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1. Introduction

Natural convection as one of heat and mass transport pro-
cesses, has vital importance in many phenomena observed both
in an environment [1], and in a man-made ecosystem [1-6].
The engineering applications including designing of the micro-
electronic equipment [7,8], creation of the optimal modes of pas-
sive ventilation [9,10] are just some examples of these
phenomena.

The investigation of conjugate heat transfer of natural con-
vection and conduction in enclosures is the most specific and
detached class of problems [11,12]. There are few papers con-
cerning the given subjects. This fact is explained by the labo-
rious mathematical simulation. One can not but agree with
wide engineering applications of conjugate heat transfer prob-
lems such as heat transfer in building elements [13] and solar
collectors, cooling of the electronic equipment due to free con-
vection, etc. The recent researches in the given area are mostly
devoted to the substantiation of the importance of the conju-
gate heat transfer analysis both in two-dimensional [12,14-
17], and in three-dimensional [7,18] problems. Some papers
consider configurations containing either uniformly distributed
heat source [12], or the local heat-generating conducting body
[18]. A constant temperature or a constant heat flux are set on
external borders of the decision area. In practice Newton’s con-
ditions taking into account convective-radiative heat exchange
with an environment are the most adequate conditions on
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external borders technical
equipment.

A combined influence of an environment, local heat source and
solid phase elements with final heat conduction coefficient was
analysed in [19,20]. The typical distributions of the hydrodynamic
and thermal characteristics proving conjugate problem and essen-
tial interference of both natural convection in an enclosure and
conduction in solid phase elements have been received. The pres-
ent work is a logical continuation of the above investigations
[19,20], but taking into account convective mass transfer.

The objective of this work is the mathematical simulation of
conjugate convective-conductive heat transfer in an enclosure
due to the local heat and contaminant sources and convective—
radiative heat exchange with an environment.

during the analysis of the

2. Analysis

The physical model of transient conjugate heat and mass trans-
fer and the coordinate system under consideration are schemati-
cally shown in Fig. 1.

The system considered in this paper consists of rectangles with
different sizes. A heat source, located in the bottom of the decision
region, is characterized by a constant temperature during the
whole process. A contaminant source with constant concentration
is disposed in the right part of the heat source surface. The length
of the contaminant source is denoted [ # 0, but the thickness of
that is assumed to be a negligible quantity. Horizontal walls
(y=0,y=1Ly)and a vertical wall (x = L) of the final thickness, form-
ing the gas cavity, are assumed adiabatic from outside. Convective-
radiative heat exchange with an environment is modeled on the
outer boundary x =0.
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Nomenclature
a thermal diffusivity X horizontal Cartesian coordinate
7( DAC ) X dimensionless horizontal Cartesian coordinate
A= _vEEs the dimensionless group describing interprocess vertical Cartesian coordinate
1-(=5) . o Y dimensionless vertical Cartesian coordinate

convection communications caused by the concentra-
tion gradient and by the diffusion transfer Greek symbols

gl =_°‘L/ ;A Blotgumll;er ) o heat transfer factor

Cr_(ﬁc C)/(ﬁ ln I uoyancy rath B coefficient of volumetric thermal expansion

0 initial solute concentration Be coefficient of volumetric solutal expansion
Ces solute concentration on contaminant source A= 4+ 2 Laplacian
D solutal diffusivity ~ ooy S
—at % Fouri b concentration difference

Fo = ato/ ourier number . L AT temperature difference

Ex acceleration of gravity (horizontal projection) e specific emissivity factor

g acceleration of gravity (vertical projection) ) dimensionless temperature

Gr = g,BATL*[v* Grashof number ) thermal conductivity

L length of the gas cavity /i =2i/%; thermal conductivity ratio

Lx length of the enclosure v kinematic viscosity

Ly height of the enclqsure ¢ dimensionless concentration

mes = Ces/p mass concentration p density

=0 3

N —_wL(AD / }“d ?tark rI;umber 4 Stephen-Boltzman constant

Pr=v/a  Prandtl number T dimensionless time

Sc=v/D Schmidt number W stream function

t time | Vo stream function scale

o time scale 14 dimensionless stream function

To initial temperature © vorticity

Te environmental temperature wo vorticity scale

Ths temperature on heat source o dimensionless vorticity

u velocity in the horizontal direction

U dimensionless velocity in the horizontal direction Subscripts

v velocity in the ver.tlcal direction . i number of the decision region element (Fig. 1)

vy the normal velocity component at the contaminant cs contaminant source
source (y =) - . N hs heat source

