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Abstract-This paper reports the results of a fundamental study of the transient removal of a contaminant 
from a two-dimensional enclosure with one inlet and one outlet. The evolution of the flow and concentration 
fields are simulated numerically using Jones and Launder’s low Reynolds number k-e model. The Reynolds 
number is varied over the range 5-5000, where Re is based on the jet inlet width. The effectiveness of this 
forced convection mass transfer process is documented quantitatively in terms of a ventilation efficiency 
and a critical concentration decay time. The relationship between these quantitative performance 
parameters, the Reynolds number and the ventilation jet orientation, is reported. It is shown that significant 
gains in ventilation efficiency (or a shortening of the critical concentration decay time) can be made by 
properly orienting and positioning the inlet and outlet ports relative to each other and to the enclosure. 
The numerical ventilation efficiency results are summarized by a compact analytical expression based on 

a theoretical two-zone model of the enclosure flow. 

1. INTRODUCTION 

HEAT AND mass transfer processes in enclosures have 
occupied a central place on the research stage for the 
past two decades. Their prominence has been due to 
interest in energy conservation and chemical reactor 
kinetics. During the last five years or so, we have 
witnessed a resurgence of interest in enclosure flows, 

as a result of concern over the quality of indoor air. 
A ‘healthy’ building must supply adequate levels of 
outside air and control indoor contaminants, in 
addition to saving energy. The efficiency with which 
these tasks are accomplished determines the associ- 

ated energy costs. 
The present study examines the dependence of 

ventilation efficiency upon jet orientation, by focusing 
on the transient removal of a uniformly distributed 
contaminant, from an enclosure with one inlet and 
one outlet. Of primary engineering interest is the criti- 
cal decay time, or the time needed to remove the 
original contaminant. The flow conditions of most 
interest are turbulent, therefore the focus is on the low 
Reynolds number range of the turbulent regime. 

In what follows, we illustrate the time-dependent 
development of the flow and concentration fields 
during through-flow ventilation. For the engineer, we 
report the relationship between the critical clean-up 
time and key parameters such as the Reynolds number 
and the enclosure geometry. We also develop a com- 
pact analytical expression that summarizes the venti- 
lation efficiency information generated by this study. 

2. MODEL 

Consider the two-dimensional rectangular enclosure 
illustrated in Fig. 1. The mixture that fills and 
flows through this enclosure is a Newtonian fluid with 
nearly constant density p and viscosity p. The mass 
diffusivity 9 of the diffusing species of interest (con- 
centration c) is also constant. 

The governing equations are the Reynolds-aver- 
aged equations for mass continuity, momentum and 
species conservation. In these equations, the averaging 
is taken only over the high frequencies associated with 
turbulent fluctuations, so that the momentum, and 
concentration equations retain the time-derivative 
terms accounting for the much slower development of 
the purging flow initiated through the enclosure. As 
indicated in Fig. 1, the ‘clean’ through-flow ti is 
started at the time t = 0, when the cavity fluid is 
motionless and uniformly contaminated with the 
species of interest, whose initial concentration is c,,. 

The dimensionless set of time-averaged mass, 
momentum and species concentration equations is 

(1) 
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NOMENCLATURE 

constants, equation (19) 
empirical coefficient, Table 2 
empirical factor, equation (32) 
dimensionless factors, equation (36) 

source term, equation (11) 
concentrationt 
average concentration in the ‘roll’ region, 

Fig. 10, bottom 
mass diffusivity 
dimensionless rate of dissipation of 

turbulence kinetic energy 
dimensionless factors, equations (16) and 

(17) 
turbulence kinetic energy due to viscous 

stresses, equation (10) 
width of inlet and outlet ports 

height of enclosure 
turbulence kinetic energy? 

length of enclosure 
empirical exponent, Table 2 

mass flow rate, Fig. 1 

SC molecular Schmidt number, v/g 

t time 

tL. critical concentration decay time 
U, U horizontal velocity componentP 

I4 I” average inlet velocity 

1?, v vertical velocity componentt 
x,X horizontal coordinate? 

y, y vertical coordinate.? 

Greek symbols 

E rate of dissipation of turbulence kinetic 

energy 

Vd displacement efficiency, equation (24) 

v kinematic viscosity 

V 

d 

turbulence kinematic viscosity 

density 

e(. turbulence Schmidt number 

e&K turbulence Prandtl numbers 

Z dimensionless time, equation (12) 

r* dimensionless time, equation (22) 

z,” critical dimensionless time, equation (26) 

pressure? 
turbulence kinetic energy due to 
Reynolds shear stresses, equation (9) 
Reynolds number based on inlet width, 

equation (14) 
Reynolds number based on eddy 

viscosity, equation (15) 
turbulence Reynolds number, 

equation (18) 

Y dimensionless streamfunction. 

Subscripts 
in inlet 

out outlet 

0 initial. 

