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Abstract 

Influences of air infiltration on the airflow and contaminant distribution in a ventilated isothermal 
two-zone enclosure are investigated by numerical simulation. The direction of infiltration airflow 
is considered to be in the opposite direction of the room ventilation air. The enclosure is divided 
into two zones, zone A and zone B, by a partition with a door opening. The ventilation air 
flows into zone A (namely ventilation zone) through a rectangular supply opening near the floor 
on the end-wall of the zone and leaves the enclosure through a ceiling-mounted exhaust opening 
in zone B. The infiltration· air flows_ uniformly into zone B (namely infiltration zone) through 
the other end-wall, and leaves through the exhaust. Three different values of air infiltration rate 
ar~ considered. In the analysis of the combined influence of door-opening position and infiltration 
on the air movement, the door opening is placed at three positions, namely, y 0 /W-0.167, 0.5 
and 0.833 respectively. The airflow is considered to be three-dimensional and fully turbulent. 
The predicted results indicate that a local exhaust will effectively limit the transportation of 
the contaminant from the infiltration zone into the ventilation zone, and the effect of infiltration 
on its_ downstream zone could be negligibly small, if the door opening and the exhaust are 
properly placed. 

1. Introduction 

Detailed knowledge of airflow, contaminant 
dispersion and fire-induced smoke migration 
in buildings is required in design and control 
of ventilation systems and development of con
trol strategies. So far, the design of ventilation 
systems has been based on the air speed model 
[ 1], rather than the air velocity model. In other 
words, the whole air velocity field in a zone 
is taken as uniform. Recent investigation has 
shown that the variation of air velocity and 
contaminant concentration in each zone of a 
multi-zone building sometimes could not be 
neglected [2, 3]. For instance, the air velocities, 
temperature variations and contaminant con
centration might be under the acceptable level 
at certain places, but in excess at other areas. 
The difference in their magnitude from point 
to point could be remarkably large. Conse
quently, better understanding of air velocity, 
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temperature, and contaminant concentration 
distributions in enclosures has attracted more 
and more attention. 

The airflow pattern in a single ventilated 
enclosure has been investigated by many re
searchers [ 2, 4-7]. For a single ventilated 
enclosure, the airflow pattern is affected by 
the supply and return arrangements, the size 
and the shape of enclosures, the velocity at 
the supply opening, the air infiltration or ex
filtration and so on. When ventilation is com
bined with heating or cooling function, the 
buoyancy force will also be a factor influencing 
the air movement in the enclosure. 

For enclosures separated by a partition with 
an opening on it, the opening size and position 
are additional factors affecting the airflow pat;.. 
terns. Chang et al. [8], Kelkar and Patankar 
[ 9], and Haghighat et al. [ 10] numerically 
conducted their investigations on the effect of 
partition, while Nansteel and Greif [ 11 ] , Scott 
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et al. [12], Epstein [13], Neymark et al. [14], 
and Boardman et al. [ 15 J experimentally 
studied the same subject. These works con
cerned mainly the inter-zone natural convec
tion. In a ventilated two-zone enclosure, es
pecially when · the ventilation supply and 
exhaust openings are located in different zones, 
the effect of the door-opening position on air 
movement may be different from that in the 
natural convection case. Haghighat et al. [16] 
studied the airflow patterns in a partitioned 
enclosure for one case with a ventilation bound· 
ary condition and the other with an infiltration 
boundary condition. That is, when the air move
ment caused by ventilation was studied, no air 
infiltration was considered, and inversely, in · . 
the infiltration study, the ventilation was .not 
taken into consideration. In practice, however; 
the a.if infiltration may take place at an exterior 
wall of a ventilated room, and may make a 
sigruficant· difference on the air movement and 
the contaminant distribution in a ventilated 
two-zone enclosure. For instance, when a ven
tilated living area is separated from a kitchen 
by a partition, infiltration in the kitchen may 
bring some unexpected contaminants into the 
living area. 

The present study is a continuation of the 
investigation ca.ITied out by Haghighat et al. 
[ 16]. The purpose of the present study is: 

(1) to examine the effect of the air infiltration 
on the airflow pattern and contaminant dis-
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tribution in a ventilated isothermal two-zon, 
enclosure; 

(2) to investigate how the ventilation zone 
zone A, is affected by the source in the infil 
tration zone, zone B, under various door po 
sitions. 