Vv dimensionless velocity in the vertical direction e environment

Vo velocity scale

It is assumed in the analysis that the thermophysical properties where Vo= ./g,fATL, AT=Tps—To, AC=Cess—Co Yo=Vol,

of the solid phase elements and of the gas are independent of tem-
perature, and the flow is laminar. The fluid is Newtonian, incom-
pressible, and the Boussinesq approximation is valid. The fluid
motion and heat transfer in the cavity are supposed to be two-
dimensional. Radiation heat exchange between the walls is
neglected in comparison with convection. The fluid is presumed
to be radiatively non-participating. Viscous heat dissipation in
the fluid is assumed to be negligible in comparison with conduc-
tion and convection. Soret and Dufour thermodynamical effects
are neglected.

The heat and mass transfer process in considered area (Fig. 1) is
described by transient two-dimensional equations under Bous-
sinesq approach into the cavity [11], by the non-stationary equa-
tion of mass diffusion on the basis of Fick’s law [21] and by the
non-stationary two-dimensional equation of heat conductivity
for the solid phase elements [22] with nonlinear boundary
conditions.

The mathematical model was formulated in terms of the
dimensionless variables such as stream function, vorticity, temper-
ature and solute concentration.

The length of the cavity along x axis was chosen as a scale dis-
tance. For reduction to dimensionless form of the system of the
equations the following correlations were used:

X=x/L, Y=y/L, t=t/t,
¢=(C—-Co)/AC, ¥ =Y/,

U= Ll/V()7
Q=w/wo,

V=v/Vy, ©=(T-To)/AT,

W = V0/L
The governing equations of convective heat and mass transfer in
dimensionless form become:

X

0 N L
5 2

Fig. 1. A scheme of the system: 1, 2, 3 - solid phase elements; 4 - fluid; 5 - heat
source; 6 — pollutant source.

X



G.V. Kuznetsov, M.A. Sheremet/International Journal of Heat and Mass Transfer 52 (2009) 1-8 3

e in the cavity (4 in Fig. 1)
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Fo; ot

=A®;, i=1,3. (5)

Initial and boundary conditions for the formulated problem (1)-(5)
look like:

Initial conditions:

Y(X,Y,00=0, Q(X,Y,0)=0,

O(X,Y,0)=0, &(X,Y,0) =0 with the exception of heat and contami-
nant sources, on which during the whole process @=¢=1,
respectively.

Boundary conditions:

e at X =0 the conditions considering heat exchange with an envi-
ronment due to convection and radiation are realized

00;(X,Y, 1)
X

under Q; = N; - | ( @:(X,Y, 1) + To \* (T V.
1 1 1 PE ] ThS*TO ThszO 9

where i =1, 3 according to Fig. 1;
e adiabatic conditions are set on other external borders

To—Te

= Bl, . @,(X Y7 T) +Bii . Tl — TO
hs

+Qi7

00;(X,Y, 1)
ox*
e at all parts of the decision region where there is an interface of

materials with various thermophysical characteristics, condi-
tions of 4th sort were accomplished

=0, where X' =X, X’=Y; i=1,3;

%6; _, 96,
axk Maxk’

e at internal solid-fluid interface parallel to an axis 0X:

@l:@ﬁ l7]:ﬁ7 l7é]7k:1727

_o¥_o_
Toy oy

00, _, 6.

0, @3 = @4, oY = /43 aTr

e at internal solid-fluid interface parallel to an axis 0Y:

oY  o¢
=&

001 00,

01 = Oy, W:M‘]W'

As is known [23], due to the local contaminant source the nor-
mal velocity component at the contaminant source is distinct from
zero and it is calculated by the formula:

00, -G6),,
y = 1—mcsy o ]_(%>y:y.
The formula (6) in
Vy-o2 =A- (g_;) Y=02°

(6)

dimensionless form  becomes:

Therefore, boundary condition at the contaminant source
(Y=0.2,093 <X<1.215):

ov _
ay =

X af

— dX.
093 Y

t=0=1, 0, YX)=-A-
The problem (1)-(5) with the corresponding boundary and initial
conditions has been solved by the finite difference method [24,25].