Superscript 

space averaged. 

t Capital letters indicate non- dimensionalized variables. 

DV 

DT= 

^ 
+2d .L!!c 

( ) dY Re*aY 
(3) 

(4) 

in which 

and 

(7) 

(8) 

The eddy diffusivity was calculated based on Jones 
and Launder’s [l] low-Reynolds number k--E model, 

DK 1 
-- = ReV2Ktv. 
Dr 

+P,+G-ReE (5) 

G= --$[(~~+(!$~] (10) 

DE 1 - = ._ V2ES_V. 
Dr Re 

Physically, P, accounts for the production of kinetic 

+aiPKmz+B-o,f, Re$ (6) 
energy by Reynolds shear stresses, while G represents 
the kinetic energy generated by viscous stresses. As 
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c=co at t=O 
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I L I 
FIG. 1. Two-dimensional enclosure with sudden through-flow, and the dimensionless initial and boundary 

conditions : (a) inlet and outlet locations ; (b) boundary conditions. 

indicated by Jones and Launder, equation (11) does 
not have a physical interpretation : B is a source term 
required in order to match turbulence kinetic energy 
to experimental data. Jones and Launder’s model [1] 
is similar to that of Lam and Bremhorst [2], in which 

the G and B terms do not appear in equations (5) and 
(6). Although Lam and Bremhorst’s modification of 

the k--E model is a little bit simpler, we chose Jones 
and Launder’s model because it is used more widely 
in computational fluid dynamics. 

Equations (1)-( 11) have been written in terms of 
the following dimensionless variables : 

(X,Y) =y; (U,V) =(u,, ,+ (12) 
4” 

c-co 
C=----- 

c,, -co 
, K=& E=;E 

Ui” Ui” 
(13) 

p=+, &=U”h, a=; 
Win V 

(14) 

(15) 

in which on the right-hand sides we see the actual 
(physical) variables listed in the Nomenclature. Worth 
mentioning are the Reynolds number based on inlet 
width, Re, and the relationship between Re and Re*, 
equation (15). The dimensionless factors f, and 
f2 are functions of only the turbulence Reynolds 
number Re, 

fi = l-O.3 exp (Re:) 16) 

17) 

18) 

For the numerical constants required by this model 
we followed Patankar et al’s [3] approach, and used 

all the values proposed by Jones and Launder [1] 
except the turbulent Schmidt number 

ak= 1.44, a, = 1.92, a,=0.09 

OK= 1, CE = 1.3. (19) 

In the present study, we fine-tuned the value of the 
turbulent Schmidt number oc by comparing the 
numerical results with actual experimental data, as 
described in Section 4. Worth noting is that Jones and 
Launder’s method [ 1] extends the standard k-c model 
to the low Reynolds number form, allowing in this 
way a solution of the flow equations that holds all the 
way to the wall. Consequently, there is no need for 
‘wall functions’ to account for the large damping of 
the turbulence in the wall region. 

The dimensionless form of the initial and boundary 
conditions is indicated in the lower part of Fig. 1. All 
the solid surfaces are modelled as impermeable with 
no slip. The flow through the inlet port is purely 
horizontal (forming a wall jet along the ceiling), and 
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the velocity and concentration of this stream are uni- 
form over the cross-section of the inlet port. The inlet 
values of the dimensionless K and E are based on the 
assumption of fully developed turbulent flow in which 
k represents 1% of the mean kinetic energy, and where 
the representative mixing length is of the order of 5% 

of the inlet width /I 

0.02 
K,, = 0.01, E,, = Re 

We found, however, that the numerical results are 

order-of-magnitude insensitive to changes in the 
assumed values of Kin and E,, (Table 1). Listed in the 
last column is the dimensionless concentration decay 
time defined later in equation (26). 

The outlet conditions are less evident, as their selec- 
tion depends to a certain degree on the numerical 
method. Based on the tests discussed later in con- 
nection with Fig. 2(c), we chose the conditions shown 

in Fig. 1, namely zero diffusion of C, K and E across 
the outlet plane. 

The shape of the enclosure and the relative size of 
the two ports (one inlet, one outlet) were fixed 

L 
ti = 2, -; = 0.1. (21) 

As an alternative to the dimensionless time t defined 
in equation (12) it is worth noting the new volume 
replacement time 

pt-, 
LHlu,nh 

The quantity in the denominator represents the time 
in which the inlet stream can fill the enclosure volume 
once. The proportionality between the dimensionless 
times Z* and z is 

t* h2 

t LH 

or, according to equations (21). t* = 0.0052. The 
gradual removal of the contaminant from the enclosure 
was monitored by calculating the ‘displacement 
efficiency’ introduced in ref. [4] 

in which the overbar indicates a total-volume average. 

