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Abstract—This paper reports a fundamental study of the phenomenon of natural convection heat and mass
transfer near a vertical surface embedded in a fluid-saturated porous medium. The buoyancy effect is due to the
variation of temperature and concentration across the boundary layer. The study contains two parts. In the
first part, scale analysis shows that the natural convection phenomenon conforms to one of four possible
regimes, depending on the values of buoyancy ratio N and Lewis number Le. The scales of the heat and mass
transfer rates are determined for each regime. In the second part of the study, the boundary-layer problem is
solved via similarity formulation in the buoyancy ratio range —5 < N €4 and Lewis number range
1 < Le < 100. The similarity solutions confirm the validity of the order-of-magnitude limiting results revealed
by scale analysis.

1. INTRODUCTION

THE OBJECT of this work is to describe the most
fundamental features of the natural convection
boundary-layer flow driven by temperature and
concentration variations near a vertical wall in a
porous medium (Fig. 1). The novel aspect of this
research is the focus on the often antagonistic
relationship between the two buoyancy effects that
drive the flow, namely, the density difference caused by
temperature variations and the density difference
caused by concentration variations. The engineering
applications of this phenomenon are important; for
example, the migration of moisture through the air
contained in fibrous insulations and grain storage
installations, and the dispersion of chemical contamin-
ants through water-saturated soil. Despite these
applications, and despite the strong interest expressed
by the fluid mechanics community in the same
phenomenon in fluids without a porous structure [1],
the flow caused by competing buoyancy effects near a
vertical wall in a porous medium remains to be
investigated.

In the study of natural convection through porous
media, the bulk of the research effort has been devoted
to the flow caused by a single buoyancy effect, namely,
the effect of temperature variations. The interest in this
class of flows has been stimulated by heat transfer
engineering applications such as geothermal energy
conversion and thermal insulation design [2], hence,
the two main configurations in which these heat
transfer-driven flows have been studied are:

(i) porous layers heated from below ;

(ii) porous layers heated from the side.

Relative to theresearch activity on Darcy flow driven
by a single buoyancy effect, the work on convection
driven by two buoyancy effects is quite limited, and,
with very few exceptions, the work that has been

* Current address : Department of Mechanical Engineering
and Materials Science, Duke University, Durham, NC 27706,
USA.

909

published deals with configuration (i). The linear
stability characteristics of the flow in horizontal layers
with imposed vertical temperature and concentration
gradients has been the subject of studies by Nield [3],
Gershuni ¢t al. [4] and Turner and Gustafson [5]. With
regard to porous layers heated from the side,
configuration (ii), the focus has been on the double-
diffusive instability of the double boundary-layer
structure that forms near a vertical wall immersed in a
temperature and concentration stratified porous
medium [6]. In a recent study, Raptis et al. [7]
constructed similarity solutions for the boundary layer
near a vertical wall immersed in a porous medium with
constant temperature and concentration. Although
this problem is related to the boundary-layer
phenomenon addressed in the present study, it does not
help in elucidating the fundamentals of configuration
(ii), because it was based on the seemingly ad hoc
assumption that the flow and all of its characteristics
are independent of altitude.

2. MATHEMATICAL FORMULATION

Consider the boundary-layer flow near a vertical
impermeable surface embedded in a porous medium
saturated with fluid (Fig. 1). The surface is maintained
at a constant temperature T, different than the porous
medium temperature T, sufficiently far from the wall.
In addition, the concentration of a certain constituent
in the solution that saturates the porous medium varies
from C, on the fluid side of the vertical surface (x = 0*)
to C,, sufficiently far from the surface.

