International Journal of

HEAT ..« MASS
TRANSFER

PERGAMON International Journal of Heat and Mass Transfer 41 (1998) 3589-3609

Effect of contaminant properties and temperature gradients
on the efficiency of transient gaseous contaminant
removal from an enclosure : a numerical study

M. Soria*, A. Oliva, M. Costa, C. D. Pérez-Segarra

Laboratori de Termotécnia i Energética, Departament de Maquines i Motors Térmics, Universitat Politénica de Catalunya,
Colom, 11, 08222 Terrassa, Barcelona, Spain

Received 7 June 1997 ; in final form 10 November 1997

Abstract

This paper reports the results of a numerical study on the transient removal of a contaminant from a two-dimensional
enclosure with one inlet and one outlet. The influence of buoyancy forces due to thermal and concentration gradients,
contaminant diffusivity, inlet velocity and outlet disposition over the cleaning-time are studied. The governing equations
of the laminar flow (continuity, momentum, energy and contaminant concentration) are solved by means of the
SIMPLEC algorithm. Several simulations of the same test case have been made, using two numerical schemes: PLDS
and SMART, in order to determinate which one provides better performances. For isothermal situations, the time
required to remove the contaminant is studied parametrically as a function of the outlet position and the governing
dimensionless numbers (Reynolds number, Schmidt number and solutal Rayleigh number), while the effect of horizontal
temperature differences is studied in several situations in which it plays an important role. Buoyancy forces are found
to have a strong influence over the flows and, in consequence, over the cleaning times. © 1998 Published by Elsevier
Science Ltd. All rights reserved.

Nomenclature Pr Prandtl number, v/o

¢ mass concentration Ras solute Rayleigh number, SsAcH g/av
C dimensionless concentration, (c,—c¢)/Ac Ra; thermal Rayleigh number, frAOHg /oy
D mass diffusivity of pollutant Re Reynolds number, Au;,/v

DF direct flow (inlet and outlet placed at the top of the Sc¢  Schmidt number, v/D

cavity, Fig. 1) t dimensional time

g gravitational acceleration

h dimensional width of inlet and outlet ports, H/10
H dimensional height of the enclosure

IF indirect flow (inlet at the top and outlet at the bot-
tom of the cavity, Fig. 1)

L dimensional length of the enclosure, 2H

Le Lewis number, o/D

n direction normal to the boundary

nx, ny number of control volumes in x and y axes
pa dynamic pressure

P dimensionless pressure, py/(po’/H?)

* Corresponding author.

T dimensionless temperature, (0 —0c)/A0O

u, v dimensional horizontal and vertical velocities

U, V' dimensionless horizontal and vertical velocities,
U=u/(e/H), V =0v/(a/H)

x,y dimensional coordinates

X, Y dimensionless coordinates X = x/H, Y = y/H.

Greek symbols

o thermal diffusivity

pr thermal volumetric expansion coefficient, —(1/p)*
(0p/00)

fs mass volumetric expansion coefficient, —(1/p)-
(0p/oc)

Ac increment of concentration used as a reference,
Co— Cin
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A0 increment of temperature used as a reference, 0. — 0,
At*  time step expressed in the air-renovation scale

ne displacement efficiency

0 dimensional temperature

0., 0, cold and hot dimensional reference temperatures
v kinematic viscosity

p density

7 dimensionless time, t/(H?/o)

% number of air renovations, fu;,h/(LH)

t¢&  number of air renovations required to reach
Chin = 0.95

t¢, number of air renovations required to reach
Cove = 0.95.

Subscripts

avg average
in inlet

1 left wall

min minimum
out outlet

r right wall

0 initial value.

1. Introduction

Gaseous combustibles have many attractive features
for their use in domestic and industrial environments,
but their intrinsic danger is a serious limitation to their
use. The purpose of this work is to study numerically an
idealized gas transport situation after an accidental leak
in order to provide a better knowledge of the influence
of gas properties (density and diffusivity) and room air-
flow on the time required to reach safe conditions.

In usual room airflow conditions, where the expected
concentrations of contaminants are small, the buoyancy
forces generated by concentration gradients can be
neglected. Two typical examples of these conditions are :
the airflow in an air conditioned building and the airflow
in a clean room. In the first case the problem is to provide
[1] and acceptable microclimate (thermal environment
and air quality) in the space being ventilated, and in the
second, to provide both a low concentration of airborne
particles and a low air turbulence. There are many
numerical and experimental studies addressed to provide
information on the indoor airflows in both cases. A few
examples of these studies in both areas are given below.

Fang and Grot [2] simulated numerically the turbulent
flow emerging from an air diffuser in an idealized air
conditioned room, taking into consideration the buoy-
ancy effects due to thermal gradients in order to obtain
information for the design of indoor ventilation systems.
Murakami et al. [3] analyzed the airflow in an idealized
clean room with obstacles, by means of model exper-
iments and three-dimensional numerical simulations, in
order to evaluate the transport of a scalar quantity with

no effect over the momentum equations. Kato et al. [4]
studied numerically flow and contaminant fields in a
room with both the exhaust and supply openings at the
ceiling, installed in such a way that the airflow rates
are balanced locally, in order to avoid the formation of
recirculation areas in the whole room.

Considering a problem similar to ours, but assuming
that the fluid density was nearly constant (independent
of contaminant concentration), Lage et al. devoted two
works to the study of the transport of a contaminant
from an enclosure. In the first one [5] they supposed a
uniform contaminant distribution at the beginning of the
process and studied its transient removal. They per-
formed numerical simulations for a fixed Sc number and
a wide range of Re numbers and four dispositions of the
inlet and the outlet, finding a compact expression to
predict the average concentration after a large number
of air renovations. Later [6], for a similar enclosure,
they studied the removal of a contaminant being steadily
generated by a concentrated source placed at a point
inside the enclosure, assuming that the source mass flow
rate was negligible compared with the inlet mass flow
rate. They studied the maximum concentration and the
number of air renovations required to reach it for several
Re numbers, contaminant source placements, inlet and
outlet dispositions. They found an inlet/outlet optimal
disposition for each source location that can enhance
significantly the transport process.