The approach adopted is numerical simu 
lations. For the sake of simplification, the ai: 
infiltration in this study is assumed to bt 
uniformly distributed over the entire exterio: 
wall. Different infiltration flow rates are con 
sidered to represent different outdoor condi
tions, while the ventilation airflow rate is kepi 
at a constant value in all cases. The degreE 
of air infiltration affecting contaminant distri
bution in the ventilated two-zone enclosure will 
also be described. 

2. Problem statement 

A two-zone enclosure with dimensions of 
L= IO m, H-3 m, and W""4 mis shown in 
Fig. 1. A partition is inserted at the middle of 
the enclosure dividing the enclosure into two 
equal-sized zones, zone A and zone B. The two 
zones are connected through a door opening 
in the partition. The ventilation supply and 
exhaust are located on the end-wall of zone 
A and the ceiling of zone B respectively. A 
contaminant source with a unit emission rate 
is placed right under the exhaust opening near 

H 

-:~') 10 1' ' -·
1

1 '"'J- . . ' Yt •• ·----- -1-~---
.r-r•)·· " J.J.. / ' ·'- ' ' / wne A 
' Hf1 1f[ l / -,::i· ~ · 

:..: rti'.)II i [ 
1n"t f; .1' • u · • • / 

supply --. : t. 1 ') fl'' rl 
1L! P1r / ti•,,1, ~J .... lt'o ___ _ _,,, 

11oi iaoq brIB !).'M ,Jr;,: > i 1.1 • 

/ 
/ ' - · zone n 

.u 'i 

.•,:.: ·:, q1) flf) 

fa:-,.,-,,"'-.,.,....._-.... -.,-.,-.-... -d-.,--... -.,--- .- ,..,. , L ,l'J V• • ....,~~ :;ju, 

w:;ltm1t;q bns 1sJile}[ .(B ] .'.n '" · · · :;1: ·~; <:m:91 

v;lls.:>h9mun [O L J .\n 1'') J .• u~;i1 ' , , ; icP1; ,[e] 
1o J:>.9119 9fti no P.n od1 :gU;.:'. l",·:ri i. c·, :; b., ; -'llbflo.:> 
Flg~,i::.Configui'ation [of a two-zone enclosure .. ) .t1tllJ.;q 

,.. . 
i••V 

• i::!fi . 

I 'I~ ;i:h i 

' . "-

N 

t1Vf.+B · 
.~~-· s ·1 • .. n 

• I• 
.. , • l. 

, .. I ~ .. 

., ! 'I JI ") '• 



.e 

> ., 
L-

l · 

r 
e 
r 
.· 
.· 
t 
e 

f 
1 

f 

the floor. Wall E, the end-wall in zone B, is 
considered to be an exterior wall. A uniform 
air infiltration talces place through this wall 
into the enclosure. The sizes and positions of 
the door, supply and exhaust are listed in 
Table 1. 

When there is no 3.ir infiltration from wall 
E into the enclosure, zone A is free from the 
contaminant, because the contaminant source 
is in zone B, the downstream zone of the 
ventilating airflow. However, when air infiltra
tion talces place at wall E, the contaminant 
may be blown into zone A by the infiltrating 
air, if the infiltration airflow is large enough 
in comparison with ventilation airflow. In this 
case, the air velocities at the door opening are 
not all in the direction from zone A to zone 
B anymore, and a counterflow will appear at 
the door opening. It could be expected that, 
for various door positions, the effect of infil
tration airflow on velocity distribution at the 
door opening is different. 

In order to reveal these phenomena, three 
infiltration flow rates 1.8 ach, 3.6 ach, and 
10.8 ach, equivalent to air velocities, 0.005 
mis, 0.01 mis and 0.03 mis are simulated. 
The door opening size remains unchanged, 
while the door opening position is varied by 
moving it along the partition in the y direction 
to three different positions y 0 /W=0.167, 0.5 
and 0.833 respectively. The ventilation air ve
locity at the supply opening has the value of 
1.0 mis for all cases in this study. 