The equations governing the steady-state conserv-
ation of mass, momentum, energy and constituent for
Darcy flow through a porous medium are [2]
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similarity concentration profile
concentration
mass diffusivity
similarity streamfunction profile
gravitational acceleration
wall height
permeability
e Lewis number, o/D
buoyancy ratio, equation (38)
u Nusselt number, equaticn (22)
pressure
Ra Rayleigh number, equation (21)
Sh  Sherwood number, equation (24)
T temperature
u, v velocity components, Fig. 1
x, y Cartesian coordinates, Fig. 1.
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Greek symbols
o thermal diffusivity

NOMENCLATURE

B coefficient of thermal expansion

Bc  coefficient of concentration expansion

&  velocity boundary-layer thickness, Fig. 2

dc concentration boundary-layer thickness,
Fig. 1

dr thermal boundary-layer thickness, Fig. 1

AC concentration difference, Cy—C

AT temperature difference, T,— T,
#  similarity variable
0  similarity temperature profile
§ viscosity
v kinematic viscosity
Y streamfunction.

Subscripts

y  local property
0  wall property
00 porous reservoir property.

v=—5<a£+pg> ©)]

u\ 0y
ug+vg=a(ﬂ+i7> 4)
ox Oy ox?  ay?

ua£+va‘c=D(az—C+—az—C> (5)
ox dy ax? - ay?

whereu, v, P, T and C are the volume-averaged velocity
components, pressure, temperature and concentration,
respectively. Note that C is the concentration of the
constituent of interest, and that it signifies the number
of kg of constituent per unit vol. of porous medium
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F16. 1. Temperature and concentration boundary layers in
natural convection near a vertical surface in a fluid-saturated
porous medium.

(fluid and solid). Properties 4 and p are the solution
viscosity and density, and K is the permeability of the
porous medium. The thermal diffusivity « is defined as
the thermal conductivity of the porous medium
saturated with fluid, divided by the specific heat
capacity of the fluid alone. The mass diffusivity D
represents the diffusivity of the constitutent of interest
measured through the fluid-saturated porous medium.

Eliminating the pressure terms by cross-
differentiating equations (2) and (3),
du dv Kgdp

== =2 (©)
dy éx U ox

and recognizing that at constant pressure the density
depends on both temperature and concentration [ 1, 2],
the Boussinesq-approximated momentum equation

reduces to
du Ov gK /[ oT oC
—_— = B —). 7
dy ox v <Bax he 6x> @)

In this form f and B¢ are the thermal expansion and
concentration expansion coefficients

__ (o __ (%
’3‘_5<Fﬁ>p’ e = p<aC>;

Finally, we focus on the boundary-layer regime where
the temperature and concentration gradients are steep
in a vertical slender region situated near the wall. Thus
we work with the boundary-layer-approximated form
of the momentum, energy and constituent conservation
equations (the domain of applicability of this
approximation is discussed in section 5):

dv gK{ oT
ox v
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The boundary conditions that apply on the two sides of
the velocity, temperature and concentration boundary
layers are

u=0, T=T, C=C, at x=0 (12)

and

v>0, T-T, C->C, (13)

In the next section we solve this boundary-layer heat
and mass transfer problem based on scale analysis,
leaving the more accurate results of similarity analysis
for presentation in section 4.

a5 X — .

3. SCALE ANALYSIS

The scales of the flow, temperature and concen-
tration fields near the vertical surface of Fig. 1 can be
determined based on order-of-magnitude analysis.
Consider for this purpose the concentration boundary
layer of height H and thickness d, and the thermal
boundary layer of height H and thickness dr. In general
8¢ # &r; however, in order to illustrate the discussion
that follows equation (25) later in this section, the
concentration layer was drawn thicker than the
thermal layer on Fig, 1.

Integrating equation (9) across the boundary layers,
and invoking the reservoir conditions (13) yields

gK

v="" [AT— T3+ BAC~C)) (149
This equation shows that the vertical boundary-layer
flow is driven either by heat transfer ((fAT]| » |B-AC)),
or by mass transfer ([BcAC]>» |BAT]), or by a
combination of heat and mass transfer effects. In the
scale analysis presented below we focus on the first two
possibilities, saving the third for the similarity solution
reported in section 4.