The main difference between the present work and the
aforementioned is that in this case, after the leak, high
gas concentrations can be found, and the buoyancy forces
generated by concentration gradients can significantly
affect the flows, and consequently, the cleaning times.

In this paper a more general case is considered where
both temperature and concentration gradients influence
the flow (double-diffusion convection).

Double diffusive convection is an important phenom-
ena in many areas, like material processing, atmospheric
flows, transport of contaminants of oceanography and
many studies have been made on this subject. The sim-
ultaneous action of temperature and concentration gradi-
ents causes the flow to be more complex, specially in the
cases where Le number, the quotient of both diffusivities
(2/D), is high. A number of numerical studies are
addressed to this area. For instance: Gebhart and Pera
[7] were among the first to study numerically the double-
diffusion phenomena in vertical laminar motions along
surfaces and in plumes ; special attention was paid to the
influence of dimensionless parameters relevant to double
diffusion and to heat and mass transfer rates. Bergman
and Ungan [8] investigated numerically and exper-
imentally the double-diffusive convection induced by bot-
tom heating with a finite heated strip placed beneath a
salt stratified layer. Lee and Hyun devoted two papers
[9, 10] to the numerical study of the transient behaviour
of a vertical cavity with combined opposing and coop-
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erating horizontal temperature and concentration gradi-
ents. The resulting transient flows were analyzed for
different buoyancy ratios. In both cases, the formation
of a multilayered flow was observed. Later, in a similar
situation, Han and Kuehn studied experimentally [11]
and numerically [12] the double diffusive natural con-
vection fluid flow in a vertical cavity with horizontal
temperature and concentration gradients imposed.
Weaver and Viskanta devoted two works [13, 14] to the
investigation of the heat and mass transfer in a cavity
due to natural convection driven by combined thermal
and solute bouyancy forces. The first one is addressed
to the study of the effects of variable thermophysical
properties while the second one examines the influence
of species interdiffusion, Soret and Dufour effects.
Kamakura and Ozoe [15] studied numerically and exper-
imentally the transient formation and destruction of
multi-layered roll cells in cavities initially filled with a
solution having a linear concentration profile and later
subjected to a horizontal temperature gradient. Béghein
et al. [16], in a work that, for the boundary conditions
specified, can be considered as a generalization of the
well-known thermal driven cavity problem, simulated the
steady-state flow of air mixed with a pollutant in a closed
square cavity subjected to horizontal temperature and
concentration gradients, in a range of dimensionless par-
ameters that roughly corresponds to the ones selected in
this paper.

The present study examines numerically the transient
effects that the buoyancy forces due to concentration and
temperature gradients have over the time required to
remove a uniformly distributed contaminant from an
enclosure with one inlet and one outlet. The effects of
different contaminant diffusivities (S¢ numbers), Re
numbers and outlet dispositions are also investigated.
The governing equations of the flow are solved using a
pressure-based method. The flow is considered to be two
dimensional and laminar. Although three-dimensional
effects are known to be of importance in some flow con-
figurations [17, 18], a two-dimensional model retains a
description of the main interest aspects and make feasible
to perform enough transient simulations as to draw con-
clusions. The study of turbulent flows would require the
introduction of turbulence models like the two equation
k—e turbulence model [19, 20].

2. Physical model and numerical aspects
2.1. Model equations

The double-diffusion model here considered assumes
two-dimensional laminar flow, both fluids (air and con-
taminant) to be perfectly mixible, and the Soret, Dufour
and species interdiffusion effects [14, 21] negligible. All
the physical properties are supposed to be independent
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of the temperature and concentration, except the density
variations, for which the Boussinesq approximation is

used.

The set of equations that describes the flow (continuity,
momentum, energy transport and mass transport) can be
expressed in dimensionless form as follows:

ou v
87/\’—’_ P 0 (1)
an-i- 0£+V6£_ aj-ﬁ-P 62U+62U (2)
ot ¢ oy~ oax 0X? oy?
L ) N
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+ Pr(Ra;T—RasC) (3)
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The dimensionless values used are:
X. V) =(»/H, (U V)=u0)/(/H), t=1t/(H)

(6)

C=(co—c)/Ac, T=(0-0,)/A0 (7
P = pa/(pe*/H?) @®)
Pr=v/a, Sc=v/D Q)
Ras = BsAcH g/av, Rarp = BrAOH’gjav. (10)

The reference increments of temperature and con-
centration are:

A0 = 0,—0,. (11)

This set of equations (1)—(5) presents relevant differences
with the standard pure thermal natural convection equa-
tions. Firstly, there are two scalar transport equations,
the energy (4) and the mass transport (5). These equa-
tions are formally identical, except for a different dimen-
sionless diffusivity. The quotient Pr/Sc can also be expre-
ssed as 1/Le, where Le is the ratio between thermal and
mass diffusivities. For liquid solutions, thermal diffusivity
is considerably higher than mass diffusivity, and this is
one of the causes of many remarkable patterns of these
flows, like convective cells separated by sharp interfaces
[9-12, 15]. For air mixtures, Gebhart and Pera [7] pointed
out that the chemical species of most common interest
have Sc numbers in the range 0.1-10. In this study, values
of Sc between 0.25 and 2.0 have been considered, while
Pr has been fixed to be 0.71.

