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Abstract— This paper reports an analytical study of natural convection heat and mass transfer, induced by a
concentrated source, located in an infinite porous medium. The transient and steady-state flow, temperature
and concentration fields are obtained in terms of series expansions in the Rayleigh number based on the
permeability of the porous medium and the heat generation rate from the source. The impact of the chemical
species created by the source is to either aid or retard the flow induced by thermal buoyancy. Expressions
determining the effect of species generation on the resulting transient and steady-state temperature and flow
fields in the porous medium are reported in the course of the study. All discussions in this paper focus on the
case where the net flow is upwards. Even though heat was specified to be one of the two diffusion mechanisms,
the results of the present study apply as well to the case of buoyancy induced flow from a concentrated source
generating simultaneously two different chemical components.

1. INTRODUCTION

BuoYANCY driven convection in fluid-saturated porous
media is recently becoming a focal point of engineering
heat transfer research. Among the thermal engineering
applications which benefit from a better understanding
of the fundamentals of heat and fluid flow in a porous
medium are thermal insulations, geothermal systems,
cooling of nuclear reactors and underground disposal
of nuclear wastes.

With the exception of the problem of double diffusion
in a horizontal porous layer [1-3], the majority of
published studies on porous medium natural
convection are concerned with the case where the
driving buoyancy mechanism is induced by tempera-
ture gradients alone. However, very often chemical
species concentration gradients greatly affect the
buoyancy driven flow and, as a result, they play a
decisive role on the development of the temperature
field. Even though the importance of this class of
problems has been established in the literature for
classical fluids {(see for example refs. [4-8]), the
equivalent class of problems in porous media has been,
to a great extent [9], overlooked.

The object of this paper is to analyze an important
fundamental problem of penetrative convection in
porous medium, namely the transient and steady-state
flow, temperature and concentration patterns develop-
ing around a point source generating heat and, at the
same time, a chemical species, when the natural
convection flow is induced by the combined action of
temperature and concentration gradients.

The practical significance of this problem can be
exemplified by the spreading of a pollutant created by
an exothermic reaction at an underground site. In
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addition to its importance in geophysics, the problem
finds applications in the chemical industry.

Natural convection from a point heat source in
porous medium in the absence of concentration
gradients has been investigated theoretically by Bejan
[10] and Wooding [11] for low and high Rayleigh
numbers, respectively. The present study uses a
theoretical approach similar to the one in [10], hence,
the results reported here are representative of the low
Rayleigh number regime.

In conclusion, the main goal of this article is to
investigate analytically the effect of species diffusion on
the buoyancy induced heat and fluid flow from a point
source in an unbounded porous medium.

2. MATHEMATICAL FORMULATION

Consider a point source located at the origin of the
spherical-polar coordinate system shown in Fig. 1. The
source, which is surrounded by an unbounded fluid-
saturated porous medium, generates heat at arate (W)
and, at the same time, a substance at a rate m (kg s ™ *).
The density of the generated substance is different from
the density of the fluid saturating the porous medium.
Since the vertical axis is parallel to the gravity vector
{Fig. 1) the problem is symmetric in the angular
direction ¢.

According to the Darcy flow model [12, 13] the
equations describing the conservation of mass,
momentum, energy and species at each point in the
porous medium are

a(zui 0}+a(r in 6) =0 (1)
5 (r*u sin 55 ("o sin 6) =
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A dimensionless parameter, equation (25)
B; constants of integration, equations (36),
(37

species concentration [kg m™?]

specific heat of fluid at constant pressure
mass diffusivity [m? s~ 1]

coefficients in equations (39), (41)
coefficients in equations (40), (42)
function used for separation of variables,
equation (28)

function used for separation of variables,
equation (33)

G  function used for separation of variables,
equation (32}

gravitational acceleration

thermal conductivity of fluid/porous
matrix composite

K  permeability of porous medium

Le Lewis number, equation (16)

m  rate of species generation from the source

o0
]

N O

R

[kgs™']
N dimensionless parameter, equation {17)
P pressure
q  rate of heat generation from the source
W]

-~

radial coordinate, Fig. 1
R given radial distance

NOMENCLATURE

Ra Darcy-modified Rayleigh number based
on the permeability of the porous matrix
and the heat generation rate at the source,
equation (14)

temperature

time

radial velocity, Fig. 1

tangential velocity, Fig. 1.