Heat-transfer-driven flow
In the limit where the buoyancy effect due to side
heating is dominant,

IBAT| » |B:AC] (15)
the vertical velocity scale is, from equation (14),
K
D~ Qv— BAT. (1)

In the thermal boundary layer {H, ;) the energy
equation (10) indicates a balance between thermal
diffusion from the side and vertical enthalpy flow,

(amn

Since the principle of mass conservation{1}in the (H, dy)

layer requires

u v
—~ 18
5.~ H (18)
we conclude that the two convection scales in equation
(17) are of the same order of magnitude; hence, energy
conservation in the thermal boundary layer requires

AT AT
g~ ‘:252; a9
or
d¢ ~ HRa™ Y2, (20)

where Rais the Darcy-modified Rayleigh number used
routinely in the field of natural convection heat transfer
through porous media,

KgHBAT
Ra = _gi_‘u. (21)
oy
The overall Nusselt number
q ,
Nu=——
u AT 22)
scales as
T
Nu ~ (kH %} / KAT ~ Ra‘’2. {23)
T

The fluid flow and heat transfer scales listed as
pquations (16), (20) and (23) agree within a factor of
order one with the similarity solution reported for the
pure heat transfer problem by Cheng and Minkowycz
[8]. The new feature in the present problem is the mass
transfer effected by the thermally driven vertical layer of
scales (v, 57) determined above. In dimensioniess form,
the mass transfer rate can be expressed as an overall
Sherwood number

ar

J

h=—t.
Sh=Dac

(24
or, in terms of the unknown concentration boundary-
layer thickness J,

Sh~ (DH£ pac~ 2, (25)
5C é

C

Thus the ability to estimate the mass transfer scale
reduces to being able to estimate the concentration
layer thickness d¢.

The scale of 6. depends on the relative size of dc and
8y (Fig. 2). Integrating the constituent conservation
equation{i1}from the wallinto the reservoir, we obtain

d x> max{dr,dc) (ac

—d—y , HC—Cp)dx = ~D E;)FO (26}

which states that the lateral diffusion of constituent into
the vertical boundary-layer flow equals the rate of
increase in the amount of constituent swept upward by
the fiow. The scaling equivalence recommended by
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N <<1
(Heat transfer
driven flow)
Le > 1 Le<< 1
) 8 | 8
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N>>1 6
(Mass transfer
driven fiow}
Le > 1 Le << 1

F1G. 2. The four limiting regimes in which the phenomenon of natural convection heat and mass transfer can
exist.

equation (26) is

vAC AC

i min {d1,0¢) ~ D oo
Note that the factor min (4, éc) appearing on the LHS
of the above equation is the transversal length scale of
the upward flow of constituent. The effective thickness
of this stream can be determined by recognizing that it
must contain fluid that moves upward and, at the same
time, it must contain constituent-rich fluid. In other
words, the upward constituent stream must exist at the
same time inside the velocity boundary layer (which in
heat-transfer-driven flows is ;1 thick), and inside the
dc-thick concentration boundary layer. Therefore, the
constituent stream assumes as thickness the smaller of
81 and d: this is the choice made in equation (27) and
used consistently throughout the scale analysis part of
thisstudy. As shown in section 5, this choice is validated
by considerably more rigorous results obtained based
on a similarity formulation of the same problem. It is
easy to show that if one opts for the other choice in
equation (27), i.e. if one replaces min (dy, dc) with max
(61, 8¢), the results of scale analysis are no longer in
agreement with the trends exhibited by similarity
solutions.