Secondly, the vertical momentum equation (3) is
coupled with all the rest of the set, including the mass
transport equation, due to the different density of the
contaminant. In some cases the effects of buoyancy due
to concentration gradients can be important; for

Ac = 6 — i,
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instance, as Gebhart and Pera [7] showed, for air satu-
rated of water vapor at 20°C and for a temperature
difference of 10°C, the buoyancy forces due to the con-
centration differences are about three times stronger than
the buoyancy forces due to the temperature differences.
In our case, the density of the contaminant and its initial
and inlet concentrations determine the Rag number.
While Rar is always positive, Rag can be either positive
or negative.

2.2. Estimations of concentration, time and transport
efficiency

By dividing the dimensional time ¢ by the reference
value LH/u;,h we obtain t* which represents the number
of air renovations. This value has been used as a time
scale in order to present the results.

Two characteristic values of the gaseous concentration
at a given instant are used, the displacement efficiency #,,
defined by Anderson and Mehos [22] as 14 = (¢p— Caye)/
Ac, and the maximum stress concentration c¢,,,,, values
that, according to the definition of the dimensionless
concentration C are, respectively, equal to C,,, and C,.

The efficiency of the whole transport process can be
established with two dimensionless times, t¢  and t¢ ,
defined as the number of air renovations required to
reduce the minimum and average concentrations up to a
95% of the final value (C = 0.95). This value can be
chosen in a rather arbitrary way, depending on the final
application. For instance, Lage et al. [5, 6] used a higher
one, 0.99999.

2.3. Physical domain. Boundary and initial and conditions
The cavity studied, represented in Fig. 1 is rectangular,

with one inlet and one outlet. While the inlet is always at
the top of the cavity, two outlet positions have been

L=2H

Inlet
u=u, =
V=0 h=H/10
C=1
T=T.

Direct Flow (DF)

Y Boundary: Non-Slip,

Impermeable, 6C/on=0
X
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considered : the one presented in the left part of the figure,
hereafter called DF, which stands for direct flow, and a
second one in the right part, hereafter called IF, for
indirect flow. The geometric aspect ratios L/H and h/H
have been fixed to 2 and 0.1, respectively.

The velocity boundary conditions are of non-slip,
except in the inlet and outlet flow sections, where a dimen-
sionless normal velocity Uy, is prescribed as follows :

U, = RePrH/h (12)
where Re is an inlet-width based Reynolds number,
Re = hu,/v. (13)

In the energy equation the horizontal boundaries are
always supposed to be adiabatic. Isothermal vertical
walls at 7| (left wall) and 7, (right wall) are considered.
The temperature at the inlet is fixed to be T}, and at the
outlet 07/0n = 0 has been imposed.

In the concentration equation (5) a null gradient is
used everywhere except at the inlet, where C is fixed to 1.
For clarity, it should be noted that this value corresponds
to the dimensional value of the external air.

Lage et al. in their aforementioned works, after con-
sidering the effect of different outlet boundary conditions
pointed out that even for very low Re number flows,
the error introduced by the assumption of 0C/dn = 0 is
irrelevant, so the same boundary condition has been used
here for C and T equations.

2.4. Isothermal flow conditions

The vertical walls and the inlet are fixed at the same
temperature (7, = 7) = T, = 0). The initial conditions
are: Uy=V,= C,= T, =0 (isothermal and uniformly
contaminated air). As there is no temperature gradient,
the buoyancy effects are only due to concentration gradi-
ents.

Horizontal walls : 9T/0n=0

h=H10

Indirect Flow (IF)

Outlet:
v,

Vo
ATLCY X 0

h=t/10

Fig. 1. The cavity and boundary conditions under consideration. Different velocity and temperature initial conditions are investigated,
but in all the cases, the cavity is considered to be initially uninformly filled with a ¢ = ¢, gas, corresponding to a dimensionless value

C=0.
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2.5. Non-isothermal flow conditions

The effect of an externally imposed horizontal tem-
perature difference has been studied. For the same Rar
number, two different boundary conditions have been
considered : negative temperature difference,
T.=T =1, T, =0, and positive temperature difference
T.=T,=0,T.=1.

Two different initial conditions have been considered.
In the first situation, referred as steady, initially the cavity
is supposed to be uniformly contaminated (C, = 0) and
subjected to a temperature gradient imposed a long time
ago. The permanent state has been reached, and at the
beginning of the transport process, there are steady non-
zero velocity, pressure and temperature fields due to the
thermal driven natural convection process. These fields
depend on the Ra; number and on the sign of the tem-
perature difference. In the second situation, referred as
static, initially the conditionsare Uy = V= T, = C, = 0,
and suddenly the left or right wall temperature is sup-
posed toincreaseuptol (i.e., 7y, =1land 7, =0or 7, =0
and T, = 1).

2.6. Numerical algorithm and validation of the software

The SIMPLEC algorithm [23] was used to integrate
the set of governing equations. The first and second order
numerical schemes PLDS (Power Law Difference
Scheme) [24] and SMART [25] have been used. After a
set of tests later discussed, SMART was chosen for its
better performance. The dimensionless At* was kept con-
stant during all the simulation. The resulting set of
algebraic equations were solved with the MSIP [26]
algorithm. At each time step, iterations were stopped
when the three following conditions were simultaneously
satisfied :

abs(C,,, iteration j— C,,, iteration j—1) < 10~°

abs(T,,, iteration j— T,,, iteration j—1) < 10~¢
max(mass error)/(u,h) < 107",

The natural convection benchmark case proposed by De
Vahl Davis [27] was used to check the correctness of the
results provided by the program, using different non-
uniform grids generated with the following function :

(G0

atan (| ——( 1+ —

1 n n

Velx(i) = 2 atan(®) .