Table 1. The effect of the inlet turbulence kinetic energy and 
the representative mixing length (Re = 5000) 

K E,, Re 

0.01 0.02 
0.05 0.22 
0.05 0.11 

z: 
~___ 

261.1 
266.4 
268.3 

11, 

0.2 

(4 01 
0 

(Cl oo 
0 1 2 

f’ 
3 

FIG. 2. Numerical accuracy tests : (a) the effect of grid size 
and time step for high-Re flow (Re = 5000) ; (b) the effect of 
grid size and time step for low-Re flow (Re = 30); (c) the effect 
of the outlet boundary condition on ventilation efficiency 

(Re = 5). 

3. NUMERICAL METHOD 

The equations described in the preceding section 

were solved numerically using the SIMPLE algorithm 
described in detail by Patankar [5]. The quadratic 
upstream-weighted differencing method of Leonard 
[6] was used in order to minimize the effect of numeri- 
cal diffusion. Following Leschziner and Rodi [7], we 
applied the power-law method of Patankar [8] to the 
k--E equations (5) and (6), because these equations are 
less sensitive to the discretization method. 

Underrelaxation was used in the solving of the non- 
linear equations, by following the procedure described 
by Van Doormaal and Raithby [9]. In the case of low 
Reynolds numbers and laminar flow, their improved 
SIMPLEC algorithm resulted in a considerably faster 
convergence. At the higher Reynolds numbers con- 
sidered in this study, there was no distinct advantage 
in using the SIMPLEC algorithm, because in that 
range the pressure gradient is no longer a dominant 
term in the momentum balance. 
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At every time step the system of six algebraic equa- 
tions was solved on a line-by-line basis using the Tri- 
diagonal Matrix Algorithm (TDMA). This process 
was repeated until the solution converged. The con- 
vergence criterion was a global one based on the rela- 
tive incremental changes in the displacement efficiency 

(25) 

The convergence was improved using the additive- 
correction method described in Settari and Aziz [lo]. 

The numerical results reported in this paper were 
obtained using the Cornell National Supercomputer 
Facility (CNSF) mainframe, which is an IBM 3090- 
600F computer. The code was highly vectorized in 
order to reduce the CPU time, especially while solving 
the higher Reynolds number cases. Preliminary tests 
showed that a substantial amount of CPU time was 
spent on solving the system of algebraic equations. 
Although efficient, the TDMA algorithm inherits a 
strong interdependence, which inhibits the attempt 
to fully vectorize it. A parallel algorithm was 
implemented for solving the algebraic system during 
the most extreme (highest Re) runs. For this, Wang’s 
[1 1] partition method was chosen, because of its sim- 
plicity and efficiency. Its use, however, was restricted 
to the range Re > 3000, in which the CPU time over- 
head was compensated by a meaningful reduction in 
the wall-clock time spent. 

The numerical grid was orthogonal and nonuni- 
form, with its lines spaced according to the power law 

si+ I = s,+dA, in which A is the size of the first line- 
to-line spacing (near the boundary), i the line number, 
and CI (a constant greater than 1) the grid stretching 
rate. The appropriate grid spacing and time step were 
selected based on accuracy tests of the kind exhibited 
in Fig. 2. The first of these, Fig. 2(a), corresponds to 
the highest Reynolds number considered in this study 
(Re = 5000). The molecular Schmidt number was 
equal to 1. The turbulent Schmidt number was set 
equal to 0.7, based on the experimental information 
discussed in the next section. Figure 2(b) shows a 
similar test for laminar flow (Re = 30) and a molecu- 
lar Schmidt number equal to 10. The numerical results 
assembled in Sections 4 and 5 were obtained using the 
82 x 62 grid. 

The test of Fig. 2(c) confirms that the choice of the 
outlet boundary condition (zero flux, Fig. 1, bottom) 
has no effect on the central engineering result of this 
study. This test was conducted at the low-Reynolds 
number end of this study (Re = 5), because only in 
this limit is the outlet boundary condition expected 
to have some influence on the concentration field 
situated upstream. The zero mass flux condition, 
X/a_%‘= 0, was compared with a most unrealistic 
outlet condition, namely that of an outlet con- 
centration equal to the concentration present in the 
inlet stream, C,,, = 1. In conclusion, the change in 
the outlet boundary condition causes an insignificant 

change in the calculated ventilation efficiency. This 
change is even less significant in the cases documented 
in the present study, because the Reynolds numbers 
are considerably larger than 5, and the outlet con- 
centration is always less than 1 (note that the actual 
C,,, is always of the same order as the enclosure- 
averaged concentration c). The outflow zero-mass- 
flux condition has been used in studies of forced con- 
vection mass transfer, for example, in refs. [ 12,131. 