In conclusion, in order to determine the concent-
ration boundary-layer thickness scale d from equation
{27) we must consider separately two possibilities, o
< érand ¢ < S

27

(a) O¢ « 8y. Writing vACO-/H on the LHS of
equation (27), and using the v scale given by equations
(19) and (20) we obtain

dc~HRa Y?Le™ 12 (28)
and

Sh ~ Ra'*Lel/? (29)

where Le is the Lewis number of the homogeneous
porous medium, Le = a/D. The condition necessary for
the validity of the mass transfer scales (28) and (29)
follows from writing one more time ¢ « d, hence

(30)

(b) 3y « dc. In the opposite extreme, we write
vACor/H on the LHS of equation (27) and, in
combination with equations (19) and (20), we obtain

Sc~ HRa "2Le" ! 31

Le>» 1.

and

Sh ~ Ra'Le. 32)

These scales are valid if 61 « dc, which means
Le « 1.
Mass-transfer-driven flow

The class of flows dominated by the buoyancy effect
associated with mass transfer from the side can be
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analyzed by setting
[BcAC) » |BAT] (33

in the boundary-layer momentum equation (14), hence
K
D~ ?’7 BeAC. (34)

This new velocity scale can be combined with the
equivalence of scales demanded by the conservation of
constituent in the concentration boundary layer{H, 3¢)
(note that the velocity profile is Jc thick in mass-
transfer-driven flows)

vAC AC

e ~ D—- 35

7% o (35)

The resulting mass transfer scales of flows driven by
buoyancy due to concentration nonuniformity are

Sc ~ H(Ra Le|N|)~ 172 (36)
and
Sh ~ (Ra Le|N])'2 (37
where the ‘buoyancy ratio’ [1]

BAC
BAT

has an absolute value greater than 0(1). Note that the
scale analysis of mass-transfer-driven flows is valid for
both positive and negative values of N, provided the
absolute value of N is much larger than one. The only
change that occurs when N is negative and large in
absolute value is that the double boundary layers
sketched in Figs. 1 and 2 develop in the negative y
direction, since the flow will then be downward. The
scale analysis does not hold when N is comparable with
- 111n that range the temperature and concentration
buoyancy effects are of the same order of magnitude
and in opposite directions, hence the d; layer tends to
start from one end of the wall while the 6. layer tends to
start from the other. If it exists, the resulting flow does
not have the parallel double boundary-layer structure
(with the same starting point) assumed both in the
analysis and in the similarity solutions of section 4. This
is probably the reason why similarity solutions of the

N= (38)

type sketched in Figs. 1 and 2 were not found in the
range —1 < N < 0 when Le = 1 (see section 4).

In order to determine the heat transfer scales, we first
integrate the boundary-layer energy equation (10}

d x» max(dr,d¢)

WT-T,)dx= — a(g) (39)
0 x=0

dy }o
Next, we recognize that the vertical enthalpy contains
fluid moving upward and, at the same time, fluid that
has been heated by the wall. The moving stream is d¢
thick in mass-transfer-driven flows, Fig. 2, while the
heated layer is dy thick. In conclusion, the enthalpy
stream must fit the inside both 6. and d layers, henceits
transversal dimensionis min(dy, dc). The equivalence of
scales recommended by equation (39} is therefore

vAT | AT
“IT min (51-, 5(3) ~ 3;. (40)

In what follows we discuss separately the two
possibilities ¢ « dc and d¢ « dy.

{c) Oy « dc. Substituting vAT8/H on the LHS of
equation (40), and relying on the v scale given by
equations (35) and (36) yields

Sy ~ H(Ra|N|)~'? (41)
and
Nu ~ (Ra|N})'2. (42)
These heat transfer scales are valid provided 01 « d¢,in
other words if
Le « 1. 43)
{d}d¢ « 8¢ Inthe opposite extreme, we use vATd/H

in equation (40), and the resulting heat transfer scales
are

8y ~ H Le!(Ra|N|)~ 12 (44)

and
Nu ~ Le ™ Y2(Ra]N|)*/%. (45)

The condition for scales (44) and (45) to be valid is
8¢ « &1, which translates into