Here, ¢ is a concentration parameter, n is the number of
control volumes (n = nx = ny), i takes integer values
from 1 to n+1 and Velx(i) = Vely(i) are the border lines
between control volumes for x and y axes. Rar numbers
between 10° and 10° were tested, keeping Pr = 0.71. For
Rar = 10° and & = 2 the results obtained are presented

Table 1
Results obtained in the thermal-driven square cavity problem

Vahl Davis 42 x42 82 x 82 160 x 160
Nty 8.800 8.844 8.825 8.829
Upnax 64.63 65.50 65.04 64.87
Y=U,ax 0.850 0.854 0.855 0.852
Vinax 219.36 221.19 220.79 220.56
XV ax 0.0379 0.0348 0.0386 0.0382
Nty 17.925 18.046 17.655 17.573
Y—Nutax 0.0378 0.0348 0.0386 0.0382
Nt 0.989 1.07 1.01 0.98
Y—Nupin 1 1 1 1

Nu,,, is the mean Nusselt at the vertical walls. Uy, Y=Upy,
Viax and X=V .., are, respectively, the maximum dimensionless
velocities at the central vertical and horizontal planes and their
dimensionless positions. Nu,;, and Y—Nu,,;, are the minimum
Nusselt number at the vertical cold wall and its dimensionless
position. A complete description of this case and the values listed
here can be found in [27].

in Table 1. These concentration functions and factors
were found to provide a good value of the average Nusselt
number with Rar = 10° and a 42 x42 grid, and it was
used in the rest of the grids without further investigation.

In order to ensure the correctness of transient simu-
lations, a case presented by Fu et al. [28] was reproduced
using a n = 42, £ = 2 grid. In this case, a square cavity is
subjected to a horizontal temperature gradient and when
the steady state is reached, the temperature at the hot
wall suddenly decreases to be equal to the cold one. In
Fig. 2, the average Nusselt numbers at both walls have
been represented against the dimensionless time. As can
be seen, good agreement has been obtained.

In order to check the concentration equation correct-
ness, some of the aforementioned test cases were repeated
imposing Sc¢ = Pr and fixing Rag to take the value of Rar
and Rar to be 0, along with analogous dimensionless
boundary conditions. The same results were obtained
replacing C by T.

2.7. Tests of grid independence : time step and grid size

In this section, differences in C,,;, have been used as a
representative measure because C,,;, is the value of main
interest in this work, and because it reflects better than
C,, differences in the numerical procedure.

The appropriate time step and grid size were selected
after several numerical accuracy tests. The grid sizes
tested ranged between 20 x 10 (number of control vol-
umes) and 200 x 100 and the time steps (At*) between
107 and 5x107%

In general, like in the example of Fig. 3 (top), the value
of At* = 4 x 1073 has been used to obtain a reasonably
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Nu
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b ~.
\
D
L
IO C o Ly c = o 1= \D\ 7
=2 S p— .
O (S
d
1 s () O o o
1k
0.1
0.01 |
0.001 — I PPN 1 P VI | T
0.01 0.1 1 10 100

Fig. 2. Comparison between present results (solid line) and Fu et al. results (square dots). Average Nu numbers at both walls. (a) Left
wall, Ra; = 10°; (b) left wall, Ray = 10*; (c) right wall, Ray = 10°; (d) right wall, Ra; = 10*.

accurate result. In certain situations, like the one shown
in Fig. 3 (bottom), in which an abrupt change in the slope
of C..i, appears, or in the highest Re values considered,
At* = 5x 10~ has been used.

In order to find a solution as near as possible to the
grid-independent one, several runs of a test case (iso-
thermal; Rag = —7x10*; IF; Sc = 1; Re = 30) were
made with uniform grids of different sizes but the same
aspect ratio, 2 x 1, using PLDS and SMART schemes.
To summarize all the transient evolution with a single
number, the value of C,;, at a certain t* has been chosen.
An early value was selected, t* =1.2. Later, as
Chin(00) = 1, the differences of the values obtained with
different grids and numerical schemes tend to vanish.

The results are presented in Fig. 4. It can be seen that
both schemes converge to the same value, that seems to
be close to the 200 x 100 result. For the same grid size,
SMART provides more accurate values, specially for the
coarser grids, but unfortunately, it spends more CPU
time. Grids of other aspect ratios have been tested and
found to provide results converging to the same value
but slower, so their use was not considered.

In order to decide if it was better to use a coarser grid
and SMART, or a finer one and PLDS, an error measure
was introduced as

Error = 100. abs(Cyyn (t* = 1.2) — Bestvalue)
where Bestvalue corresponds to the result obtained with
a grid of 200 x 100 and SMART scheme.

This error was represented in Fig. 4 (bottom) against
the CPU time needed to reach t* = 1.2, expressed in
CPU minutes of a workstation HP735. The CPU times
obtained depend strongly on the degree of optimization
of a particular program, but the ratio between PLDS and
SMART CPU times is expected to remain approximately
constant for other programs and computers.

After these tests we can conclude that, in the situation
considered, for the same grid size, PLDS is between 1.3
and 2.5 times faster than SMART, but also less accurate,
specially for the coarser grids considered ; on the other
hand, for a given CPU time, SMART provides more
accurate results.

All these considerations led us to the election of
SMART scheme and a grid of 80 x 40 uniformly-disposed
control volumes for all cases. This option provides results
that, in the aforementioned test case, differ less than 0.7%
from the best value obtained.

It could be argued that faster results with the same
or more accuracy might be obtained with coarser non-
uniform grids. However in the range of situations con-
sidered, many different flows are expected to be found,



M. Soria et al./Int. J. Heat Transfer 41 (1998) 3589-3609 3595

min

08 ! ! ! ! !