The solution method has been tested on several model prob-
lems such as natural convection of air in a square cavity and con-
jugate natural convection in a square enclosure. The comparison of
the results with those of other authors [26,27] has shown that the

method used leads to rather good coordination.

3. Results and discussion

Numerical simulation of the boundary problem (1)-(5) with
corresponding initial and boundary conditions are realized with
following values of geometrical ratios: Ly/L=1.43, L,/L=1.0,
H/L=0.65, I/[L=0.3. Dimensionless groups are Gr=10°-107,
Pr=Sc=0.702, Br=1,6, describing typical modes of natural con-
vective heat and mass transfer. The thermophysical properties of
solid phase elements (1-3 in Fig. 1) are identical: Bi; = Bis = 88.7,
N; =N3=0.0018. Fourier numbers of solid phase elements are
equal: Fo, = Fo, = Fo; = 1.4 x 107, Dimensionless defining temper-
atures and concentration accepted following values: ®.= -1,
Ops=Ecs=1, Og = & = 0. The main attention was paid to the effects
of the strength of heat source (Gr), the strength of contaminant
source (Br) and transient factor on distributions of the basic char-
acteristics of the investigated process.

3.1. Effect of Grashof number

To consider only the effect of Gr on the conjugate natural con-
vection the other parameters are kept fixed at Br=1, 7=2 x 10%
Fig. 2 shows streamlines, a vorticity field, a temperature field and
a concentration field. Arrows on streamlines indicate a direction
of the fluid motion.

Two convective cells are formed in the cavity in convective heat
and mass transfer mode, corresponding to Gr =10’ (Fig. 2a). The
main eddy represents the motion of the gas mass counter-clock-
wise. One occupies a greater area in comparison with the small cir-
culating flow located directly in a zone above the contaminant
source. The presented orientation of gas flow characterizes asym-
metric property of the investigated process well enough. The latter
is associated with nonlinear influence of an environment on the
decision region that is reflected in the distribution of isotherms.
The propulsion of the reduced temperature wave from X = 0 is no-
ticed in the left solid phase element. The latter leads to the appear-
ance of the descending cold gas flow. The formation of ascending
gas streams above the contaminant source is explained by the
presence of essential temperature and concentration gradients
which are components of buoyancy force. The interaction of gas
convective flows and solid phase elements can be characterized
by the vorticity field. The vorticity defined as Q = curl,V, describes
the distribution of agitations from solid phase elements which
form the certain velocity boundary layer at walls surface. In the
center of the gas cavity the uniform vorticity core, describing circu-
lating gas flow, is formed. Under the conditions of natural convec-
tion the velocity boundary layer is inseparably connected with a
thermal boundary layer. It should be noted, that the thickness of
the thermal boundary layer coincides with the thickness of the
velocity boundary layer in case of free convection [28]. But by con-
sideration of combined heat and mass transfer the latter statement
can be broken in connection with flow generated not only by the
temperature gradient, but also by the concentration gradient.
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Fig. 2. Typical stream lines ¥, vorticity field Q, temperature field @ and concentration field ¢ at Br=1, =2 x 10* (a) Gr=10°, (b) Gr=10°, (c) Gr=10".

The distribution of isotherms in the gas cavity occurs non-uni-
formly, with the thermal “plume” displaced into a zone of the con-
taminant source. The configuration of isotherms implicitly reflects
the presence of convective cells in the gas cavity. A break of the iso-
therm, corresponding to dimensionless temperature equals to 0.2,
characterizes the presence of the descending cold flow at the left
solid phase element.

The interface of low and high temperature waves in the left wall
leads to the break of isotherms and to the non-uniform formation
of the thermal field. At the same time the concentration field in the
gas cavity is induced by the concentration gradient, leading to the
appearance of the diffusion “plume” above the contaminant
source. The latter leads to the concentration dispersion along the
surface of the right solid phase element with the subsequent break
in the direction of the main circulating flow.