Le>» 1. (46}

The main conclusions of the scale analysis presented
in this section are summarized in Table 1 and Fig. 2. In

Table 1. Flow, heat and mass transfer scales near a vertical wall in a porous medium with
combined buoyancy effects

Driving
mechanism v Nu Sh Observations
Heat transfer % Ra Ra'f? {RaLe)'? Lex»1
IN] < 1 ;“I- Ra Ra'? Ra'”Le Le«1
Mass transfer % Ra|N| (Ra|N)'2 (Ra Le [N])!/? Le«1
(NI > 1 -‘;;Ra IN|  Le"'(Ra|N)'?  (Ra Le|N}* Le» 1

HMT 28:5-B
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the next section we report a series of similarity solutions
that validate the results of scale analysis for |N| « 1 and
[N] > 1, and focus more closely on the intermediate
regime |[N| ~ 1.

4. SIMILARITY SOLUTIONS

The number of horizontal entries in Table 1 shows
that we have a maximum of four transversal length
scales on which we could base the nondimensionaliz-
ation of the problem statement formulated in section 2.
Out of these, the most sensible choice is the thermal
boundary-layer thickness for heat-transfer-driven
flows (N « 1) because its scale is independent of Lewis
number, and because similarity heat transfer solutions
for N = 0 have already been reported by Cheng and
Minkowycz [8]. Therefore, we introduce the dimen-
sionless similarity profiles for vertical velocity, f'{n);
temperature, () ; and concentration c(z),

b
v=—" Ra,f'(n) (47
y
o .
u=_—Ray>(f—nf") (48)
2y
T,
o) = 3= 49)
c-C,
c(n) = Co=C. (50)
where
X
=—— 1
n yRa; 17 (51)
and
Ra, = gliK_y(T_o—T_(,). (52)

ay

And, using the streamfunction formulation (u = 0y/dy,
v= —0Y/0x),

¥ =aRa,” f(n) (53)
the governing equations reduce to
"= —~f=N¢ (54)
1
0" =_f6 (5%)
2
1
"= 5 fc' Le (56)
subject to six boundary conditions
f=0, 0=1 ¢=1 at =0 (57
and
=0, 0-0, ¢c=0 as 5 0. (58)

The problem stated as equations (54)}~58) was solved
numerically for a discrete sequence of (N, Le) pairs. The
numerical procedure was the standard ‘shooting’

Table 2. Summary of similarity solutions for local Nusselt and
Sherwood numbers

N Le Nu,Ra; ' Sh,Ra, '/

4 1 0.992 0.992
2 0.899 1.431
4 0.798 2.055
6 0.742 2.533
8 0.707 2.936
10 0.681 3.290
100 0.521 10.521
3 1 0.888 0.888
2 0.810 1.286
4 0.728 1.852
6 0.683 2,286
8 0.655 2.652
10 0.634 2973
100 0.506 9.532
2 1 0.769 0.769
2 0.710 1.122
4 0.650 1.624
6 0.618 2.009
8 0.597 2.332
10 0.582 2.617
100 0.490 8.424
1 1 0.628 0.628
2 0.593 0.930
4 0.559 1.358
6 0.541 1.685
8 0.529 1.960
10 0.521 2.202
100 0.470 7.139
0.8 1 0.595 0.595
0.5 1 0.543 0.543
0.2 1 0.486 0.486
0.1 1 0.465 0.465
0 1 0.444 0.444
2 0.444 0.683
4 0.444 1.019
6 0.444 1.275
8 0.444 1.491
10 0.444 1.680
100 0.444 5.544

-1 no flow no flow
—1.1 1 0.144 0.144
—12 1 0.199 0.199
—1.5 1 0314 0.314
—-1.9 1 0.421 0.421
=20 1 0.444 0.444
-30 1 0.628 0.628
2 0.488 0.832
—4.0 1 0.769 0.769
2 0.627 1.046
-50 1 0.888 0.888
2 0.739 1.220
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F1G. 3. The effect of buoyancy ratio N on the local Nusselt number, equation (61), when Le = 1.