0 2 i 1 1 t -
0 0.5 1 1.5 2 2.5 3"

Fig. 3. Numerical accuracy tests. Effect of time step over the simulation of two test cases. (top) : IF, Re = 30, isothermal, Ras = 7 x 10%,
Sc=1, (a) Cpin vs *, At* = 107"; (b) Cpin Vs ¥, At* =4 x107%; (¢) Cpin V8 At* = 107>, (bottom): DF, Re = 30, isothermal,
Rag = 3.5x10% Sc=2. (a) Cpip vs 7%, At* =4 x1077; (b) Cpip vs 7%, At* = 1077 (¢) Cpip Vs 75, AT* =5x107*; (d) Cyy, vs ¥,
At* =4x1077; (e) Cpyp vs T, AT* = 5x 107 %,
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C._. (1%=1.2)

min

0.34 T T T T

0.32

0.3

0.29

0.28

20 40 60 80 100 200 nx=2ny

€rror

0.1 1 1 1 1 t | .
0 5 10 15 20 25 30 35~ minCPU

Fig. 4. Numerical accuracy tests. Effect of grid size and numerical scheme over a test case : IF, Re = 30, isothermal, Rag = —7 x 10%,
Sc = 1. (a) PLDS; (b) SMART. (top) Cpin(t* = 1.2) for different grid sizes and SMART/PLDS numerical schemes. (bottom) Error =
100. abs (Cpin(t* = 1.2) — Bestvalue) obtained as a function of CPU time for different grid sizes and SMART/PLDS numerical schemes.
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and the CPU time required to optimize each situation
could easily have been greater than the extra CPU time
spent using uniform, non-optimal grid dispositions.

After the comparison of the predictions made by the
numerical code against the results of other authors and
the study of grid sizes and time steps required to reach
accurate solutions in the range of dimensionless values
that are here under consideration, we can conclude that
the numerical code can be used for the numerical exper-
imentation of the behaviour of physical systems described
by the set of governing equations (1)—(5), i.e., systems in
which the hypothesis stated in Section 2.1 are valid.

However, as there is no published experimental data
referent to transient double-diffusive flows in opened
cavities (to the knowledge of the authors), two reasons
justify the need of experimental measures: (i) check the
validity of the hypothesis stated in Section 2.1 ; (ii) extend
the present study to higher Re, Rag and Ra; numbers,
where turbulence modeling would be required and exper-
imental measures would be needed to validate the tur-
bulence models in these double diffusive flows.

3. Isothermal situations

If we consider isothermal flow situations with a fixed
Pr number, the history of the flow depends on the geo-
metrical disposition (DF or IF), and on three dimen-
sionless numbers : Re, Rag and Sc.

In other fluid dynamic problems, like the thermal
driven cavity configuration, the difference in tem-
peratures that causes the buoyancy forces is maintained
constant during all the process. This is not the case in the
situations considered in this section. The only buoyancy
forces present here are due to concentration gradients.
These forces are stronger at the beginning of the process,
when the difference between the inlet concentration and
the cavity concentration is higher. Their effect can change
dramatically the trajectory of the jet from the inlet to
the outlet, enhancing or worsening the transport of the
contaminant. As the cavity is being cleaned, the gradients
of concentration are reduced, and the buoyancy forces
lose importance. At last, when the permanent state has
been reached, C is uniformly equal to 1, so there is no
longer a coupling between equations (1)—(3) and equa-
tion (5) and for a given geometrical disposition, the flow
depends only on Re number. The instant in which the
buoyancy forces are no longer important depends
strongly on the case considered. In general, this transition
from mixed convection to forced convection is smooth,
but in some cases, a rather abrupt change is found.

The goal of this section is to provide a description of
the cleaning times as a function of the flow parameters.
All the aforementioned aspects cause this function to be
quite complex, even for these isothermal cases, and a too
high number of transient numerical simulations would

be needed to obtain a full description of all possible
situations, so only a part of them has been considered.

3.1. Simplified models

Before starting the discussion of the numerical results
obtained, and for a better understanding of transient
transport phenomena, it is convenient to consider two
simple models that explain how the air replacement could
ideally happen [1, 5, 22] : piston displacement flow model
(PD) and perfectly mixed flow model (PM). In Fig. 5,
predictions of both models can be compared with results
obtained from the numerical simulations.

In the PD model, curve ‘f°, the new fluid (C=1) is
assumed to displace the contaminated fluid (C = 0) with-
out mixing with it, in a piston-like fashion. Under this
assumption,

if <= 1, Cavg = T*, Cmin =0
if %> 1, Cavg = 17 Cmin =1
g, =&, =095 (M

min

Therefore, flows behave in a piston displacement way
(Cowt ® 0, Cyye = %, Ciy = 0) only at the very beginning.
Unfortunately, after a while, the fresh air from the inlet
reaches the output so the PD model overpredicts the
efficiency of the transport.

In the PM model, curve ‘e’, the flow is supposed to be
such that the inlet jet perfectly mixes with the indoor air,
so the concentration at the outlet is the same as the
concentration at any point inside the enclosure. In this
case,

Ca\fg = Cmin = l—exp(—‘f*)

‘z:?w =1 ~3. )

min

This model provides a better explanation of the phenom-
ena, but in general it still overpredicts the efficiency of
the transport. The cases like ‘a’ and ‘d’, with C,;, and
C.ye plots below the PM line are by far more frequent.
Since the mixing is not perfect, it is necessary that a
substantial part of the contaminated fluid is pushed out
without mixing with the fresh air in order to bring the
transport performance over the PM line.