Regarding our choice of basing the turbulent flow 
calculation on the Jones and Launder model [1], it is 
worth recalling that in high-Re recirculating flows the 
turbulent shear stress and the degree of anisotropy 
between the normal stresses become sensitive to the 
curvature of the shear layer [14]. As a more complex 
alternative to Jones and Launder’s model, we also 
used Hanjalic and Launder’s model [15] with the 
modifications proposed by Leschziner and Rodi [7], 
however the calculated qd curve was nearly identical 
to the one based on the much simpler Jones-Launder 
model. This finding is due to the relatively low Rey- 
nolds number range of this study (Re < SOOO), and 
the fact that the displacement efficiency qd is a global 
parameter, which is relatively insensitive to local 
changes in the concentration field. 

4. THE FLOW AND CONCENTRATION FIELDS 

In view of the range covered by the mass diffusivity 
of gases in air at 25°C and 1 atm, the molecular 
Schmidt number was set equal to 1 throughout the 
calculations performed in this study. The value of the 
turbulent Schmidt number (assumed constant) was 
set at 0.7 after comparing the numerical solution 
for Re = 1000 with the corresponding experimental 
measurements reported in ref. [4]. The longitudinal 
cross-section through the three-dimensional exper- 
imental apparatus [4] was nearly the same as that of 
the rectangular enclosure of Fig. 1 with the relative 
dimensions of equations (21). The best agreement 
between the numerical and experimental data occurs 
when the turbulent Schmidt number gc is equal to 0.7 
(note that this value lies between the constant 0.5 
associated with jet flow and 0.9 the value found in 
boundary layers and duct flows). When the turbulent 
Schmidt number is 0.7 and z* = 1, the calculated qd 
values are 0.69 for the ‘floor return’ configuration, 
and 0.71 for the ‘ceiling return’ configuration. These 
numerical Q values are 6.7% lower than the exper- 
imental values of 0.74 and 0.76, respectively. 

A related comparison is presented in Fig. 3, where 
plotted on the ordinate is the difference between the 
inlet concentration (Ci, = 1) and the concentration 
averaged over the outlet cross-section (c,,,,,) for 
Re = 1000. The two pairs of curves correspond to the 
floor-return and ceiling-return configurations indi- 
cated on the figure: note that unlike in Fig. 1, in 
the two cases of Fig. 3 the inlet stream is oriented 
downward into the enclosure. The agreement between 
these ‘local’ numerical and experimental results is 
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FIG. 3. The history of the calculated outlet concentration, next to the experimental curves of ref. [4] 
(Re = 1000). 

quite good, considering the rough character of the 
two-dimensional turbulence model next to the three- 
dimensional water experiment (observe the crossing 
of the floor-return and ceiling-return curves, and the 
wavy shape of all the curves). Furthermore, in the 
experiment the step change in inlet concentration 
occurred after the steady-state flow was established. 
In the present numerical simulations the change in 
inlet concentration coincides with the start of the 
through-flow. 

In Fig. 4, we see the evolution of the flow and 
concentration patterns when the inlet and outlet flows 
are both parallel to the ceiling of the enclosure. The 
Reynolds number is the highest considered in this 
study, Re = 5000. The flow pattern reaches its steady 
state at a time t* of approximately 2, i.e. after enough 
time so that the inflow of clean fluid could have filled 
the enclosure twice. The numbers listed next to the 
streamlines represent the values of the dimensionless 
streamfunction Y defined by writing U = HjaY and 
V = -au/ax. 

The sequence of constant-concentration lines on 
the right-hand side of Fig. 4 shows the manner in 
which the new fluid replaces the original (contami- 
nated) fluid of the enclosure. In the first phase of this 
process (z* < 0.4), the only region that is affected by 
the new fluid is the upper layer contained between 
the inlet and outlet ports. Sandwiched between this 
upper layer and the bulk of the fluid is a thin 
concentration boundary layer. The contaminant is 
removed gradually from the lower part of the enclos- 
ure by the slow recirculation flow and the associated 
mass transfer that takes place across the concentration 
boundary layer. 

Unlike the flow field, the concentration field does 
not reach a steady state, except in the t* -+ co limit 
when C + 1 everywhere. The numbers listed on the 
constant-concentration lines in Fig. 4 represent the 
values of the dimensionless concentration C defined 
in the first of equations (13). Low C values correspond 
to contaminated fluid, while C values close to 1 rep- 
resent flow regions that have been effectively cleaned 
by the through-flow. Worth noting is that the region 
that is the last to be cleansed of contaminated fluid 
coincides with the central zone of the slow clockwise 
recirculation illustrated by the streamline patterns in 
the steady state. 

In Fig. 5, we see the changes that occur in the flow 
and concentration fields when the outlet port is moved 
down to the floor level (indirect flow, or floor return, 
Fig. 1). In this case the inlet and outlet ports are 
diametrically opposed, and the main ‘fiber’ of the 
through-flow (the jet) is forced through a larger vol- 
ume of the enclosure. The single recirculation cell of 
Fig. 4 is now divided into three, clearly demonstrating 
that exit port location can have a dramatic effect upon 
local concentrations during transient contaminant 
removal. In the next section we show that this ‘frag- 
mentation’ of the enclosure fluid translates into a 
greater ventilation efficiency, that is greater than the 
corresponding Q value of the ‘straight through’ flow 
arrangement of Fig. 4. 