3. Physical foundation .. _,, 
.. 

The Reynolds number, Re, in the present 
study is more than 1.6x104 when the velocity 
at the ventilation supply is 1.0 mis (2.5 ach). 
In this case, the flow is expected to be turbulent 

. ' I ~ ; • ; 
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TABLE 1. The dimension and location of the opening _ 

Donor Supply Exhaust Source 

.Dimension ,- ~ 

b/W 0.17 0.083 0.083 •,.I 

h/H 0.75 0.083 t. -.~ll),~ 
UL 0.056 -4d!t:1. 
Location '~-<l~! 
xlL 0.5 0.0 0.75 . ·~ 

-' 0.75 ·:i 
y/W V3.riable 0.125 0.875 . 0.875 
z/H 0.042 1.0 0.125" .. 
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[17]. Consequently, the high-Reynolds-number 
k-E two-equation model of turbulence [18] is 
adopted. The two variables k and E represent 
the kinetic energy of turbulence and the dis
sipation rate of turbulent energy respectively. 
They are obtained from their own conservation 
equations. 

For three-dimensional incompressible, iso-· 
thermal turbulent flow, the variables to be 
solved are the velocity components in the x, 
y and z directions, the contaminant concen
tration, c, the kinetic energy of turbulence, k, 
and the dissipation rate of turbulent energy, 
e. The governing equations can be written in 
the following general form. 

a(p</J) + a(~p</J) = ~ (r aq,) 
at ax. ax. "'· err a"". +Sq, (l) 

1. t 6Nt 

where q, denotes variables, and S"' represents 
the source term for the corresponding variable, 
and is listed in Table 2. r "'· elf is the effective 
exchange coefficient which may be calculated 
as follows, 

r _ ILetr _ !:!:. + JLt 
eff- - (2) 

u</J u Ue 

where u stands for Prandtl or Schmidt number; 
/Lt is the turbulent viscosity which may be 
determined by k and E as 

(3) 

In order to simplify the problem, the fol
lowing assumptions are made: 

(1) the thickness of the partition is small 
relative to the length of the enclosure and may 
be neglected; · · 

(2) the contaminant source is considered to 
be a point source, namely, it does not have 
any physical volume; 

(3) one-phase flow assumption is employed, 
in other words, there is no relative velocity 
between the contaminant particles and the air. 

4. Nwnerical procedure 
. : •' : 

The numerical computation is performed on 
20 x 14 X 14 uniform control volumes. The dis-
cretization of the governing differential equa- -
ti on, eqn. (1), into finite-difference . form is 
fulfilled by integrating • the governing equation 
over each control.volume. Based on a staggered 
mesh system., .the. Hybrid. Scheme·:is. used :.to 
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TABLE 2. Source term for conservation equation 

"' 
r., s~ 

1 ' 0 0 

u : 
!L1rr ap a ( ~) a ( av) a ( w) - ax + ax !Lett ax + ay !Lorr ax + a; !Lttr ax 

v !Lerr ap a ( ~) a ( av) a ( aw) 
~ · - ay + ax µ..~ + ay !Lorr ay + a; !Liff ay 

w !L.rr ap a ( ~) a ( ®) a ( w) - ~ + ax !Lett ~ + ay µ.err ~ + a; }Lttf ~ 

k !:!:!!!. Gk-PE 

Uk 

E µ..,, E. pt? 

u, ' I 
C1kGk-C2k 

c !Lett 0 

' .. O'a 

cast difference equations for velocity com
ponents, k and e, . while the upwind scheme is 
adopted for contaminant concentration. The 
coupled difference equations are solved 
through SIMPLE procedure [19]. A modifi
cation is made by adding an overall continuity 
correction in the x direction. The overall ve
locity correction ensures the same amount of 
air flowing through each section parallel to 
the partition in each iteration. It can be ex
pressed as 

l:Cui + Au)A; = Qup (4) 
i 

where Au is the overall velocity correction 
term, a constant for each . control volume in 
the same section. The summation is carried 
out over the whole section perpendicular to 
the· x direction. '. , - : '< 

From eqn. ( 4), the overall vefocity correction 
can be calculated: 'ft; is : -- '1 

'(5) 

where Q represents· the volume airflow rate 
across the section being computed before ve
Iocity ' is corrected· overall. ' -
· ;'. The iteration procedure is carried out by the 
ADI method with the false time-step. The .tur"' 
bulent··wall functions [20]" are applied to de
scn'be \the properties at the grids near the solid 
Surfaces. ~ However;(-there · is an exception for 
*an E from where1 air·infiltrates, .owing to•the 

boundary layer near this wall being destroyed 
by the penetrating air. The air velocities at the 
supply and exhaust openings are considered 
to be uniformly distributed over the entire area 
of the openings. 