3.2. Influence of Rag

A parametric study was made with Rag numbers in the
range between —7x 10° and 7 x 10°, keeping constant
Re =30 and Sc = 1, in order to determine t¢_ and t¢
as a function of Rag for both flow conﬁguratioﬁs. TE VS
Rag is presented in Fig. 6. The plot for t¢  shows a
similar tendency, so it has not been included. A plot
of the streamlines and concentration fields at t* =1 is
presented in Fig. 7(a) for the DF configuration and in
Fig. 7(b) for the IF configuration. The resulting flows
can be classified in three groups:
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Fig. 5. C,, (top) and C,,, (bottom) vs t* for some isothermal Sc = 1, Re = 30, DF situations, to be compared with the predictions of
PM and PD flow models. (a) Re = 30, Ras= —7x10°, Sc = 1; (b) Re =30, Rag=7x10°, Sc = 1; (c) Re = 30, Ras = 3.5x 10,
Sc=2;(d) Re = 100, Rag = —3.5x 10, Sc = 2; (e) PM flow model; (f) PD flow model.
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Fig. 6. t¢ in DF and IF dispositions, as a function of Rag number, for Re = 30 and Sc = 1 isothermal cases. (a) DF; (b) IF.

3.3. Values of Rag smaller than —10°

In this range of values, DF configurations clean the
cavity slower. This is due to the buoyancy force that
pushes the jet upwards, confining it at the top of the
cavity and causing stratification of the contaminant at
the bottom, as can be seen in the iso-concentration field
corresponding to this case in Fig. 7(a). This effect is
important, since in the worst case considered the time
required to clean the cavity is more than the double than
in the non-buoyancy affected situation.

In IF configurations, Fig. 7(b), high negative values of
Rag clean the cavity very efficiently. The heavier con-
taminant is pushed to the bottom and exits while the
fresh air descends almost vertically, without mixing each
other, almost like in the PD model. This effect is reduced
as Rag approaches to zero and the cleaning time increases,

reaching a local maximum around Ras = —1.75 x 10*.
In order to explain the presence of this relative
maximum, the transient evolution for Rag = —1.75 x 10*

and Ras = 0.0 have been compared. In the latter, non-
buoyancy-affected case, the transfer of momentum causes
the apparition of a recirculation area, typical of a back-
ward-facing-step like configuration. This recirculation

enhances the mixing of the left bottom part of the cavity
and thus reduces the cleaning time. This does not happen
in the first, buoyancy affected case. For a certain range
of buoyancy forces, the flow does not behave like in
a PD model, and there is no good mixing, since the
recirculation does not exist or it is weaker than in the
non-buoyancy affected case. The combination of both
effects causes the relative maximum.

3.4. Values of Rag between —10° and 10°

For Rag numbers between —7 x 10* and 7 x 10%, the
influence of buoyancy forces is small and changes in
Rag produce little effect, the curves are approximately
horizontal. Changes in the streamline maps as time
advances are smaller, since they are not due to the pro-
gressive decrease of the buoyancy force, but only to the
effect of transient terms in momentum equations. IF con-
figurations still perform better because they force the jet
trajectory to be longer and enhance the mixing.

3.5. Values of Rag > 10°

For significantly positive values of Rag, the buoyancy
force pushes the jet to the bottom of the cavity. In IF
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Fig. 7. Streamlines and iso-concentration maps after one air renovation (t* = 1). The streamline values have been selected at equal
intervals up to the maximum for each map. The written values of C have been multiplied by 10. The same criteria have been used
elsewhere. (a) DF configurations. From left to right and top to bottom, Rag = —7 x 10,0, 7 x 10°, 7 x 10%, 7 x 10°. For Ras = —7 x 10*,
note the concentration stratification and for positive Rag values, the enhancement of the transport due to the path that follows the jet
as pushed downwards by the buoyancy force. (b) IF configurations. From left to right and top to bottom, Rag = —7 x 10°, —1.75 x 10%,
0,7 x10% 7x10° and t* = 1. For Rag = —7 x 10°, the velocity is almost vertical and the contaminant is pushed straight to the outlet.
For Rag = —1.75 x 10%, the inlet is shortcutted to the outlet and two areas of low C values appear at the top right and the bottom left.
For Rag = 7 x 10, the jet is confined at the bottom of the cavity and the low C value area remains at the top.

configurations this allows the jet to remain close to the DF configurations give faster cleaning times. As seen in
left wall first and close to the bottom later, reaching the Fig. 7(a), for Ras = 7 x 10°, the effect is so extreme that
outlet without providing good mixing. For this reason, light contaminant presents a certain stratification at the

for values of Rag greater than approximately 1.2 x 10%, top of the cavity.
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Fig. 7—continued.

For DF configurations, it is interesting to consider the
flow history with certain detail. Figure 8 presents some
plots of C,;, vs t*, for DF situations of different Rag
values, keeping Re = 30 and Sc¢ = 1. In the plot cor-
responding to Rag = 7 x 10* there is a sudden decrease in
the slope of C,;,. This phenomena can also be found for
a certain range of Rag values from approximately 7 x 10°
to approximately 3.5x 10°. For 7 x 10* this transition
occurs at t* = 3.2, immediately after C,;, reaches 0.95,
and this is the reason why 7 x 10* is the local minimum

of t¢ vs Ras. The cause of this transition is analyzed in
more detail in Fig. 9 where the streamline and iso-con-
centration maps corresponding to the transition and
instants immediately before and after are represented.
For t* = 3.1, the zone of lower concentrations is at the
right top and it is being cleaned fast by the jet. For
t* = 3.2, the concentrations in this zone have increased
and are as high as the ones in the left bottom, while in
the last plot, after the transition, the maximum (approxi-
mately 0.96) is at the left bottom of the cavity, in a low
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Fig. 8. Cpn vs T in different isothermal DF situations Re = 30, Sc = 1. (a) Ras = 7% 10°; (b) Rag = 7x 10*; (c) Ras = 7x 10*; (d)

Rag=0; (e) Rag= —7x10°.
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Fig. 9. Transient evolution of the isothermal DF, Re = 30, Sc = 1, Ras = 7 x 10* case. The change in the minimum position ( from top
left to bottom right) explains the discontinuity in the slope of C,;, vs 7*.

velocity area, causing the rate of minimum-decrease to
be very slow for * > = 3.2.