‘1‘}&"*%

Greek symbols

thermal diffusivity, k/{pc, )

coefficient of thermal expansion
coefficient of concentration expansion
dimensionless parameter, equation (15)
similarity variable, equation (24)
angle, Fig. 1

porosity of porous matrix

viscosity

kinematic viscosity, p/p

fluid density

heat capacity ratio

angle, Fig. 1

streamfunction.

)

GOV TR DI TR

Subscripts
*  pertaining to dimensionless quantities
oo denoting a reference state.

= K 8P+ cos 8 2
U= 2\ pg cos 2
K[1aop .
v—i;[;——a—ém—pgsm(}:‘ 3}
,OT T wvaT _ [ o[ eT
a o Tra e\
12 oT
i | sin 02
T im0 (Sm ae)] @
dc de v dc 1o/ ,dc
*'a?”a?*ﬁ“”[ﬁ'a‘?(r 'a?)

1 (. de

R (sm g 55)] %)
In the above equations u and v are the radial and the
tangential velocity components, T is the temperature, ¢
the concentration of the substance generated by the
source, P the pressure, ¢ the time, p the fluid density,
the fluid viscosity, D the species diffusivity in the porous
medium when filled with fluid and o the thermal
diffusivity of the porous medium, which is equal to the
ratio of the thermal conductivity of the porous medium
filled with stagnant fluid, k, divided by the heat capacity
of the fluid, (pc,);. Following the Darcy model of flow

FiG. 1. The configuration of interest : a point source located at
the center of a spherical-polar coordinate system in an
unbounded porous medium.

the porous medium is assumed homogeneous of
permeability K and porosity . Parameter ¢ stands for
the heat capacity ratio defined as

o = [Mpeh+ (1~ Apcy)d/pcy) (6)
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where subscripts fand s stand for fluid and solid matrix,
respectively. It is assumed that the fluid and the solid
matrix are in local thermal equilibrium. In buoyancy
induced heat and mass transfer, the driving density
gradient generally depends on both temperature and
concentration. In accordance with the linear
Boussinesq approximation the density is assumed
constant everywhere except in the body force terms of
the momentum eguations {2, Y where it is g!\!f‘ﬂ bv

LRI U0 (S

g = pmgiyg{?’_ Tm}+ﬁ8<c-6m}}' {?}

In the above equation § and §, are the coefficient of
thermal expansion and the coefficient of concentration
expansion respectively. Subscript oo indicates the
properties at a reference state.

The governing equations were simpliﬁ d by
introducineg the streamfunction )/1 whic, isfies th

Mirocueing e stieamiunclion 18f1e8

continuity equation identically

R 1 o
" rlsinb 80°

o
33

rsin® or (%.9)
In addition, the pressure ferms appearing in the
momentum equations (2}, (3) were eliminated by cross-
differentiation to yield a unique momentum equation
statement. Finally, the governing egquations were
placed in dimensionless form by defining a new set of
variables

o . (T~ T, kK2

N TR BT

1 (c~c )DK? W

o e o b
(10)

The dimensionless governing equations are
I ﬁ I g, w1 1 2%,
20\sin@ 36 }  sin6 or2

T, 7,
= Ra {(cou‘) 5 T 1n0~—)

—N(cos() Bbm + 1y sm@ )} (11
M, 1 [, T, ar
ot, risin6\ o0 ar, or, o
1@ (0T, 1
2 5;@*5*:} +risin§
8 aT,
56(“19 ?6) {12)
[, L (% dcy 00, dc,
6: risin@ \ 68 or, Or, 40
v {1 8 (0, 1
 Le {ri ory (r* 6r,,?> * rZsin 6
. 0e,
X % (sm 955)} (13)
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where Ra is the Rayleigh number based on the heat
strength of the source ¢ and the permeability of the
porous matrix
_ Kgpg
T ovak

(14

y and Le are the ratio of the matrix porosity divided by
the heat capacity ratio, and the Lewis number
respectively
_ 4 o
= D’
Note that if y = Le = 1, equations {12} and (13) take
identical form. Hence, in this case, solutions for the
temperature distribution are also solutions for the
concentration distribution. Parameter N measures the
relative importance of chemical and thermal diffusion
in causing the density gradient which drives the flow

n = Bom/D)
B

It is worth discussing that N is zero for no species
diffusion, infinite for no thermal diffusion, negative for
both effects combining to drive the flow and positive for
the two effects opposed.