The increase in Grashof number to Gr = 10° (Fig. 2b) leads to the
modification of analyzed variables fields. Increase in Gr in the gas

cavity is reflected in the growth of the circulating flow speed.
The main convective cell diminishes in sizes. It is possible to
explain by the formed thermal “plume” above the left border of
the contaminant source. At the same time a width of the thermal
“plume” (a distance between the isotherm branches corresponding
to dimensionless temperature 0.4) is great, that leads to the in-
crease in eddy scales, located at the right solid phase element.
The modification of the vorticity field is connected with the in-
crease in magnitude of the vorticity and with some distortion of
the central core. Thus it is possible to evolve the region of ascend-
ing warm streams in the temperature field as an original convec-
tive column. The increase in the role of volumetric forces leads to
intensive warming-up of the gas cavity (the isotherm correspond-
ing to dimensionless temperature 0.2 occurs in a greater area in
comparison with mode at Gr=10°). The curvatures of the men-
tioned isotherm in the zone of the left and right walls characterize
the presence of the descending gas streams of the lowered
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temperature that is proved by the distribution of stream lines. Also
it is necessary to note the “extrusion” of the isotherm, correspond-
ing to dimensionless temperature —0.1, from the gas cavity onto
the wall border in comparison with Fig. 2a. The concentration field
is being essential by changed. As in the case of the distribution of
isotherms, the formation of more precise diffusion “plume” takes
place here.

At Gr=107 an interesting flow situation is observed. There is
again an increase in scales of the main convective cell which
undergoes serious structural changes. At the same time the veloc-
ity in the center of this cell decreases in comparison with natural
convection at Gr = 106. It is explained by the fact that the increased
role of mass forces influences on the flow structure. The vorticity
field evidently confirms the thesis formulated above. Analyzing
the distribution of isotherms, it is possible to emphasize displace-
ment and reduction of the thermal “plume” width that has led to
narrowing of the right convective cell region. The diffusion
“plume” is also displaced to the center of the contaminant source.
Coordinate maxima of constant concentration lines decrease to
bottom of the gas cavity.

The given analysis can integrally be presented in the form of
dependences on Grashof number of average Nusselt number and

Sherwood number at characteristic solid-fluid interface:
1215 g 1 1215 ¢
NUAVg — Jo.215 %7 Y=0.85 dX' Sha"g ~0.285 J0.93 }E‘T’ Y=0.2 dX

The presented graphic dependences of average Nusselt number
describe the integrated heat transfer factor at Y = 0.85 with Grashof
number. Fig. 3 evidently shows the characteristic growth of the
heat transfer intensity in a range of change of the defining param-
eter 10° < Gr < 10”. The use of correlation is very convenient in
carrying out applied calculations. It is possible to interpret graphic
dependence (Fig. 3a) mathematically as follows:

Ny = 0.18 - Gr**®  at Br=1,6.

A similar growth of the mass transfer intensity is reflected by
dependences on Fig. 3b. At the same time average Sherwood num-
ber (or average diffusion Nusselt number) defines the integrated
mass transfer factor. The corresponding correlation will become:

Shayg = 0.18 - Gr*?® at Br=1;
Shayg = 0.14-Gr**'  at Br = 6.

3.2. Effect of buoyancy ratio
Buoyancy ratio reflects the relative strength of the contaminant

source compared to the heat source. When the heat source
described by Gr is kept fixed, the change of the contaminant source

N N w

n N ~ N Lo

a ;v a w o
T

Average Nusselt number (Nu“g)
N

15E PR

1000000
Grashof number (Gr)

is represented by the parameter Br. Thus it is necessary to note,
that the growth of buoyancy ratio corresponds to the increase in
the role of the diffusion gradient in formation of flow modes. The
distributions of streamlines, vorticity field, temperature field and
concentration field at various Grashof numbers 10° < Gr < 107
and Br =6 are presented in Fig. 4.

The comparison of Fig. 2 with Fig. 4 allows to distinguish the
principal characteristics and features of the investigated process
at the change of buoyancy ratio.

