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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 
I < Le < 100. The similarity solutions confirm the validity of the order-of-magnitudelimitingresults 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 ofchemical 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 Cl], 
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 the research 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 
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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 et al. [4] and Turner and Gustafson [.5]. With 
regard to porous layers heated from thk 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 To different than the porous 
medium temperature 7?, sufficiently far from the wall. 
In addition, the concentration of a certain constituent 
in the solution that saturates the porous medium varies 
from Co on the fluid side ofthe vertical surface (x = O+) 
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] 

K aP 
u=--_ 

P ax 

(1) 
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NOMENCLATURE 

C similarity concentration profile 
C concentration 
D mass diffusivity 

f similarity streamfunction profile 

9 gravitational acceleration 
H wall height 
K permeability 
Le Lewis number, u/D 

N buoyancy ratio, equation (38) 
Nu Nusselt number, equation (22) 
P pressure 
Ra Rayleigh number, equation (21) 
Sh Sherwood number, equation (24) 
T temperature 
u, u velocity components, Fig. 1 
x, y Cartesian coordinates, Fig. 1. 

Greek symbols 
t( thermal diffusivity 

coefficient of thermal expansion 

:c coefficient of concentration expansion 
6 velocity boundary-layer thickness, Fig. 2 
6, concentration boundary-layer thickness, 

Fig. 1 
6, thermal boundary-layer thickness, Fig. 1 
AC concentration difference, C, - C, 

AT temperature difference, 7’,‘, - T, 

II similarity variable 
0 similarity temperature profile 

p viscosity 
kinematic viscosity 

; streamfunction. 

Subscripts 

: 
local property 
wall property 

00 porous reservoir property. 

K aP 
u=-- -+pg ( > P aY 

.g+“g= .(Z+ $7 (4) 

where u, u, P, T and Care 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 

(fluid and solid). Properties p and p are the solution 
viscosity and density, and K is the permeability of the 
porous medium. The thermal diffusivity a 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), 

au c:v 0 3~ ___=__ 
8)’ sx P ax 

(6) 

and recognizing that at constant pressure the density 
depends on both temperature and concentration [l, 21, 
the Boussinesq-approximated momentum equation 
reduces to 

In this form b and /j’c are the thermal expansion and 
concentration expansion coefficients 

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) : 

FIG. 1. Temperature and concentration boundary layers in 
natural convection near a vertical surface in a fluid-saturated 

porous medium. 
(9) 
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ae ac u--&v-=D$. 
aY 

(101 

The boundary conditions that apply on the two sides of 
the velocity, temperature and concentration boundary 
layers are 

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

and 

v+O* T-+T,, C+C, as x-+co. (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. 

3. SCALE ANALYSIS 

The scales of the flow, temperature and coneen- 
tration fieids 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 &, and the thermal 
boundary layer of height Hand thickness S,, In general 
SC $, CT, ; 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 

This equation shows that the vertical boundary-layer 
flow is driven either by heat transfer (@AT/ >> 1j&ACl), 
or by mass transfer (&ACI >> [BATI), or by a 
combination of heat and mass transfer effects. In the 
scale analysis presented below we focus on ihe first two 
possibilities, saving the third for the similarity solution 
reported in section 4. 

Heat-traPIsfr-driven pow 
In the limit where the buoyancy e&ct due to side 

heating is dominant, 

WTI >> l&AC1 (19 

the vertical velocity scale is, from equation (14), 

In the thermal boundary layer {H, 8,) the energy 
equation (10) indicates a balance between thermal 
diffusion from the side and vertical enthalpy flow, 

AT AT AT 
u--_, 

6T 
or li-ma----. 

H 6: 
(17) 

Since the~rinc~pleofmass~onservati~n( l)inthe(H, 6,) 

layer requires 

u v 
-N- 

6, H’ 

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 
PJ- W @_- 

H 6s 
WI 

dT N H Ra- li2, (20) 

where Ra is the Marcy-rnod~~~ Rayleigh number used 
routinely in the field ofnatural convection heat transfer 
through porous media, 

Ra _ OHBAT 
--I (21) 

UV 

The overall Nusselt number 

Nu=L 
kAT 

scales as 

kAT N Ra’@. (23) 

The fluid flow and heat transfer scales listed as 
equations (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 
[S]. The new feature in the present problem is the mass 
transfere~e~ted by the the~ally driver vertical layer of 
scales (u, 6,) determined above. In dimensionless form, 
the mass transfer rate can be expressed as an overall 
Sherwood number 

&+L- 
DAC 

or, in terms of the unknown concentration boundary 
layer thickness SC, 

Sh N (25) 

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

The scale of & depends on the relative size of 6, and 
6, (Fig. 2). Integrating the constituent conservation 
equationfl f)from the waIlintothereservo~r,weobtain 

d J x>m=idz,W Go t1(C-C,)dx = -D (26) 

which states that thelateral diffusionofconstituent into 
the vertical boundary-layer Aow equals the rate of 
increase in the amount of constituent swept upward by 
the flow. The scaling equivalence recommended by 
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N <<I 

(Heat transfer 
driven flow) 

N >> 1 

c Mass transfer 
driven flow) 

Le 2, 1 

Le >> 1 

Lecc 1 

Le<c 1 

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

equation (26) is 

uAC AC 
F min (a,, A-) - D s. 

