and that deduced from direct
inflow.outflow measurements, since heat may be
transferred to or from the infiltration air both by mixing
with the air inside and by contact with walls, furniture,
people., products. and so forth.
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