Equations (11)-(13} are to be solved subject to the
following initial conditions

u=p=0 T=T,,

{15, 16}

{(1h
(S Rp

c=c, at t=0. (18)
The boundary conditions of the problem are
v—=0, T-T,,

’ @u_@T*ﬁ
a8 o8 a0

u -0, ¢c—c, as F-o

=0 at f=0n (19
The origin of the system of coordinates is a singular
point for velocity, temperature and concentration,
since the heat and species source is located there.
Therefore u, v, T and ¢ are singular as 1/r in the limit
r ~ 0, For the temperature and concentration fields this
behavior is described by a heat and a species balance
over a spherical surface of radius approaching zero,
containing the origin

g =lim [—k(4nr2) 6—T:,,
[Iadi] or

m = lim [ —D{dmr?) 6—1
or

=0

(20,21

3. SOLUTION FOR THE TRANSIENT STATE

In the limit of small Rayleigh numbers (Ra — 0) the
problem stated in the previous section accepts an
approximate analytical solution in terms of power
series expansions in Ra for y, T, and c,. Hence, we
write

Ve Vs
L= Z 1.

Cxn

Ra". (22)

Cy



624

The successive terms ¥, , T, , ¢, in equation (22) are
obtained by combining (22) with the governing
equations (11)—(13) and solving the equations resulting
after collecting terms of equal power in Ra. For the sake
of brevity we present only the final results.

The zeroth-order functions ¥, , T, ¢4, correspond
to the state of pure diffusion. Hence, we can take yr,
= 0 and, according to Carslaw and Jaeger [14],

1
Teo = yo- erfcy {(23a)
1
Cyo = a;; erfC(A??) (23b)
where
n=game A=0LO (24.25)
*
and where

erfcy = 1—erfcn  with

erfn = »«—2——~ jn exp{—£&HdE. (26,27)

3.5112 o

It can be seen that both the zeroth-order temperature
and concentration distributions blow up as 1/r, at the
source (r,, = 0).

The terms of order Ra in (11) yield the equation
necessary to determine y,,. To separate variables we
set

1/2

Ve, =2 sin 0 () (28)

where f{n) satisfies the ordinary differential equation

2
W =2 = ——ntexp(—n*)—nerley

N 2
+ 1 {;175 (4n)? exp [—(An)*]

+(An)erfc (An)}. (29)

The general solution to equation (29) has the form

1

¢ 7 1
f:;‘—!—czrz"'-&———erfcrﬁ-merﬁ}—m

2 4n

N
x exp(—#n?) — " {%ﬁ erfc (4An)

1 1

The requirements that u and v approach zeroasr —~ oo
and that u and v increase as 1/r in the limit r -0
{equation 1), combined with equations 8 and 9, yield
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¢y = ¢, = 0. Hence, the final expression for ¢, reads

0, qn 1 1
zb*l:-i{sm 0 Eerfcn+4—nerf;1—§1—t—l-/’2-

N | An 1
x exp(—n?) — 1 [—2— erfc(An) + A

X erf(An) — s~z exp [—(An)ﬂ]} a1
22

1t is worth noting that for N = 0 result (31) reduces to
the expression reported in ref. {107 where no species
diffusion was considered. Figure 2 shows a set of
transient streamlines ¢, /ty/*(1 — N) = constant for
the special case A = 1. The flow field at small Rayleigh
numbers consists of a circular vortex whose center is
located at = 0.881. The radius of the vortex increases
in time as t1/? and it varies with parameter N as (1 — N).
Negative values of N strengthen the flow and positive
values of N weaken the flow. The bulging of the
streamlines near the source is due to the impulsive effect
of the source on the fluid particles near it, that is, the
fluid particles coming from the lower half space
‘converge’ toward the source to replace the particles
which have already moved upward, driven by the
strong buoyancy force in the vicinity of the source. The
existence of mass transfer induced buoyancy, affects the
distance from the source within which this impulsive
effect is felt. A more detailed illustration of this fact is
shown in Fig. 5 for the t, - co limit. This limit
corresponds to the steady-state flow pattern.