C 

Note that the factor min (6,, 6,) 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 6, thick), and inside the 
&-thick concentration boundary layer. Therefore, the 
constituent stream assumes as thickness the smaller of 
BT and 6, : this is the choice made in equation (27) and 
used consistently throughout the scale analysis part of 
this study. As shown in section 5, this choiceis 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 (6,, 6,) with max 

(a) 6c << 6,. Writing uAC&--H on the LHS of 
equation (27), and using the v scale given by equations 
(19) and (20) we obtain 

6, - H &- “2Le- 112 (28) 

and 

Sh - Ru”~L~“~ (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 6, K 6,, hence 

Le >> 1. (30) 

(b) 6, G 6,. In the opposite extreme, we write 
vACGJH on the LHS of equation (27) and, in 
combination with equations (19) and (20), we obtain 

6, - HRa-“‘LeC’ (31) 

and 

Sh - Ra”‘Le. (32) 

(S,, a,-), the results of scale analysis are no longer in 
agreement with the trends exhibited by similarity 

These scales are valid if S, << &., which means 

solutions. 
In conclusion, in order to determine the concent- 

Le << 1. 

ration boundary-layer thickness scale 6, from equation Mass-transfer-drivenflow 
(27) we must consider separately two possibilities, 6, The class of flows dominated by the buoyancy effect 

< 6, and 6, < 6,. associated with mass transfer from the side can be 
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analyzed by setting 

l&AC] >> IBATI (33) 

in the boundary-layer momentum equation (14), hence 

v N “” pcAC. 

This new velocity scale can be combined with the 
equivalence of scales demanded by the conservation of 
constituent in the concentration boundary layer (H, 6,) 
(note that the velocity profile is 6, thick in mass- 
transfer-driven flows) 

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

6, * H(Ra Le INI)- 1/Z (36) 

and 

Sh N (Ra Le /N/)“2 (37) 

where the ‘buoyancy ratio’ [ 11 

has an absolute value greater than O(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 IV 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 
- 1: in that range the temperature and concentration 
buoyancy effects are of the same order of magnitude 
and in opposite directions, hence the (TT 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 thesimilaritysolutions ofsection4. This 
is probabiy the reason why similarity solutions of the 

type sketched in Figs. 1 and 2 were not found in the 
range - 1 < N c 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 

&cl s 

x%max(d~,dc) dT 
v(T-TT,)dx= -x - 

( > ax x=0 
(39) 

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 & 
thick in mass-transfer-driven flows, Fig. 2, while the 
heated layer is 6, thick. In conclusion, the enthalpy 
stream must fit the inside both 6, and 8, layers, hence its 
transversal dimension is min (6,, 6,). The equivalence of 
scales recommended by equation (39) is therefore 

In what follows we discuss separately the two 
possibilities 6, CC 6, and & << S,. 

{c) 6, CC 6,. Substituting vAT~~jH on the LHS of 
equation (40) and relying on the z, scale given by 
equations (35) and (36) yields 

6, _ H(Ra INI)- I” (41) 

and 
NtA N @a lNl)i’z. (42) 

These heat transfer scales are valid provided 6, <X 6, in 
other words if 

Le cc 1. (43) 

(d)& CC 6,. In theoppositeextreme, weusenAT6 JH 
in equation (40), and the resulting heat transfer scaIes 
are 

6, N HLe1’2(RalNI)-1’2 (44) 

and 
Nu N Le- “2(Rn(N[)“Z. (45) 

The condition for scales (44) and (45) to be valid is 
6, << a,, which translates into 

Le 3 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 porousm~ium with 
combined buoyancy effects 

_. 