method, by which equations (54)—(56) were integrated
from n = 0 onward using the fourth-order Runge-
Kutta method. To initiate the integration it was
necessary to guess the values of f*(0), #'(0) and ¢'(0) and
to adjust these guesses until the outer boundary
conditions (58) were satisfied. The numerical results
listed in Table 2 were all obtained based on the shooting
success criterion

max [ f(n), 0(n), c(m)] < 2x 107, (59)

Ashootingdistancen > 15 wasfound to be adequatein
simulating the # — co limit of equations (58). The
required shooting distance depended primarily on the
Lewis number, as illustrated in Figs. 4a and 6. The Ay
step used in performing the calculations summarized in
Table 2 was Ay = 0.0025; this step size was found to be
small enough to render the numerical values listed in
Table 2 insensitive to further decreases in An. Itis worth
pointing out that in the case of negative values of the
buoyancy ratio N, the similarity momentum equation
(54) was replaced by

f"=0+Nc, (60)

in order to account for the occurrence of flow in the
negative y direction when the opposing effect of
concentration buoyancy overwhelms the flow ten-
dency sketched in Fig. 1.

Relevant to the numerical verification of the scaling
results of section 3 is the fact that the [#(0), ¢'(0)] values
listed in Table 2 are related to the local Nusselt and
Sherwood numbers,

Nu, = —¢(0)Ra,"? (61)
and

Sh, = —c'(0)Ra'>.

y

(62)

These local values should agree within a numerical
factor of order one with the overall scales summarized
in Table 1, provided |N|is not comparable with 0(1). We
compared the similarity results of this section with the
scaling results of section 3 by focusing individually on
the two effects that influence the heat and mass transfer
phenomenon, namely, the effect of buoyancy ratio
(Figs. 3 and 4) and the effect of Lewis number (Figs. 5
and 6).

The effect of buoyancy ratio

Figures 3 and 4 show how the thermal and
concentration boundary layers react to changes in the
buoyancy ratio N, while the Lewis number is being held
fixed (Le = 1). Note that in this test the thermal and
concentration boundary layers are of equal thickness.
According to Table 1 and equations (61) and (62), the
values of —8(0) and —c'(0) should both be
proportional to (N[)!/? as the absolute value of the
buoyancy ratio becomes greater than one. This trend is
confirmed by the data assembled in Fig. 3, which show
that the similarity solutions for —&'(0)/(N|)'/* and
—c(0)/(IN|)** approach a constant in the vicinity of
045 as |N| becomes much greater than one. Note also
that the 0 < N < 1 data of Fig. 3 support the scaling
results listed in the upper row of Table 1: both —0'(0)
and —c¢'(0)approach a constant in the vicinity of 0.45 as
N approaches zero. In fact, Table 2 shows that this
limiting constant is

lim [6(0),¢'(0)] = —0.444,
N-0
Le=1

(63)

which agrees with the earlier calculations of Cheng and
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FiG. 4. The effect of buoyancy ratio N when Le = 1: (a) temperature or concentration profiles; (b) velocity
profiles.

Minkowycz[8] for local Nusseit number in the absence
of buoyancy due to concentration gradients.

Finally, Fig. 3 shows that for Le = 1 no similarity
solutions were found in the range —1 < N < 0 where
the two buoyancy effects are of the same order of
magnitude and in opposite directions. When N = —1,
the two buoyancy effects cancel each other and the

solution is one of ‘no flow’. This conclusion can also be
reached analytically by plugging Le = 1 and N = —1
in the boundary-layer momentum equation (14), which
can be rewritten as

KBAT
o= IKPAT 4 N,
v

(64)

1

80 |
co)

100

°N=0
s =1
- o =2
c =4
01+
|
04 _ 1 ISR NS M Y I N N
1 10 Le
F1G. 5. The effect of Lewis number on the ratio of local heat transfer rate divided by the local mass transfer rate.
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gand c, Le=1
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FIG. 6. The effect of Lewis number on the concentration profile
in heat-transfer-driven flows (N = 0).