In the case where the two buoyancy mechanisms are
opposing (N > 0), parameter 4 has a striking effect on
the transient flow field induced by the source. As
illustrated in Fig. 3, values of 4 of order less than unity
give life to a downward flow far from the source,
surrounding the vortex near the source. This
phenomenon makes sense physically if we realize that

-3

10
107
2x10°
+
\

FiG. 2. Transient streamlines, ¥, /(1 —N)ti? = constant,
around heat and chemical species source for 4 = 1.
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parameter A represents the ratio of two length scales at
early times, namely, the ratio of the thermal penetration
length scale ry ~ 0(\/a—t—; , (equation 4), to the species
penetration length scale r, ~ 0(/Dt/4), (equation 5).
Values of A less than unity imply that the chemical
species diffuses faster than heat at early times. Hence,
outside the region in which the thermal effect of the
source is felt, rp ~ O(at/o)'/2, the chemical species
concentration gradients act alone, creating a down-
ward flow in the porous medium. Clearly, the
phenomenon described above is a property of the
transient state since in the steady state the heating effect
of the sourse is felt throughout the porous space. The
dashed line in Fig. 3 represents the streamline
(W, )(E3?/2m) =

To obtain the first convective corrections for the
temperature and concentration fields we need to
combine equations (23a), (31) and equations (23b), (31)
with equations (12) and (13), respectively. After
separating variables by setting

T,, = cos 0G(n)/tl/?, ¢, = cos OF(n)/t)?
(32, 33)

we obtain the following ordinary differential equations
for G(n) and F(n)

12G" +29(n* + )G +2(n* — 1)G

= I 1ef +
= e | !

1 2
x{2r7 erfcn + —erfn — —I,Z—CXP(—'TZ)
n T

77 exp(— '12)]

- % |:2(A11) erfc(An) + Ain erf(An)

—17 ¥Xp [—(Aﬂ)z]:l} (34)
(A" +2(An) [(An)* + 11F"
LeA? 1
+2[(AnY? —1]F = — anZ I:W
x erfc(An) + —— 2 ———rexp[— (An)Z]]
(4 n)
{217 erfcn + — " erfn exp( 7%
1
- % [Z(An) erfc (A4n) + (A_)
2
x erf(An) — 7172 &XP [—(Aﬂ)z]]} (39

It is worth noting that in equation (35) the primes
denote differentiation with respect to (An).
The general solutions for G and F are

G = r’iz exp(—']z){Bl +B, '[" x? CXp (xz) dx} + Gp(n)
0
(36)

F1G. 3. The effect of parameter A on the transient streamlines,
{¥,)/(t}/?/2) = constant, for A = 0.1, N = 0.5.

1
= exp [—(4n)*]

An
X {B3+B4J x? exp(xz)dx}+Fp(An) 37

where G, (1) and F,(An) are particular solutions which
satisfy equations (34) and (35), respectively. Applying
the boundary conditions at #—+0 and 5 — oo,
equations (19)-(21), yields B; = B, = B; = B, = 0.
Hence, the first convective corrections for temperature
and concentration are proportional to the particular
solutions G (n) and F(An), i.e.

cos §

(Thica) = -7 2 (Go(n), F (An)). (38)

We were able to obtain approximate expressions for
G,(n) and F(An) valid in the important region n < 1,
i.e. close to the point source. Proceeding as in ref. [10]
we write

Y. Dur"

n=-1

(39)

S E(Any.

n=-1

(40)

Equations (39), (40) take into account the fact that T,
and c,, are as singular as 1/y in the limit # — 0. The
coefficients D, and E, are obtained by also expanding
the right hand sides of equations (34), (35) in power
series in 7 < 1 and equating terms of equal power in 7.