Driving 
mechanism V Nu Sh Observations 

Heat transfer ;Rtl RlP (Ra Le)“’ LA? >> 1 

JNj << 1 Ra”’ Ra’@Le i-e-3 1 

Mass transfer 

/NI >> 1 

s Ra (NJ (Ra INI)“’ (Ra Lx )iVj)“’ LA << 1 

LA-“~(R~ /Nl)*‘* (Ra Le jN\)“2 Id? >> 1 
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the next section we report a series of similarity solutions 
that validate the results of scale analysis for IN( << 1 and 
INI >> 1, and focus more closely on the intermediate 
regime JN) - 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 [S]. Therefore, we introduce the dimen- 
sionless similarity profiles for vertical velocity, f’(q); 
temperature, 0(q); and concentration c(q), 

u = - ; Ra, f’(q) (47) 

u = ; F$‘2(f-?f’) (48) 

where 

and 

r?=: 
y Ra; ‘P 

(51) 

Ra = SPKYG - Tco) 
Y CXV 

(52) 

And, using the streamfunction formulation (u = @lay, 
v = -a$/ax), 

+b = aRai”f(q) 

the governing equations reduce to 

f" = -O'-Nc' 

(53) 

(54) 

(55) 

1 
cl’ = ?fc’ Le 

subject to six boundary conditions 

f=O, 0=1, c=l at 

and 

g=o (57) 

f’-0, 0+0, c=O as F/ --* co. (58) 

(56) 

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

KHAIRY R. KHAIR 

Table 2. Summary ofsimilarity solutions for local Nusselt and 
Sherwood numbers 

N Le Nu,Ra; ‘I2 ShYRaY- Ii2 

4 

3 

2 

1 

0.8 

0.5 

0.2 

0.1 

0 

-1 
- 1.1 

-1.2 

- 1.5 

- 1.9 

-2.0 

-3.0 

-4.0 

- 5.0 

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 

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 2.973 
100 0.506 9.532 

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 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 

1 0.595 0.595 

1 0.543 0.543 

1 0.486 0.486 

1 0.465 0.465 

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 

1 

1 

1 

1 

1 
2 

1 
2 

1 
2 

no flow 
0.144 

no flow 
0.144 

0.199 0.199 

0.314 0.314 

0.42 1 0.421 

0.444 0.444 

0.628 0.628 
0.488 0.832 

0.769 0.769 
0.627 1.046 

0.888 
0.739 

0.888 
1.220 
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FIG. 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 q = 0 onward using the fourth-order Runge- 
Kutta method. To initiate the integration it was 
necessary to guess the values off’(O), H’(0) and c’(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 Cf’(qX O(v), c(rl)l < 2 x 1F4. (59) 

A shooting distance rl > 15 was found to be adequate in 
simulating the q + co limit of equations (58). The 

required shooting distance depended primarily on the 
Lewis number, as illustrated in Figs. 4a and 6. The A’1 
step used in performing the calculations summarized in 
Table 2 was A? = 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 A?. It is worth 
pointing out that in the case of negative values of the 
buoyancy ratio N, the similarity momentum equation 

(54) was replaced by 

f” = B’ + 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 ofsection 3 is the fact that the [P(O), c’(O)] values 
listed in Table 2 are related to the local Nusselt and 
Sherwood numbers, 

Nu, = -0‘(O) Ra;” (61) 

and 

Sh, = -c’(O) Ra;/z. (62) 

These local values should agree within a numerical 
factor of order one with the overall scales summarized 

in Table 1, provided INI is not comparable with O(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 -Q’(O) and -c’(O) should both be 
proportional to (lN1)“’ 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)/(lNl)“2 and 

- c’(0)/(INl)1’2 approach a constant in the vicinity of 
0.45 as INI 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’(O) 
and - c’(0) approach a constant in the vicinity of0.45 as 
N approaches zero. In fact, Table 2 shows that this 
limiting constant is 

lim C@(O), c’(O)] = -0.444, 

N-+0 

Le = 1 

(63) 

which agrees with the earlier calculations of Cheng and 
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1 

e,c 

(a) 
0 L- 

O ? 7 

-2 

(b) 
0 

0 7 

? N=4 

FIG. 4. The effect of buoyancy ratio N when Le = 1: (a) temperature or concentration profiles; (b) velocity 
profiles. 

Minkowycz [8] for local Nusselt number in the absence solution is one of ‘no flow’. This conclusion can also be 
of buoyancy due to concentration gradients. reached analytically by plugging Le = 1 and N = - 1 

Finally, Fig. 3 shows that for Le = 1 no similarity in the boundary-layer momentum equation (14), which 
solutions were found in the range - 1 < N < 0 where can be rewritten as 
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 

u = y(0 + NC). (64) 

1 

04 
1 10 Le 100 

FIG. 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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N=O 

@and c . Le=l 

0 I) 7 

FIG. 6. The effect of Lewis number on the concentration profile 
in heat-transfer-driven flows (N = 0). 

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

The e$ect 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- 1’2. This trend is confirmed by the 
N = 0 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 SJS, scales as 
Le- ‘I’. 

Figure 5 shows also that as the buoyancy ratio N 
increases above O(l), the ratio ~u~/S~ 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 INJ 
becomes very large, the ratio Nu/Sh should vary as 
Le-‘. 