Since at Le = 1 the 8§ and ¢ profiles are identical, the
value N = — 1 renders the RHS of equation (64) zero,
hence v = 0and the ‘no-flow’ conclusion listed in Table
2. The absence of similarity solutions in the range —1
< N < Owhen Le = 1, may be related to the absence of
the parallel boundary-layer structare (Fig. 1) assumed
as basis for the similarity solution formulation. This
observation is discussed further immediately below
equation (38).

The effect of Lewis number

According to the top line in Table 1, in heat-transfer-
driven boundary layers in porous media with large
Lewis numbers, the ratio Nu/Sh must be of the
same order as Le™ /2, This trend is confirmed by the
N = ( similarity solution results plotted in Fig. 5: the
ratio Nu,/Sh, parallels the Le™'/? line very closely
as Le increases from 1 to 100. Figure 6 shows the
corresponding response of the concentration profile as
Leincreases : the concentration boundary layer shrinks
relative to the thermal layer, as the ratio d¢/dy scales as
Le /2,

Figure S shows also that as the buoyancy ratio N
increases above 0(1), the ratio Nu/Sh, shows an
increasingly steeper dependence on Lewis number.
This behavior is consistent with the results of scale
analysis : the last line in Table 1 indicates that as |N|
becomes very large, the ratio Nu/Sh should vary as
Le .

Finally,itisinteresting to follow the N = Odatafrom
right to left in Fig. 5 and to notice that the slope of
the Nu/Sh, vs Le curve increases gradually as Le

917

approaches 0(1). The steepening of the curve is again
consistent with the scaling shown for |N] « 1 and
Le « 11in Table 1: according to the second line in that
table, the ratio Nu/Sh must scale as Le™! at Lewis
numbers smaller than 0(1).

5. SUMMARY

In this study we relied on pure scaling arguments to
show that the phenomenon of natural convection heat
and mass transfer near a vertical surface in a porous
medium conforms to one of four possible regimes,
depending on the buoyancy ratio |N| and the Lewis
number Le (Table 1). Similarity solutions for this
multiple scale boundary-layer problem (Table 2)
confirmed the validity of the order-of-magnitude
estimates produced by scale analysis.

The scale and similarity analyses are both based on
the boundary-layer approximation of the complete
governing equations [compare equation (1}{5) with
equations (9}-11)]. Therefore, the results reported in
this study are valid provided the concentration and
temperature boundary layers are slender,

(8, dr) « H (65)

Recalling that Nu ~ H/éy and Sh ~ H/, the validity
criterion (65) translates into the condition that the Nu
and Shscales of the four regimes summarizedin Table 1
must all be greater than 0(1) to be valid.

Finally, an observation made necessary by the
commentary provided by an anonymous reviewer of
this manuscript: ‘scale analysis’ is a self-standing
method of solution in the field of convection ; that s, itis
an analytical method that is capable of yielding useful
results in the same manner that another method might
be capable of yielding a solution to the same problem.
However, just like any other method, the method of
scale analysis has its own rules [9], and it is this set of
rules that distinguishes it from the more classical
analytical methods.
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TRANSFERT DE CHALEUR ET DE MASSE PAR CONVECTION NATURELLE DANS UN
MILIEU POREUX

Résumé—On rapporte une ¢tude fondamentale de 1a convection naturelle de chaleur et de masse prés d’une
surface verticale noyée dans un milieu poreux saturé de fluide. L’effet de pesanteur est di 4 la variation de
température et de concentration & travers la couche limite. Dans la premiére partie de I'€tude, I'analyse
d’échelle montre que la convection naturelle se fait selon I'un des quatre régimes possibles, selon les valeurs du
rapport de pesanteur N et du nombre de Lewis Le. Les échelles des flux transférés de chaleur et de masse sont
déterminées pour chaque régime. Dans la seconde partie de I'¢tude, le probléme de couche limite est résolu a
travers une formulation de similitude dans les domaines—5 < N <4 et 1 < Le < 100. Les solutions de
similitude confirment la validité de 'ordre de grandeur limitant les résultats révélés par 'analyse d’échelle.