626 D. PouLiKaKOS

The expressions for the first nine coefficients for T, are
1-N

1
Dov =g Do= =g 1 -84
1 NA3® 9
1
=———(1-NA4), D= — =t
Ds 18073 b Da 2887/
N4 2 NA3 76
—INA*4+—— —NA-N +—
X( 35 s ATy o NASN S 35)
1
Dy=————(NA*+INA4—
3 35208 AT 8
D 1 NA? NA® +NA4 N4®
ST 30752\ 378 126 1 9 18
5 NA 4+ 22N 127
+ 18 63 189
1
D,=—————(—~NA>—48NA>~19NA +2428).
7 226802 )
(41)
Similarly, the expressions for the first nine coefficients
for c,, are
LeA LeA 41
E_, ZEZ,?(I_N)’ Ey= “‘W(A —-N)

LeA A3 9
Ei=0, EﬁW(“‘?‘*“‘ “EN“)

LeA

E; = —W(A‘l—zv),
E LeA A5 4T3
AT T 35 5
+A7! 76N+-7
35 5
LeA 3
= [~A"3~TA"'+8N
Es 25207z3[ 4 +8N]
e LeA A‘7+A“5+A‘3
&7 3207%2| 378 126 18
PENREY 29”
18 189 63
LeA
E,= —E{)—;F(A‘SM.SA*J,19A"1—24.8N).
7T

42)
It should be pointed out that the above procedure is
valid if 5 <1 and also An < 1. This implies that
parameter 4 must be 0(1) or less. This range of values
for A is appropriate for a variety of physical and
laboratory applications. To exemplify, we state two
such applications:

—Diffusion of methanol and hydrogen in water-
y & 0.2, Le ~ 100, hence A ~ 2.

—Diffusion of methanol and hydrogen in water-
saturated glass beads:y & 1, Le &~ 0.3, hence 4 ~ 0.3.

The effect of parameter N on the radial distribution
of T, and ¢, is illustrated in Fig. 4 for the case Le = 4
= 1. When the two mechanisms combine to drive the
flow (N == —0.5), the impact of the source on the
temperature and concentration distributions in the
porous medium is felt at larger distances away from the
source. In the opposite case (N = 0.5), the convective
contribution to the temperature field weakens relative
to the ‘no species generation’ limit (N = 0). This
phenomenon was expected however, for the generated
substance now acts as a brake on the thermally induced
flow.

It is worth noting that in the region of net upward
flow, equation (38) dictates that the first convective
corrections 7T,, and c,, to the temperature and
concentration fields produce an increase in tempera-
ture and species concentration for points in the upper
half space (0 € 0 < n/2) accompanied by an equal
decrease in the temperature and concentration in the
lower half space. On the other hand, if an isothermal
region of downward flow, like the region shown in Fig.
3, exists, then the lower half space in this regionis richer
in chemical species than the upper half space.

The complexity of the expressions obtained for i,
T,,, and c,, makes it clear that the perturbation
analysis for the transient problem is difficult to handle
beyond the first order convective effect because the
algebra becomes very tedious. However, in the steady
state {t, — co) the analysis is somewhat simpler, since
time does not enter the problem as a variable. The
steady-state regime is examined in the next section.

4. THE STEADY STATE

As implied by equations (23a), (23b}, in the limit
t, — oo the temperature and concentration fields in the
purely diffusive regions are spherically symmetric and
they decrease as 1/r, away from the source. In the
presence of natural convection, these fields will be
distorted to a degree dictated by the strength of the
buoyancy driven flow. If the net flow is directed
upwards it is reasonable to expect the points in the
porous medium located in the upper half-space to be
warmer and of higher species concentration than the
points in the lower half space. The strength of the flow,
which is responsible for this fact, is determined by the
nature and the relative magnitude of the heat and mass
transfer in the buoyancy term of the momentum
equation {11).

To determine ¥, T, and ¢, in the steady state, we
follow a procedure identical to the one described
previously for the transient state. For brevity, we show
here only the final expressions for streamfunction
temperature and concentration up to the second order
convective correction

P

e

8n 24r

x sin #sin 20 Ra? + ] (43)
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FIG. 4. The effect of parameter N on the radial profile of the first-order convective correction for temperature
(T, 7*tY?/cos 6) or concentration (¢,,n’ty/*/cos ) for 4 = Le = 1.