5.- Results 

5.1. Effect of the air infiltration on the 
air:ftow and contaminant d'istributions in 
a ventilated two-zone enclosure 

The direction of infiltration airflow is con
sidered to be in the opposite direction to the 
air velocity at the ventilation supply. The air 
uniformly infiltrates through wall E with ve
locity UTNF. In order to examine the effect of 
this infiltration on general patterns of airflow, 
three different air infiltration velocities, 
UINF=0.005 m/s (1.8 ach), 0.01 m/s (3.6 ach) 
and 0 .03 m/s (10.8 ach), were considered, 
while the ventilation air velocity was kept at 
U1=1.0 m/s (2.5 ach), and the door position 
was fixed at y 0 /W=0.167. 

Figure 2 illustrates the airflow pattern at the 
vertical section y/W=0.46 wher_e _the airflow 
is blocked by the partition. The flow patterns 
in zone A do not seem to be quite different 
although the air infiltration flow rate at wall 
E in zone -B is increased considerably from 
Fig. 2(a) through Fig. 2(c). In zone B, the 
increment of air infiltration results in increasing 
areas with a one-dimensional tendency. This 
is attributed ·to the uniform and one-dimen-
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Fig. 2. Velocity vectors in vertical section, y/W=0.46, for the case with Yo/W=0.167. (a) UINF- 0.005, maximum 
vector, 0.770E-l. (b) U1NT=O.Ol, maximum vector, 0.753E-l. (c) UINF=0.03, maximum vector 0.782E-l. 

sional infiltration assumption. When UrnF in- smaller than that at section z/H=0.29, while 
creases to 0.03 m/s, infiltration airflow dom- the momentum of the infiltration flow keeps 
inates in zone B, and the air vortex area is the same as that at the lower section. The air 
significantly restricted by infiltration airflow movement for the case with UlNF=0.03 is seen. 
(Fig. 2(c)). . to be completely dominated by air infilQ:atign 

The velocity vectors in horizontal sections, as shown in Fig: 3(d). 
z/H=0.29 and z/H=0.19 are shown in Fig. 3. Corresponding to the airflow in Fig. 3, Fig. 
The airflow pattern and the strength of the air 4 presents the distribution of contaminant con-
circulation in zone A are similar again for the centration in horizontal sections z/H=0.29 
two ~erent ~tration rates just as those in and O. 79 respectively. As menti~ned earlier, 
the vertical section y/W = 0.46. In other words, t th section z/H = 0.29 where the infiltration 
t~e infil.trati~n exerts little influence on the ~om:ntum is relatively ~mall, the contaminant 
airflow m this zone. In zone B, the effect of dis . t h · · ainl tr 11 d 
h infilt t . · t t t th 1 persion a t e section IS m y con o e t e ra ion IS no apparen a e ower . . . . 

t . f . /.'H o 29 This · d t th f t by ventilation airflow, therefore the mcrement sec ion o z = . . IS ue o e ac . . . . 
that the supply is at a lower position, and the ?f infiltration doe.s not. ca~se _a big differen~e 
momentum of the ventilation flow at the lower __ m the concentration distnbution as shown m . 
section is larger than that of infiltration, despite Figs. 4(a) and 4(b ). At the higher level z/H = , 

that the total flow rate by infiltration is close 0. 79, where the infiltratio;n prev~ ~1'.~~ ve_n~ 
to that by ventilation. When the horizontal tilation flow, the average concentration with, 
plane rises to z/H =0.79· (Figs .. 3(c) and 3(d)), :Y.u UINF=0.01 is higher th~ that.~th UINF=P·.9,3-o 
the influence of the ventilation flow becomes' -«v.i in both zones. 1u.u '~ -1,:!' 1 ( ·;1 Y!>.O 'r~\\·. ,i:; 1J o-'Ull'J 



Distributions of the air velocity component 
in the x direction at the axis of the door 
opening for three infiltration velocities are 
shown in Fig. 5(a). The supply is located near 
the floor, therefore, air velocities at the lower 
part of the door opening are relatively strong, 
and the infiltration airflow cannot compete with 
it. At the upper part ofithe door opening where 
the airflow caused by- ventilation is relatively 
weak, the resultant velocity in the x direction< 
has a negative value. This indicates that the 
airflow induced by 'infiltration has a chance to 
enter zone A. When the infiltration flow rate 
increases, the negative velocity at the upper 
part of the door opening becomes larger. To 
ensure mass balance, the positive velocity at 
the lower part of the opening must increase. 