At lower Reynolds numbers, the jet chooses a path 
that comes closer to the geometric center of the enclos- 
ure. This change becomes evident as we compare the 
left-hand side of Fig. 5 with the left-hand side of Fig. 
6. In the latter, the Reynolds number is very low 
(Re = 30), and the flow is laminar [16]. The jet divides 
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FIG. 4. The evolution of the flow and concentration patterns when the inlet and outlet ports face each 
other (Re = 5000). 

the enclosure into two large corner cells, such that the 

clockwise one (in the lower-left region) is stronger. 
The constant-concentration lines reveal a contami- 
nant removal process in which the contaminated 
fluid (small C values) is displaced to the right, in 
piston-like fashion. 

5. THE DISPLACEMENT EFFICIENCY 

Figure 7 shows the effects of time, Reynolds number 
and outlet location on the displacement efficiency qd. 
The local volume displacement decreases with time, 
however, in the turbulent range (Re 3 10’) this 
decrease has two distinct phases. There is an early 
phase in which Q increases rapidly and is in fact 
independent of the Reynolds number. We show in the 
next section that this early phase corresponds to the 
time in which the new fluid travels directly between 
the inlet and outlet ports, filling the imaginary duct 

(the jet region) that connects the two ports. The con- 
taminant removal process in this phase is similar to 
the action of a piston (see the small-z* frames on the 
right-hand sides of Figs. 4 and 5), and resembles the 
mechanism seen in laminar flow (Fig. 6). This is why 
in the early phase qd is independent of Re. 

In the phase that follows, the contaminant removal 

process is governed by the mass transfer across the 
turbulent shear layers formed between the through- 
flow (the jet) and the surrounding fluid. The slope of 
Q, vs z* in this regime is considerably smaller, and 
continues to decrease as Re increases. 

The two frames of Fig. 7 are intended to show also 
the effect of the position of the outlet port, specifically 
that in the case of indirect flow (floor return) the 
efficiency is greater than in the case of direct flow 
(ceiling return). The effects of Reynolds number and 
flow configuration can be discussed quantitatively by 
defining the critical (or clean-up) dimensionless time 
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FIG. 5. The evolution of the flow and concentration patterns when the inlet and outlet ports are located 
in diametrically opposite comers (Re = 5000). 

2*=0.2 ~-~; 

.r*=1.0 mp!q 

FIG. 6. Laminar flow : the evolution of the flow and concentration patterns when the inlet and outlet ports 
are located in diametrically opposite comers (Re = 30). 
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FIG. 7. The effects of time, Reynolds number and flow 
configuration on the ventilation efficiency. 

7: when the ventilation efficiency is within 0.001% of 
its ultimate (infinite time) value 

&(7d) = 0.99999. (26) 

The 7: values calculated in this manner are sum- 
marized in Fig. 8, showing that, indeed, it takes longer 
to remove the contaminant when the inlet and outlet 
ports face each other. This effect of the relative 
positioning of the ports is particularly noticeable 
at high Reynolds numbers: at Re = 5000, the critical 
dimensionless time of the direct flow arrangement is 
almost ten times greater than the 7: value of the 
indirect flow configuration. 

Figure 8 shows also that the laminar and turbulent 
portions of each 7: vs Re curve are fitted well by 
curves of the type 

7: = A Re”. (27) 

The appropriate empirical constants A and m are pre- 

q direct flow 

n indirect flow 

.4 
I 10 lo2 lo3 lo4 

Re 
FIG. 8. The critical dimensionless time rr of the direct-flow 

and indirect-flow configurations (Fig. 1). 

Table 2. Empirical constants for the critical dimensionless 
time correlation (27), Fig. 8 

Laminar flow Turbulent flow 

Direct flow 

Indirect flow 

A = 1.221 A= 10 
m = 0.739 m = 0.385 

A = 1.893 A = 12.87 
m = 0.468 m = 0.155 

sented in Table 2. The fact that the exponent m is 
consistently less than 1 means that the actual time, 
t, (seconds), that corresponds to 7: decreases as Re 

increases (i.e. contrary to the impression left by Fig. 
8, in which 7: increases with Re) 

7: HL 

zc=iiiu. 

For example, if in the direct-flow configuration Re 

increases from 30 to 3000, the actual critical time 
t, decreases by a factor of 6.9. In the indirect-flow 
configuration, t, decreases by a factor of 20.7. 

In view of the above observation, it was tempting 
to replot Figs. 7 and 8 using the real time (tv/HL) 

instead of z*. We were unable to follow this course 
because tv/HL is the same as z*/Re, and, with Re 

varying from 5 to 5000, it would have meant the loss 
of clarity (‘correlation’) in the graphic presentation of 
the curves. In Fig. 7, for instance, only one or two 
of the curves would have fit inside the frame of the 
drawing. 