(-nNy
#R e
cos a+< 562

1 1-N
T, 1+ &

4nr,

MM) COS 26 Raz + s .] (44)

384n*
1 1-N (1—-N)?
= 1 ORa+Le
Cy 47"*[ +Le o cos Ra+ (2567:"

d=n ]\;)‘8“( 4}_n2__NLe)) cos20 Ra*+ - ] 45)

The steady-state flow field is illustrated in Fig. 5 for
Le=1 and Ra=35. The curves in this figure
correspond to lines of y, = RaR,/8n, where R, is a
fixed radial distance from the source. It is clear that the
creation of chemical species can strengthen (N = —0.5)
or weaken (N = 0.5) the steady-state flow created by
thermal buoyancy (N = 0). The effect of the natural
convection on the temperature and concentration fields
is shown in Fig. 6. The curves in this figure correspond
to lines of T, = 1/4nR, or lines of ¢, = 1/4nR,, since
for this illustration also, we fixed the Lewis number
Le = 1. Once again, as the nature of species generation
changes from slowing down the flow to aiding the flow,
the warm, high concentration region shifts upwards.
Finally, increasing the Lewis number while keeping the

4+

/ L \

FI1G. 5. Steady-state streamline patternfor Le = 1,Ra = 5. The
curves represent the streamline ¢, = RaR,/8x for increasing
values of N.
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F1G. 6. Steady-state temperature and concentration fields for
Le = 1,Ra = 5. Thelines represent the isotherm T, = 1/4nR,,
(or the curve ¢, = 1/4=R,) for increasing values of N.

rest of the parameters constant (N = 0.5, Ra = 5) as
shown in Fig. 7, shifts the high concentration region
upwards while inducing a weak change on the
temperature field. Indeed, the change on the isotherm
T, = 1/4nR,, asthe Lewis number increases from 0.5 to
1.5, is invisible.

5. CONCLUSIONS

In this paper we presented a theoretical study of
natural convection from a heat and chemical species
generating point source imbedded in an infinite porous
medium. The study aimed to extend the results reported

FiG. 7. The effect of the Lewis number, Le, on the steady-state
isotherms (T, = 1/4znR,) and the lines of constant concen-
tration {c, = 1/4nR,)for Ra = 5, N = 0.5.

in ref. [ 107 which was concerned with the phenomenon
of natural convection from a point source in a porous
medium, induced by thermal buoyancy alone, i.e. in the
absence of species generation. Both the transient and
the steady-state solutions for the temperature, the
concentration and the flow fields were obtained by
means of perturbation analysis in the thermal Rayleigh
number, It is worth noting that the broader problem of
double diffusion is normally dependent on two
Rayleigh numbers : one based on the thermal field and
the other based on the concentration field. The present
study, for simplicity, was formulated so that the
contribution of the species concentration gradients in
driving the flow was measured by the magnitude of
parameter N (equation 17). Hence, the findings of this
report determine the impact of species concentration
gradients upon the thermally driven flow.

The resuits of this study are valid in the diffusion-
dominated regime. In other words, the range of values
of the main parameters of the problem (Ra, N, 4, Le)for
which the findings of this study are reasonably
accurate, can be determined by requiring that the
convective contributions to the expressions for the
temperature and concentration fields are considerably
smaller than the pure diffusive contribution {Ra = 0).
This criterion was satisfied for all the illustrations in the
course of the study (Figs. 2-7), that is, the values of Ra,
N, A and Le used for these illustrations yielded small
convective ‘corrections’ to the pure diffusion-
dominated temperature and concentration fields.
Further verification of the range of validity of the
perturbation analysis should. be sought via numerical
or experimental solutions. In the special case of absent
chemical species generation (N =0) where the
Rayleigh number is the only important parameter of
the problem and where the expressions are simpler, the
solution yields approximately accurate results forup to
Ra = 10.