3.6. Influence of Sc
In order to determine the effect of the contaminant

molecular diffusivity, a parametric study has been made
for DF configurations, for three S¢ numbers (0.25, 1,

2.0) and Rag numbers in the range of —10°-10°, keeping
constant Re = 30. The values of ¢ vs Ras are rep-
resented in Fig. 10; rz‘fﬂg has a similar tendency and it is
not represented.

In the cases that present stratification, and in general,
in all the poor ventilated cases, diffusion plays a more
relevant paper in the transport process, and changes in Sc
number have more influence. As discussed in the previous
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Fig. 10. t¢ in isothermal DF configurations, Re = 30, for different Sc and Ras, numbers. For negative Ras numbers (left part of the
plot), there is a stratification of the contaminant that causes the diffusion transport to be more important, and consequently increases

the effect of Sc numbers. (a) Sc = 2.0; (b) Sc = 1.0; (c) Sc = 0.25.

section, this is the case in negative Rag numbers part of
Fig. 6. On the other hand, for positive Rag numbers, and
in general for all the well ventilated cases, diffusion is less
important and small changes in Sc may have little or no
effect over the cleaning times. The abrupt changes in the
slope of C,,;, vs t* that were discussed in the previous
section for Sc¢ = 1, are more evident for Sc¢ = 2, as can
be seen in Fig. 3b.

3.7. Influence of Re

The effect of changing Re for a DF situation with
Sc = 1 has been studied. The results obtained are sum-
marized in Fig. 11. As Re increases, two effects can be
observed :

(1) The time to complete each air renovation decreases.
As we are considering t* to be the time scale, for
higher Re values the physical time elapses faster, and
diffusion has less importance. Moreover, the path
followed by the streamlines from the inlet to the
outlet changes as the speed at the inlet is higher. In
general, the tendency is to close the streamlines to
the walls. Both effects cause worse mixing and

increase the number of air renovations required to
clean the cavity. For Rag = 10°, these effects are not
so clear and the cleaning times remain almost inde-
pendent of Re in the range of 10-50. This may be due
to the extremely good mixing that this configuration
provides, as can be seen in Fig. 12, where its transient
evolution is shown.

(i) Buoyancy has less importance in the balance of the
forces that act over the jet. For Rag between —10°
and 10°, the increase of Re causes ¢ to be almost
independent of Rag. This is not the case for
Rag = —10°%and Rag = 10°, the convergence over the
non-buoyancy affected cases will probably appear
for higher Re numbers.

4. Non-isothermal situations

The cases here under consideration have one added
feature compared to those considered in Section 3: the
presence of a thermal field generated by a difference of
temperatures that is maintained constant. As said in the
introduction, these situations are referred as double
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Fig. 11. t¢  vs Re in isothermal DF configurations for different Ras numbers. (a) Ras = —10°; (b) Ras = —10%; (¢) Ras = —10"; (d)

Ras = 0; (e) Rag = 10*; (f) Ras = 10°; (g) Ras = 10°.

diffusion problems. The buoyancy forces are now due to
two reasons: differences of concentration (that in our
case tend to vanish as the cavity is being cleaned) and
differences of temperature. The transport process
depends on one more dimensionless number, Rar. As
mentioned in Section 2, for a given Rar two boundary
conditions (positive or negative temperature difference)
and two initial conditions (steady or static) have been
considered.

Here, when the cavity has been cleaned, the tem-
perature field still generates buoyancy forces and the flow
in the permanent state depends on Re and on Ray. The
goal of this section is to illustrate with some examples the
different effects that temperature field may have over the
transport process. Only DF situations will be discussed,
because in these cases the buoyancy forces have been
found to be specially relevant.

The temperature field has two effects over the flow.
First, the temperature inlet T;, generates a buoyancy force
that can be upwards (7;, = 1) or downwards (T}, = 0).
This force has to be added to the buoyancy force due to
the inlet concentration (Cj, = 1). Second, the difference
of temperature of the walls that tends to induce buoyancy
driven velocities that enhance the mixing process. This
second effect is specially relevant in the cases where the
buoyancy forces due to concentration tend to produce
stratification.

4.1. Negative Rag number in DF configuration

Different DF situations with Ray = 10°, Rag = —10°,
Sc =1 and Re = 30 have been simulated. Their C,;, vs
T* curves have been plotted in Fig. 13. The situations ‘a’
and ‘b’ have also been plotted to be compared with the
rest of the set. Curve ‘a’ corresponds to the non-buoyancy
affected case, Rag = Ra; = 0, while curve ‘b’ corresponds
to the previously discussed Rar =0, Rag = —10° situ-
ation. A negative temperature difference (7, = T;, =0,
T, = 0) has been imposed in cases ‘c’ and ‘d’ and a posi-
tive temperature difference (7, = T;, = 0, T, = 1) in case
‘e’. Static initial conditions have been imposed in cases
‘d” and ‘e’ and steady initial conditions in case ‘C’.

In situations ‘¢’ and ‘d’, the buoyancy force due to
temperature gradient cooperates with the force due to
concentration gradient at the inlet region, pushing the jet
upwards and confining it to the top of the cavity. Thus, by
comparison with the isothermal negative Rag situations,
¢ could be expected to be larger for cases ‘¢’ and ‘d’
than for the reference situation ‘b’, where there is only a
concentration force. Numerical experiments show that
the buoyancy effect at the inlet is relevant only at the
beginning, because later the secondary flow caused by the
differences of wall temperature enhances the transport
process. This is clearly visible in the transient evolution
of case ‘c’ (Fig. 14). The vertical velocity at the cold right
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Fig. 12. Transient evolution of the isothermal DF case, for Re = 100, Sc = 1, Ras = 10°. Streamlines and isoconcentration maps for
* = 0.125, 0.250, 0.5, 1.0, 1.5, 2.0 (from top to bottom and left to right).

wall convects the low C regions downwards, where they
are mixed with the high C areas, increasing C,,;,. The
difference between cases ‘c’ and ‘d’ is their initial con-
dition: steady and static thermal driven flow, respec-
tively. As expected, this difference is relevant at the begin-
ning of the process but has little importance afterwards.