The effect of flow configuration is documented 
further in Fig. 9. The two lower curves represent the 
configurations discussed already, direct flow and 
indirect flow. New in this figure are the upper curves, 
which correspond to flows where the inlet and outlet 
streams are oriented perpendicularly (as in Fig. 3). In 
this way we discover that : 

(1) the relative perpendicular orientation of the 
inlet and outlet ports yields a substantial increase in 
displacement efficiency ; 

(2) the effect of outlet location is reduced dra- 
matically when the inlet and outlet port cross-sections 
are perpendicular. 

FIG. 9. The effect of flow configuration, showing that per- 
pendicular inlet and outlet ports reduce the dependence on 
outlet location, and increase the displacement efficiency 

(Re = 1000). 
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It is interesting that the highest ventilation efficiency 
is achieved when the ports are perpendicular and on 
the same side of the enclosure (ceiling in Fig. 9). This 
is the opposite of what we found when the inlet and 

outlet cross-sections are parallel. where the dia- 
metrically opposed ports yield the greater qd (Fig. 7). 
Since yld is a measure of the volume fraction that has 
been replaced by ‘new’ air (i.e. air that entered the 
enclosure after z = 0), the difference (I -q‘,) is pro- 
portional to the volume fraction that has short- 
circuited directly to the outlet, without replacing the 
original air that filled the enclosure at t = 0. 

6. THEORETICAL CONSIDERATIONS 

For the purpose of environmental design cal- 
culations, it is useful to condense these numerical 

ventilation efficiency curves into simple analytical 
expressions of the type q&*, Re, flow configuration). 
The analytical form of these expressions can be an- 
ticipated theoretically. Three possible models are 
sketched in Fig. 10. 

In the first model, it is assumed that the new fluid 
(C = !) displaces the contaminated fluid in piston- 
like fashion. This is equivalent to assuming that (a) 
the new and old fluids do not mix, and (b) the new 
fluid arrives at the outlet only after all the old fluid 
has vacated the enclosure. It is easy to show that under 
these circumstances the ventilation efficiency is given 

by 

Piston Flow 

Perfectlv Mixed Flow 

Jet - Roll Flow 

FIG. 10. Three simple models for determining the ventilation 
efficiency function Q(z*). 

{ 

7* , 0<7*<1 
Vd = 

1, 7* > 1 (29) 

In the second mode1 the instantaneous fluid inven- 
tory of the enclosure is perfectly mixed, so that the 
concentration at the outlet is exactly the same as the 

concentration at a point inside the enclosure. The 
analysis is the same as in the classical problem of batch 
mixing [17], and the result is that the concentration of 
the mixed fluid rises exponentially to the concen- 
tration of the inlet stream 

qd = l-exp(-r*). (30) 

One would think that these two simple models- 

no mixing and perfect mixing-would recommend 
formulas that act as upper and lower bounds for the 
actual rid value revealed by numerical simulations. 
Figure 1 I shows that, unfortunately, both models 
overpredict the displacement efficiency, for all times 
r* > h/H. The overprediction is dramatic at high 

Reynolds numbers, while the simple models do rela- 
tively better in the low Re range of 5-30. The piston- 
flow mode1 is successful only in the very beginning of 
the through-flow process, when the new fluid travels 
directly from the inlet to the outlet (e.g. the right-hand 
side of Fig. 4 at 7* = 0.1). 

An alternative mode1 is outlined at the bottom of 
Fig. 10. The enclosure volume is viewed as a sandwich 
of two regions. The upper region-the ‘jet’-connects 

the inlet to the outlet, and has a width of the order of 
h. Only in this region does the new fluid displace 

the contaminated fluid in piston-like fashion. The jet 
region becomes filled completely with new fluid at a 
time t of the order of L/u,,, which corresponds to the 
dimensionless time z* - h/H. It is easy to see that at 
times r* shorter than h/H, this new mode1 is equivalent 
to the piston-flow model discussed first, therefore the 
displacement efficiency is 

r/d = t* (z* 6 h/H). (31) 

At times 7* > h/H, the jet region is inhabited by 

new fluid (C = I). It is assumed that the remaining 
(lower) volume of the enclosure-the ‘roll’-contains 
fluid that is well mixed by the recirculating flow en- 

1 .’ ,,’ 
,’ ,numerical result I 

FIG. 1 I. Comparison between the numerical q,, results and 
the predictions based on the models of Fig. 10 (Re = 5000, 

direct flow). 
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countered in Figs. 4-6. The instantaneous dimension- 
less concentration in this lower region is time-depen- 
dent, C,(z*). This concentration increases in time 
because of the mass transfer that takes place across 
the turbulent shear layer that separates the jet region 
from the roll region (Fig. 10, bottom). The existence 
of this turbulent shear layer was already noted while 
examining the right-hand side of Fig. 4 (e.g. r* = 1.4), 
which shows clearly a thin concentration boundary 
layer between the jet and the roll. 