In summary, the generation of a substance
simultaneously with heat generation from a con-
centrated source can seriously affect the properties of
the buoyancy induced flow which penetrates the
infinite porous medium. A number of new parameters
(N, Le, A) entered the problem due to the existence of
species concentration gradients. The effect of these
parameters in altering the transient characteristics of
the problem was illustrated in Figs. 2-4. Special
attention should be given to the fact that a down-flow
surrounding the vortex near the source may existin the
case where the two buoyancy mechanisms are opposing
{N > 0) as shown in Fig. 3. The steady-state flow,
temperature, and concentration fields (Figs. 5-7) are
clearly affected by the aiding or retarding effect of the
presence of a substance in the fluid saturating the
porous medium. If the nature of this substance is to aid
the thermal flow (N < Q) the bulging of the streamlines
near the source becomes more obvious (Fig. 5). Varying
the Lewis number has a stronger impact on the
concentration field than it has on the temperature field
(Fig. 7).



On buoyancy induced heat and mass transfer from a concentrated source in an infinite porous medium

REFERENCES

. D. A. Nield, Onset of thermohaline convection in porous
medium, Wat. Resour. Res. 4, 553-560 {1968)

. J. W. Taunton and E. N. Lightfoot, Thermohaline
instability and salt fingers in a porous medium, Physics
Fluids 15, 748-753 (1972).

. H. Rubin, Effect of nonlinear stabilizing salinity profiles
on thermal convection in a porous medium layer, Wat.
Resour. Res. 9, 211-221 (1973).

. G. Veronis, Effect of stabilizing gradient of solute on
thermal convection, J. Fluid Mech, 34, 315~336 (1968).

. B. Gebhart and L. Pera, The nature of vertical natural
convection flows resulting from the combined buoyancy
effects of thermal and mass diffusion, Int. J. Heat Mass
Transfer 14, 2025-2050, 1971.

. D. A. Saville and S. W. Churchill, Simultaneous heat and
mass transfer in free convection boundarylayers, A.1.Ch.E
JI1 16, 268-273 (1970).

7.
8.

9.

10.

11,

12,

13.

629

S. Ostrach, Natural convection with combined driving
forces, PhysChem. Hydrodynam. 1, 253-257 (1980).

T. S. Turner, Buoyancy Effects in Fluids. Cambridge
University Press, Cambridge (1973).

A. A. Khan and Z. Zebib, Double diffusive instabilityina
vertical layer of porous medium, J. Heat Transfer 103,
179-181 (1981).

A. Bejan, Natural convection in an infinite porous
medium with a concentrated heat source, J. Fluid
Mechanics 89, 97-107 (1978).

R.A. Wooding, Convection ina saturated porous medium
at large Rayleigh number of Peclet number, J. Fluid
Mechanics 15, 527-544 (1963).

P. Cheng, Heat transfer in geothermal systems, Adv. Heat
Transfer 14, 1-105 (1978).

A. Bejan, Convective Heat Transfer. John Wiley, New
York (1984).

. H. S. Carslaw and J. C. Jaeger, Conduction of Heat in

Solids, p. 261. Oxford University Press (1959).

TRANSFERT DE CHALEUR ET DE MASSE INDUIT PAR GRAVITE A PARTIR D'UNE
SOURCE CONCENTREE DANS UN MILIEU POREUX INFINI

Résumé—On considére I'étude analytique de la convection naturelle de chaleur et de masse, induite par une
source concentrée qui est située dans un milieu poreux infini. Les champs stationnaires variables et
stationnaires de température et de concentration sont obtenus par des développements en série en termes de
nombre de Rayleigh basé sur la perméabilité du milieu poreux et le flux de chaleur issu de la source. Le role des
espéces chimiques créées par la source est d’aider ou de retarder Pécoulement induit par la gravité thermique.
On fournit dans le cours de I'étude des relations déterminant I'effet de la génération d’espéce sur les champs
variables ou stationnaires de température dans le milieu poreux. Les discussion sont focalisées sur le cas ot
Pécoulement net est ascendant. Méme si la chaleur est spécifiée &tre un des deux mécanismes de diffusion, les
résultats de cette étude s'appliquent au cas de I'écoulement induit par la gravité a partir d'une source
concentrée générant simultanément deux composants chimiques différents.