In case ‘e’, the temperature gradient force counteracts
the effect of the concentration gradient force. There is a
buoyancy driven flow from the area close to the right
wall to the outlet. Both effects tend to push the inlet
jet down, counteracting the buoyancy effect due to the
concentration gradient and enhancing the transport
process.

As a conclusion for this set of situations, we can state
that the temperature gradient helps to the transport
process, although its importance depends on the sign of
the temperature difference.

4.2. Positive Rag number in DF configuration

A DF situation like the previous, but with Rag = 10°
has been considered. The corresponding transient evol-
utions have been plotted in Fig. 15. The non-buoyancy-
affected situation and a situation with buoyancy force

due only to concentration, have been also plotted as
references (cases ‘a’ and ‘b’). Here, the buoyancy force
due to concentration gradient tends to push the jet down,
causing a well mixed flow and a short cleaning time, this
is why ‘b’ performs better than ‘a’.

Only a negative temperature difference has been con-
sidered here (cases ‘c’ and ‘d’). Unlike in the previous
situation, here the bad effects of the temperature field are
more important than the good ones. The global result is
a cleaning time shorter than in the non-buoyancy-affected
situation, but longer than in the situation only affected
by concentration gradient.

Like in the previous section, the difference between ‘c’
and ‘d’ is the initial condition. As can be seen in Fig. 15,
in this case the initial condition has more effect over the
flow history. Both transient evolutions have been plotted
in Fig. 16.

5. Conclusions
The transient removal of a contaminant from an

enclosure has been studied by performing many transient
numerical simulations in order to determine t¥_, the
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Fig. 13. C,,i, vs v for DF configurations with Re = 30 and Sc = 1.0. (a) Non-buoyancy-affected, Rar = 0, Rag = 0; (b) isothermal,
Ray =0, Ras = —10°; (c) Ray = 10° (negative difference), Ras = — 10°. Initial conditions : steady thermal driven flow; (d) Ray = 10°
(negative difference), Ras = — 10°, initial conditions : static; (¢) Rar = 10° (positive difference), Ra, = — 10°, initial conditions : static.
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Fig. 14. Transient evolution of a DF with Ra; = 10° (negative temperature difference), Rag = —10°; Re = 30; Sc = 1. Initial conditions
steady thermal driven flow. t* = 0.125, 0.250, 0.5 (from left to right).
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Fig. 15. Cy, vs  for DF configurations with Re = 30 and Sc¢ = 1.0. (a) Non-buoyancy-affected, Ra; = 0, Rag = 0; (b) Isothermal,
Rar =0, Rag = 10°; (¢) Rar = 10° (negative difference), Rag = 10°, initial conditions: steady; (d) Rar = 10° (negative difference),

Rag = 10°, initial conditions: static.

number of air renovations required to clean the cavity up
to a 5% of its final (clean) value. Special attention has
been paid to the buoyancy effects caused by con-
centration and temperature gradients. A parametric
study has been made for isothermal situations. The effect
of temperature gradients on some significant situations
has been determined.

In general, for the isothermal cases studied, the buoy-
ancy effect caused by the density of the contaminant
has an important influence over the flow, increasing or
decreasing dramatically t¢ . In cases where the buoy-
ancy force causes a stratification of the contaminant and,
in general, in all the poor ventilated situations, an impor-
tant part of the transport process is due to diffusion.
This causes the contaminant diffusivity to be specially
significant. In the opposite situations, where the buoy-
ancy effect causes the flow to clean the cavity efficiently,
the contaminant diffusivity has very little influence. In
general, as Re increases, the influence of Rag becomes
smaller, and t¢ increases because the mixing is worse.
In some cases (DF configuration, Rag = 10°), in a quite
wide range of Re, t¢ remains almost equal.

The presence of a temperature gradient makes more
complex the transport process. In some poor ventilated
cases, temperature gradients enhance mixing and

decrease t¢ , but in others where the buoyancy effects
due to concentration gradients cause the flow to be
efficient, the effect can be the opposite.

For the range of dimensionless values studied, it is
essential to take into consideration the effects of buoy-
ancy caused by temperature and concentration gradients,
in order to make reasonably accurate predictions of the
flow histories and cleaning times. Due to the complexity
of the phenomena involved, it will be difficult to find
compact analytical expressions to predict the cleaning
time as a function of all the parameters involved.

In the near future, this work will be oriented in obtain-
ing the most efficient inlet and outlet port placements and
directions, as well as the flow rates required to displace
different contaminants in a given time. It will be necessary
to investigate the flow patterns involved in turbulent
three-dimensional situations. Although the extension to
three dimensions is straightforward, the dramatic
increase in CPU time is still a limitation in problems
like the one here considered, where a large number of
parameters are involved and many simulations have to
be done. In order to deal with turbulent flows, the
implementation of two equations k—e turbulence models
(using wall functions or in its more general form of low-
Reynolds-number k—e models) will be made. Exper-
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Fig. 16. Transient evolution of the DF, Ra; = 10° (negative difference), Rag = —10°, Re = 30, Sc = 1. Top: steady flow initial

conditions. Bottom : static initial conditions.

imental measures will be required to validate the tur-
bulence models in this double-diffusive flows.
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