It is assumed finally that the mass transfer rate 
across the jet-roll concentration boundary layer is 
proportional to the instantaneous jet-roll concen- 
tration difference (1 -C,). Taking into account the 
geometry of the enclosure, we write that the conser- 
vation of species (contaminant) in the roll region of 
height (H-h) and length L requires 

L(H-/I)% = b,L(l -C,) 

in which the factor b, accounts for the effective mass 
eddy diffusivity in the boundary layer region. This 
factor will be determined empirically. 

In the search for the counterpart of the qd 
expression (31) in the limit z* + co, we integrate equa- 
tion (32) from the beginning (Ci = 0 at z* = 0) 

C,= I-exp 
LH 

-___ 
h(H-h) “‘* 1 (33) 

by writing 6, for the dimensionless empirical factor 
that corresponds to b. Next, we note that the venti- 
lation efficiency rd is equal to the concentration aver- 
aged over the entire volume (jet + roll) 

and arrive in this way at the expression 

nd= 1-(1-k)exP[-&6,Z*]. (35) 

Finally, we must recognize that in the volume aver- 
aging operation executed in equation (34) the geo- 
metric factors h/H and (H-h)/H are correct only in 
an order of magnitude sense. This means that a more 
accurate alternative to equation (35) is 

‘fd = +;)S,ex~(-&6,~*) (36) 

in which & is a second empirical factor whose 
expected order of magnitude is 1. 

The contribution of the jet-roll model is that it 
predicts the exponential form (36), in which b”, and & 
are independent of time. The constancy of E, in time 
stems from the observation that the flow pattern (in 
particular, the turbulent shear layer) is in its steady 
state during most of the long-time interval (t* 3 h/H) 
in which equation (36) applies. This prediction is 

I o-3l 40 
T* 

FIG. 12. Semilogarithmic plot of the numerical qd results 
for the direct-flow configuration, validating the exponential 

form derived in equation (36). 

equivalent to saying that the numerical $, results 
must appear as a straight line when plotted as 
log (1 -qd) vs z*. Figure 12 shows that this is indeed 
the case. 

Figures like Fig. 12 were drawn for each flow con- 
figuration, in order to determine the b”, and & factors 
that lead to the best agreement between equation (36) 
and the numerical qd data. The 6, and & values were 
themselves curve fitted as functions of Reynolds num- 
ber in the range 5-5000. The resulting expressions for 
6, and & are reported in Fig. 13. Taken together, 
equations (3 l), (36) and Fig. 13 provide an analytical 
summary for the numerical displacement efficiency 
results developed in this study. Equation (36) repro- 
duces the calculated qd values with an accuracy 
better than 4.3%, and 7: with an accuracy better 
than 0.2%. 

7. CONCLUSION 

The present study showed that significant gains in 
ventilation efficiency can be achieved by properly posi- 
tioning and orienting the inlet and outlet ports. The 
highest efficiency is achieved in geometric arrange- 
ments where the path of the jet is the longest and the 
short-circuiting is the smallest. The contribution of 
the present study relative to the experiments of ref. [4] 
is that it increases the Re range above 2000, and it 
allows more flexibility in the study of the effect of 
inlet/outlet geometry on the effectiveness of con- 
taminant removal. 

-T b, = 0.08 Ri$o.43 b2= 0.8 

-=--l = 0. I 1 Rt?36 4.38 R&0.30 is( i;,= 

L---l 1 - 6, = 0.20 RI? 9 = 9.1 2 Rio.” 

I I i;, = 0.16 R;0.30 i$= 7.06 Rio0.3* 

FIG. 13. The empirical factors &, and 6, that are to be used 
in equation (36). 
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EFFICACITE DE L’ENLEVEMENT VARIABLE DUN CONTAMINANT A UNE CAVITE 
AVEC FENTE VENTILEE 

R&m&On donne les resultats d’une etude fondamentale de l’enltvement variable dun contaminant a 
une cavite bidimentionnelle avec une entrte et une sortie. L’evolution des champs d’icoulement et de 
concentration est simulee numeriquement par un modele k-8 de Jones et Launder pour faible nombre de 
Reynolds. Celui-ci varie dans le domaine 5-5000, base sur la largeur du jet d’entree. L’efficacite de ce 
micanisme de convection for&e de masse est quantitativement d&it en fonction d’une efficaciti de 
ventilation et d’un temps critique de dtcroissance de concentration. On rapporte une relation entre ces 
parametres quantitatifs de performance, le nombre de Reynolds et l’orientation du jet de ventilation. On 
montre que le gain en efficacite de ventilation (ou une diminution du temps critique de decroissance de 
concentration) peut etre obtenu en orientant et positionant convenablement pent& et la sortie l’une par 
rapport a l’autre et selon la cavitt. Les rtsultats numtriques de l’efficacite de ventilation sont resumes par 
une expression analytique compacte bas&e sur un modele theorique a deux zones de l’ecoulement dans la 

cavite. 