The average contaminant concentrations in 
each zone with different air infiltration , rates 
from wall E are presented in Table 3. It indicates 
that the increment of the air infiltration lowers 
the average concentration in both zones. 

5.2. Effect of the ' door position on the 
airjlow and contaminant distribution in 
a ventilated two-zone enclosure 

To investigate the effects of door position 
on the airflow pattern, three different positions, 
YnlW=0.167, 0.5 and 0.833 are examined 
respectively, while the ventilation and infiltra
tion rate remain unchanged. The . velocity of 
the room ventilation air at supply opening 
remains 1.0 m/s. The infiltration air velocity 
is taken as 0.03 mis to model an extremely 
strong infiltration. 

h/H 
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The airflow patterns at the vertical section, 
y/W=0.46, for three different door positions 
are illustrated in Fig. 6. In zone A the infiltration 
action can hardly be seen, and the flow pattern 
is not sensitive to the position of the door 
opening. However, the velocity level is lower 
when the door opening is at Yn/W=0.167, 
and the action of ventilation airflow in the 
lower area of zone B is stronger than the other 
two cases, because the ventilation air can enter 
zone B more easily in this case than in the 
other two cases. Figures 7 and 8 demonstrate 
the flow patterns at the horizontal section, 
z/H=0.29 and 0.79 respectively. In Figs. 7(b) 
and 7(c), since the air circulation in zone B 
is relatively weak, the infiltration airflow seems 
to dominate the flow field, and the flow patterns 
are 'similar. In Fig. 7(a), the infiltration effect 
is less strong for the reason presented earlier. 

At the section z/H=0.79, where zone A and 
zone B are completely separated by the door 
soffit, no effect of door position on flow pattern 
can be seen in both zone A and zone B. The 
ventilation flow is dominant in zone A, while 
in zone B, the infiltration flow is more pro
nounced as shown in Fig. 8. 

The contaminant concentrations correspond
ing to Fig. 7 are illustrated in Fig. 9. Once 
again, it is observed that the concentration 
distributions in Fig. 9(b) and 9(c) are _in a 
similar form, and zone A is almost free from 
being contaminated in these two cases. In Fig. 
9(a), the highest concentration seems to be 
lower than that in the other two cases. However, 
the concentration in the major part of zone B 
is higher, and there is a small portion of 
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Fig. 5. (a) Distributions of velocity component in the x direction at door opening for the case with YnlW=-0.161. (b) 
Distributions of velocity component in the x direction' at door,opening for the cases with y 0 /W =0.5 and 0.833 (U1=0.03 

. mis). .a1 .r.o 10' . ,;;·_.~:,,,1 
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TABLE 3. Average concentration in each zone .. : 

Infiltration ·• : ,-0.005 mis -0.01 m/s -0.03 m/s 

Zone A 3.941 2.820 
4.390 

0.874 
2.158 Zone B .; ,'' 6.033 

,, 
contaminant which migrated into zone A from 
zone B. · ' · · · · ' ··'.«·.;r;l 

The distributions of the velocity component 
in the x direction at the axis of the door 
opening under infiltration .velocity 0.03 mis 
are presented in Fig. 5(b). With a centrally 
located door opening, the velocity component 
in x direction, u, ·is more uniform than that 
for the case when the door opening is close 
to the northern wall and to the exhaust openmg. 
The suction at the· exhaust may cause a low 
pressure, which works as a. sink term for the 
momentum equation in the x direction. Com
paring Fig. 5(b) with 5(a), for the same in
filtration flow rate, there is a counter-airflow 
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from zone B to zone A only when the door 
opening is at Yo /W = 0 .16 7. It may be explained 
as follows. The exhaust is closer to the door 
opening when y0 /W is equal to 0.5 or 0.833, 
therefore, the influence of the suction at ex
haust opening would be stronger in these cases. 
It enhances the air movement from zone A to 
zone B. Thus, it could be understood that if 
zone A is expected to be free from the con
taminant generated in zone B, the overall ar
rangement may be more crucial than the mag
nitude of the infiltration rate. 