WARME- UND STOFFTRANSPORT INFOLGE NATURLICHER KONVEKTION IN EINEM
POROSEN MEDIUM

Zusammenfassung— Diese Arbeit berichtet von einer grundlegenden Untersuchung des Phinomens des
Wirme- und Stofftransports infolge natiirlicher Konvektion an einer senkrechten Wand in einem
fluidgesattigten, porésen Medium. Der Auftriebseffekt entsteht infolge der Unterschiede von Temperatur und
Konzentration innerhalb der Grenzschicht. Die Untersuchung gliedert sich in zwei Teile. Im ersten Teil zeigt
eine Abschitzung der GréBenordnungen, daB die Erscheinungsweise der natiirlichen Konvektion in vier
mogliche Bereiche eingeteilt werden kann, was vom Auftriebsverhiltnis N und der Lewis-Zahl Le abhangt.
Die Groflenordnung von Wirme- und Stofftransportraten wurde fiir jede Erscheinungsform ermittelt. Im
zweiten Teil der Untersuchung wird das Grenzschichtproblem mit Hilfe einer Ahnlichkeitstransformation fiir
Auftriebsverhdltnisse —5 < N <4 und Lewis-Zahlen 1 < Le < 100 geldst. Die Ahnlichkeitslésungen
bestitigen die Gultigkeit der Abschitzung der GroBenordnung.

ECTECTBEHHOKOHBEKTHBHBIN TEIMJIOMACCOIIEPEHOC B ITOPUCTOM CPEJIE

Annorauna—HacTosuas paboTa NOCBsAIUEHAa MCCJIEA0BAHNWIO OCHOBHBIX 3aKOHOMEPHOCTEH €CTeCTBEH-
HOKOHBEKTHBHOI'O TEMJIOMACCONEPEHOCa y BEPTHKAJILHON NOBEPXHOCTH, MOTPYXEHHON B HACBIILEHHYIO
XHIAKOCTBIO NopHcTyto cpeny. Iloabemubli 3¢ ekt 06yc10BIeH HIMEHEHNEM TEMIIEPATYPLI H KOHUEHT-
paiuu nomepex MorpaHuyHoro cyos. Pabora cocTonmt M3 AByx vacteil. B nepBo#t wactu ¢ nomouibio
aHa;M3a MacluTaboB NoKa3aHo, YTO B 3ABUCMMOCTH OT 3Ha4eHMit Ge3pa3MepHON nMoabeMHONM cHtbl N 1
umcia Jlslonca Le MOTyT CyLIECTBOBATBH HEThIpE PeXMMa eCTECTBEHHOH KoHBekuuu. [Ins kaxaoro us
PEXHMOB ONpesesieHbl MHTEHCHBHOCTH TelloMacconepeHoca. Bropas dacte paboTel mocssiueHa
pELLEHNIO 3aa4M O MOrPAHMYHOM CJI0E METOIAMH TeOpMH Nnonobus B auamazoHax kodpbuunenTta
noabeMHOM cunbl —5 < N <4 u uncna Jlbtouca 1 < Le < 100. ApToMoebHbIE PELIEHHS NOMATBEPX-~
JAK0T N0 NOPAAKY BEIWYHHBI CIPABEATMBOCTD NpPEE/bHBIX OLEHOK, HaHIEHHbIX aHATH30M Pa3MEPHOC-
Teit.