The increase in buoyancy ratio up to Br=6 in the convective
heat and mass transfer mode, corresponding to Gr= 10>, leads to
the growth of the sizes and velocities of the main convective cell.
The eddy, located at the right solid phase element (at Br = 1), dissi-
pates. The vorticity field also changes. There is a lengthening of the
central core along an axis 0X, that leads to the disappearance of the
vortex structures at the right solid phase element. The temperature
field can be added to the presented hydrodynamical picture. The
comparison of Fig. 2a with Fig. 4a shows displacement of the ther-
mal “plume” (at Br = 6) in the zone of the right wall. Also there is a
decrease in the coordinate maxima corresponding to isotherms,
located above the contaminant source.

The presented changes are connected with the increase in a part
of the buoyancy force caused by the diffusion gradient. The in-
crease in buoyancy ratio leads to the intensification of the mass
transfer process (Fig. 3).

In the mode corresponding to Gr = 10° (Fig. 4b) the aggregation
of the convective cells and essential modification of both the vor-
ticity field and the temperature field take place. The thermal
“plume” is displaced to the right wall. The mean temperature in
the gas cavity goes down. The diffusion “plume” also approaches
to the right solid phase element. The reason is the absence of the
circulating flow in the right part of the gas cavity. The latter leads
to the obvious contaminant transport along all cavity.

The comparison of Fig. 4c with Fig. 2c allows to distinguish the
main zones and scales of the buoyancy ratio influence.

3.3. Effect of transient factor

The dependence of the sought quantities on time essentially
amends the formation of the hydrodynamical, thermal and diffu-
sion flow modes. The transient factor is determined not only by
dynamics of the sought quantities in the gas cavity connected with
flow origin (from a quiescent state during the initial moment of
time), but by the formation of the main vortex structures and tran-
sition to the some quasistationary mode. But also this factor is de-
fined by the thermal sluggishness of the solid phase elements,

-
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Fig. 3. (a) Variations of average Nusselt number and (b) average Sherwood number with Grashof number for 7 =5 x 104,
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Fig. 4. Typical stream lines ¥, vorticity field Q, temperature field @ and concentration field ¢ at Br=6, =2 x 10% (a) Gr= 10, (b) Gr=105, (c) Gr=10’.

owing to conductive heat transfer. The thesis formulated above
selects a class of the conjugate problems in the specific structure.
The conjugate statement allows to consider not only the tempera-
ture change at heat flux at the solid walls, having final thickness.
But also the conjugate statement allows to consider the transient
factor which influences on the distribution of both local, and inte-
grated characteristics.

Fig. 5 shows the dynamics of hydrothermodiffusion fields for-
mation at Gr=107, Br=1.

At T=10" (Fig. 5a) two convective cells and two recirculation
flows caused both by geometry of the decision region and by the
time period corresponding to a stage of vortex structures origin
are formed in the gas cavity. The formed vorticity core in the center
of the gas cavity corresponds to the considered initial stage.
Appearing hydrodynamical structures interact with the tempera-
ture and concentration fields. The thermal “plume” is formed on

the left boundary of the contaminant source. The propulsion rate
of the lowered temperature wave in the left solid phase element
from the boundary X =0 is less than the convective heat transfer
rate in the gas cavity. Therefore, the isotherm corresponding to
dimensionless temperature 0.2 covers all gas cavity. Similarly there
is a formation of the diffusion “plume”.

The increase in a time interval (7 = 3 x 10%) leads to modifica-
tion of both the flow structures and the temperature and diffusion
fields. In the gas cavity there is a confinement of the vortex flow
located on the right solid phase element. It leads to the local sym-
metry of the central vorticity field (2 > 1.25). The thermal “plume”
is displaced to the right wall. The lowered temperature wave
achieves the gas cavity (the isotherm corresponding to dimension-
less temperature —0.1 is on the boundary X = 0.215). Also the most
intensive descending cold streams on this boundary are observed.
This is proved by the distortion of the isotherm corresponding to
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Fig. 5. Effect of transient factor on the stream lines ¥, the vorticity field ©, the temperature field @ and the concentration field & at Gr= 107, Br=1: (a) 7 = 10% (b) =3 x 10%,

(c)t=4x 10% (d) t=5 x 10%

dimensionless temperature 0.2 in zone of the left bottom corner of
the gas cavity. The concentration field changes, namely, the diffu-
sion “plume” also is displaced to the right wall.