6. Conclusions 

The isothermal airflow and contaminant dis
tribution in a two-zone enclosure with forced 
convections are studied by numerical tech
nique. The infiltration effects on the ventilation 
airflow are examined by varying the infiltration 
flow rate from 1.8 ach to 10.8 ach while the 
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Fig. 7. Velocity vectors in· horizontal section z/H=0..29. (a) y 0 /W=0.167, maximum vector 0.264. (b) y 0 /W=0.5, 
maximum vector 0.270. (c) y 0 /W=0.833, maximum vector 0.276. 

ventilation flow rate and door position are fixed. (2) When there is a local exhaust above the 
The effects of door position on the flow pattern contaminant source and the door opening is 
and contaminant dispersion are investigated placed properly, the contaminant in the infil-
by placing the door opening at y 0 /W=0.167,, tration zone could hardly migrate into the 
0.5 and 0.833 respectively. For the two-zone ventilation zone, even· if the infiltration flow 
enclosure under this study, and enclosures with rate is relatively high. 
the similar layout, the conclusions may be (3) The flow pattern in zone A is not sensitive 
summarized as follows: · to the door. openiJ:lg position. This is due to 

(1) When the ventilation air is introduced the effect of the local exhaust system in zone 
into zone A and relea.5ed from zone B, the B, which weakens the infiltration airflow before 
infiltration flow could only affect the airflow it reaches the· door opening. Thus; the flow 
in zone B. Zone A does not seem to be affected pattern in zone A is mainly independent of the 
even if the infiltration flow rate is three times infiltration flo~. · ·. . . · · ... · --- · ..... -- , 
higher than the ventilation flow rate. When the ·: .. ( 4} '!'he flow pattern in zone B is significantly 
infiltration flow rate is about the same level affected by the door ·opening position. 
as ventilation flow rate, the airflow in zone B C Ill the ·attempt to make a reasonable overall 
may not be much affected by air infiltration, 3.rrangement with openings of supply, exhaust 
because, with the assumption of uniformly anddoor,thedetailedinformationaboutairflow 
distributed air infiltration on the entire wall E, pattem 8.nd contaminant distribution 'i.S always 
the momentum of infiltration flow is much required. For a fixed arrangement of openings, 
smaller than that of ventilation.;:·r.0-'1f\"'\ (ii) .es.o ., the airflow could be·di:fferent due .to;buoyancy 
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and/or air infiltration. The numerical simulation 
is a useful tool to predict these phenomena 
in various flow situations. The results presented 
here give a clear picture and qualitative nn
derstanding of the infiltration influence on the 
isothermal airflow in a ventilated, partitioned 
enclosure. 

List of symbols 

Ai 

b 
c 
Cµ. 
C1, 
G1c 
H 
h 
k 
L 
l 

p 
Q 

Qup 
Re 
s<I> 
t 

C2 

u, v, w 

U1 
UINF 
x, y,z 
w 

area of control volume interface per
pendicular to the x-direction 
opening width 
contaminant concentration 
0.09, a constant in the turbulent model 
constants in the turbulent model 
the generation rate of turbulent energy 
room height 
opening height 
kinetic energy of turbulence 
room length 
the dimension of exhaust opening in 
x direction 
pressure 
volume flow rate 
upstream volume flow rate 
Reynolds number, U1hr/v 
source term for </> 
time 
velocity components in x, y, z direc
tion respectively 
air velocity at ventilation inlet 
air infiltration velocity 
Cartesian coordinate system 
width of room 

Greek symbols 
r exchange coefficient 
e dissipation rate of k 
µ. dynamic viscosity 
v kinematic viscosity 
p density 
u Prandtl or Schmidt number 
<I>. variable 

l. 

Subscripts 
D , door. 
eff ,, t 

E : '' 
I a.et u. 
t ' ,. 

effective 
exhaust opening 
supply inlet ··,,ii('' , 
turbulent 
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