DIE WIRKSAMKEIT EINER ALLMAHLICHEN ENTFERNUNG EINER 
VERUNREINIGUNG AUS EINEM UBER SCHLITZE BEL~~FTETEN BEHALTER 

Zusammenfassung-In der vorliegenden Arbeit wird iiber die Ergebnisse einer grundlegenden Unter- 
suchung der allmlhlichen Entfernung einer Verunreinigung aus einem zweidimensionalen Behalter mit 
einem EinlaB und einem AuslaB berichtet. Die Entwicklung des Stromungs- und des Konzentrationsfeldes 
wird mit Hilfe des k-s-Modells nach Jones and Launder fiir kleine Reynolds-Zahlen numerisch simuliert. 
Die Reynolds-Zahl umfal3t den Bereich von 5 bis 5000, wobei Re mit dem Strahldurchmesser am Eintritt 
gebildet wird. Die Wirksamkeit des Stofftransports durch erzwungene Konvektion wird quantitativ in 
Form eines Liiftungs-Wirkungsgrades und einer kritischen Zeit ftir das Abklingen der Konzentration 
dargestellt. Die Beziehung zwischen diesen quantitativen Betriebsparametem, der Reynolds-Zahl und 
der Orientierung des Luftstrahls wird dargelegt. Es zeigt sich, da13 der Liiftungs-Wirkungsgrad dadurch 
verbessert werden kann (oder die kritische Zeit fiir das Abklingen der Konzentration dadurch verkiirzt 
werden kann), dal3 die Ein- und AuslaDiiffnung in geeigneter Weise angeordnet und giinstig zueinander 
und zum Behalter ausgerichtet werden. Die numerisch berechneten Ergebnisse iiber den Liiftungs- 
Wirkungsgrad werden in einem kompakten analytischen Ausdruck zusammengefaDt, der auf einem 

theoretischen Zweizonenmodell der Behllterstriimung aufbaut. 
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3WDEKTBBHOCTb HECTA~MOHAPHOTO YJ@JIEHkiR IIPklMECki M3 
BEHTWIMPYEMO~ UEJIEBOB IIOJIOCTkI 

hmoTaunn-IIp~r8o~xn pe3ynbTaTw kiccnenoBaHHff riecramioHapHor0 npouecca ynanemw ~~HM~CH 

u3 JlByMepHOil nOnocTH c O~HHM BXO~OM w O~HHM BUXOLIOM. C nCnOnb30BaHHeM k-e MOLlenH &COHCa u 
nOHJ@pa WK MZLJlbIX YHCeJI PeiiHOJlb~Ca ‘i&iCJIeHHO MOAeJIIipyeTCK 3BOJIIOIWI IIOJEii TUIeHBIl H KOHWHT- 

paI,HES. %,CJlO PeiiHO,IbnCa Re, OCHOBaHHOe Ha ,“HpHHe BXOAa, H3MeHlleTCCII B HHTepBZlJle 5-5000. 3@+X- 
THBHOCTb OpOWCCa MaCCOnepCHOCa nptl BbIHyXCR2HHOii KOHBeKIUiB OUeHHBaCTCR Ha OCHOBC 

3@WKT3BHOCTW BeHTWJIIWB H KpHTWIeCKOrO BpCMeHH y6bIBaHHn KOH~eHTpaLVWf. AHaJni3I4pyeTCn B3aH- 

MOCBR3b Memy 3THMH pa609HMH XapaKTepHCTHKaMH, YBCJIOM PeiiHOnbJtCa W OpHeHTaUHeii BCHTHJOi- 

pylOLl@ CTpyEi. nOKa3aH0, ‘IT0 3+$‘ZKTUBHOCTb BeHTHJ,SIUHH MOW57 6bITb 3Ha’iHTt?JlbHO IIOBbtUICHa (HJIH 

KPHTEWCCKOC BPCMK y6bIBarnin KOHUCHTpaUHH MOXKCT 6blTb COKpWCHO) IIpH HUJIf2KaLUHX OpEiCHTaLWi 
H pacnonomeeae BxonHoro u BbIx0n~0r0 OTBepCTHir no OTHOUlCHHH) npyr K npyry ki K nonocTw %ic- 

JleHHbIe pe3yJbTaTbI J?JIK 3@&KTABHOCTU BeHTHJIKqHH o606maroTcn B Btille aHLUIBTHYCCKOr0 BblpZKC- 

HAR, OCHOBaHHOrO Ha TeO~THWCKOii jTBYX30HZlJlbHOii MOIICJIIl TWHWR B TIOJIOCTA. 