WARME- UND STOFFTRANSPORT IN AUFTRIEBSSTROMUNGEN AN EINER
PUNKTFORMIGEN QUELLE IN EINEM UNENDLICHEN POROSEN MEDIUM

Zusammenfassung—Diese Arbeit berichtet iiber eine analytische Untersuchung des Wirme- und
Stoffiibergangs bei natiirlicher Konvektion, der durch eine punktférmige, in einem unendlichen Medium
befindliche Quelle hervorgerugen wird. Fiir stationiire und instationdre Strémung werden Temperatur und
Konzentrationsfelder in Reihenentwicklungen der Rayleigh-Zahl in Abhdngigkeit von der Permeabilitét des
porésen Mediums und der Wirmeerzeugungsrate der Quelle angegeben. Eine von der Quelle abgegebene
chemische Substanz kann die durch thermische Auftriebskrifte hervorgerufene Strémung entweder
beschleunigen oder verzbgern. Im Laufe der Studie werden Ausdriicke vorgestellt, die den Einflul der
Substanzireisetzung auf die instationdren und stationdren Temperatur- und Stromungsfelder im pordsen
Medium beschreiben. Alle Erdrterungen in dieser Arbeit beziehen sich auf den Fall einer Netto-
Aufwirtsstromung. Obwohl der Wirmetransport als einer der beiden Diffusionsmechanismen angenommen
wurde, lassen sich die Ergebnisse dieser Studie auch auf den Fall einer Auftriebsstromung von einer
punktférmigen Quelle, die gleichzeitig zwei unterschiedliche chemische Komponenten erzeugt, anwenden.

O TEIMJIO-U MACCOIEPEHOCE, BbI3BAHHOM [MOABEMHOH CHUJIOH OT
TOYEYHOI'0O HCTOYHUKA B BECKOHEYHOW MOPUCTOM CPEJIE

AuoTaimn—B paboTe [aHO 4AHANHTHUECKOE HCCIEAOBAHUE ECTECTBEHHO-KOHBEKTHBHOIO TeNIO-H
MacconepeHoca, MHUIHUPOBAHHOTO TOYEYHBIM HCTOMHUKOM, NMOMEIIEHHBIM B DECKOHEUHYIO NMOPHCTYIO
cpeny. IlepexoaHoe M CTAUMOHAPHOE TEYEHMHA, NOJIA TEMNEPATYPhl M KOHLEHTPALMH NpeCTaBlieHsbl
B BHJIE PAAOE Pa3iokeHHi no ucny Panes, NOCTPOEHHbIX Ha OCHOBE MPOHUUAEMOCTH NOPHCTOH CPe/bl
H CKOPOCTH TEIUIOBBLLICICHWS 3 HCTOuHHKA. BosgmelcTBue XMMHYeCKOro COCTaBa, CO3JABAEMOE
HCTOUHMKOM, AHGO criocobCTBYeT, AR6GC NPeHsTCTBYET TCUEHHIO, BBI3BAHHOMY TENNOBOH NOABLEMHOH
cunoil, laHbl NOJTYYEHHbIE B Pe3y/IbTATE UCCIIEA0BAHNSA BHIPAXEHHS, ONPEETIKIOLINE BIHAHHE FeHEPaLHH
XMMHYECKOr® COCTaBa Ha Pe3y]bTUPYIOUIHE TEMMAEPATYPHBIE H CKOPOCTHBIE [10/1 U1 [EPEXOAHOro
H YCTAHOBMBLUIErocs TeuesMil B nopuctoif cpeae. HccnenopasHe COCPENOTOYEHO Ha Clyyae, KOraa
OCHOBHOE TEYCHHE HanpaBiIcHO BBepX. Ecnu gake TENNONEPEeHOC OCYIUECTB/IACTCH OOHHM M3 ABYX
Mexaunimos augdy3nu, TO PE3yAbTaThl PaGOTH CNPABEATHBEI TAKKE JUIS CAyHas TEYCHMs, HHUIMHPO-
BAHHOTO [10JBEMHOI CHIOH OT TOYEYHOIO HWCTOYHHKA, BBIZENSFOIUErO OJHOBPEMEHHO [BE PA3JIHYHEIX
XMMHYECKHX KOMITOHEHTEI,