At T=4 x 10* (Fig. 5¢) an essential modification of the right
convective cell occurs, namely, it degenerates into the circulating
flow occupying the right top corner. Such behavior of the convec-
tive cell leads to essential reconfiguration of the vorticity field,
namely, the central core dissipates. The thermal “plume” is inter-
faces to a surface of the right wall that leads to the decrease in a
coordinate maximum of the isotherm corresponding to dimension-
less temperature 0.4. The lowered temperature wave continues to
advance into the gas cavity, that most precisely is represented in
the zone of the bottom left corner. The diffusion “plume” also
attaches to the right wall and somehow is deformed by the circu-
lating flow located in the top right corner.

At T =5 x 10* (Fig. 5d) the increase in the sizes and the intensity
of the vortex flow located in the top right corner occurs. The flow
formed thus leads to the essential modification of the vorticity field
as well as the temperature and the concentration fields.

Fig. 6 shows the dependences of the integrated parameters
describing heat and mass transfer processes on dimensionless time
for various values of Grashof number and buoyancy ratio.

The dependences (Fig. 6) describe the essential features and the
most specific aspects of each of analyzed flow and heat/mass trans-
fer modes.

The Boussinesq approximation for heat transfer and analogy
between heat and mass transfer processes were used for the
description of conjugate heat and mass transfer in the considered

analysis. The density was assumed to be linearly dependent on
concentration and temperature at definition of the buoyancy force
in the motion equation. This approximation is exact enough [23]
for both dropping liquid and gases at small values of temperature
and diffusion differences. The Boussinesq approximation
Ap = pB(T — Tp) is known to be a good estimation of density depen-
dence on temperature under condition of A(T —Tp) < 1. The
approach Ap = pBc(C — Cp) is obtained from similar considerations
to be a precisely enough idea of the density dependence on concen-
tration under condition of p(C — Cp) < 1.

The normal velocity component on the mass source is known to
be differing from zero in the presence of intensive mass transfer.
This condition has been realized in the present research. But at
the Boussinesq approximation this condition slightly changes
physical problem definition. Therefore, at the analysis of possible
critical operating modes of the investigated object at greater tem-
perature and concentration differences the Boussinesq approxima-
tion is insufficiently proved.

The temperature and concentration differences were small en-
ough in the analyzed heat and mass transfer process, that first of
all in practice relates, for example, to typical operating modes of
units and blocks of the radio-electronic equipment. Therefore,
use of the Boussinesq approximation and analogy between heat
and mass transfer processes here is pertinent. One of the proofs
of the latter is that the presence of non-zero normal velocity com-
ponent on the mass source leads to insignificant changing both
local (velocity, temperature and concentration fields) and integral
(average Nusselt number and Sherwood number) characteristics
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Fig. 6. (a) Variations of average Nusselt number and (b) average

of the investigated process in comparison with the zero normal
velocity component.

4. Conclusions

Conjugate heat transfer in a rectangular enclosure on the
assumption of internal mass transfer and in the presence of local
heat and contaminant sources is numerically investigated in the
present work. The influence of an environment was taken into
account in conditions of the convective-radiation heat exchange
on one of external boundaries of the decision region. Typical distri-
butions of the stream lines, the vorticity field, the temperature field
and the concentration field in a wide range of the defining param-
eters 10° < Gr < 107; Br=1, 6; Pr=Sc=0.702 have been received.
Efforts have been made to consider how the main factors (Grashof
number, buoyancy ratio and transient factor) influence on the for-
mation of the hydrothermodiffusion fields. It has been determined,
that the increase in a diffusion processes role (Br) does not lead to
an intensification of heat transfer (Fig. 3a). Nonlinear influence
scales of an environment, owing to conduction in the solid walls
limiting the gas cavity have been determined. The correlations
describing the dependence of average Nusselt numbers and aver-
age Sherwood numbers on Grashof number have been received.
The obtained correlations allow to carry out the computations of
the integral heat/mass transfer factors at heat-conducting walls
of final thickness and with the transient factor.
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