~inally,itisinterestingtofollow theN = Odatafrom 
right to left in Fig. 5 and to notice that the slope of 
the ~u~/Sh~ vs Le curve increases gradually as Le 

approaches O(1). The steepening of the curve is again 
consistent with the scaling shown for ]N( << I and 
Le << 1 in Table 1: according to the second line in that 
table, the ratio Nu/Sh must scaie 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 INI 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 (1HS) with 
equations (9)-l I)]. Therefore, the results reported in 
this study are valid provided the concentration and 
temperature boundary layers are slender, 

(&, 6,) << H (65) 

Recalling that Nu N H/6, and Sh - H/6,, the validity 
criterion (65) translates into the condition that the Nu 
and Sh scales of the four regimes summarized in Table 1 
must all be greater than O(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 
methodofsolutionin thefieldofconvection; thatisitis 
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 

R&m&-On rapporte une 6tude fondamentale de la convection naturelle de chaleur et de masse p&s d'une 
surfaceverticale noyke dans un milieu poreux saturt de fluide. L'effetdepesanteurest dti Bla variation de 

tempkrature et de concentration B travers la couche limite. Dans la premiire partie de I’ttude, I’analyse 
d’kchelle montre que la convection naturelle se fait selon l’un des quatre rkgimes possibles, selon les valeurs du 
rapport de pesanteur N et du nombre de Lewis Le. Les Bchelles des flux transftr6s de chaleur et de masse sont 
diterminies pour chaque rigime. Dans la seconde partie de l’btude, le problkme de couche limite est r&solu B 
travers une formulation de similitude dans les domaines-5 < N < 4 et 1 < Le < 100. Les solutions de 
similitude confirment la validiti de l’ordre de grandeur limitant les rksultats rCvtl& par l’analyse d’Cchelle. 

W.&RME- UND STOFFTRANSPORT INFOLGE NATURLICHER KONVEKTION IN EINEM 
POROSEN MEDIUM 

Zusammenfassung-Diese Arbeit berichtet von einer grundlegenden Untersuchung des Phlnomens des 
WPrme- und Stofftransports infolge natiirlicher Konvektion an einer senkrechten Wand in einem 
fluidgeslttigten, poriisen 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 Abschltzung der Gr65enordnungen, da5 die Erscheinungsweise der natiirlichen Konvektion in vier 
m6gliche Bereiche eingeteilt werden kann, was vom Auftriebsverhlltnis N und der Lewis-Zahl Le abhgngt. 
Die Gr65enordnung von Wgrme- und Stofftransportraten wurde fiir jede Erscheinungsform ermittelt. Im 
zweitenTei1 der Untersuchung wird das Grenzschichtproblem mit Hilfeeiner Ahnlichkeitstransformation fiir 
AuftriebsverhSltnisse -5 < N < 4 und Lewis-Zahlen 1 < Le i 100 gel&t. Die ;ihnlichkeitsl&ungen 

bestitigen die Giiltigkeit der Abschztzung der Gr65enordnung. 

ECTECTBEHHOKOHBEKTMBHbIfi TElUlOMACCOnEPEHOC B nOPMCTOR CPEAE 

AHHoraum-Hacronmas pa6OTa nOCBIlUleHa HCCJIenOBaHMkO OCHOBHblX 3aKOHOMcpHOCRk eCTcCIBcH- 

HOKOHaeKTHBHOrO TeWIOMaCCOnepcHOCa y BcpTAKa,,bHOfi nOBepXHOCW, IIOrpyWZHHO~ B HaCb,mc"HyH, 

EA,IKOCTbEO nOpHCTyFJ CpeIIy.~On%cMHblti 3@$eKr 06yCJIOBneH H3McHeHPieM TeMncpaTypbt M KOHUCHT- 

pauwi nonepeK norpaHwiHoro cnoll. Pa6oTa COCTOHT u3 neyx 9acTek B nepBoii VacTll c noMowbH) 
aHanM3a MaCILWa6OB noKa3aH0,qTO B 3aBACHMOCTH OT 3HaqeHHii 6e3pa3MepHoE nonbeMHoe CAJIbl N A 

'WCJ,a flbICI&,Ca _!A? MOryT CymeCrBOBaTb 'VZTbIpc p‘SKHMa eCTcC-rBcHHOk KOHBeKUAR. ,&a KaXWOrO M3 

PeEMMOB O"peneneHbl MHTeHCUBHOCTll -iennOMaCCOnepeHOCa. hopar ',aCTb pa6oTbI nOCBIl,,,eHa 

pemesum 3anaw 0 nOrpaHHYHOM cnoe McTOnaMH reopwi nono6Hn B neana3oHax K03+@wieH7a 

IIOnacMHOti CHnbl -5 $ N 14 M %icna nbIokiCa 15 Le 5 100. ABTOMOncnbHbIe peuIeHHa non-raepa- 

ndR,-r "0 "OpRnKy BcJWV,AHbl CnpaBeLWHBOCTb npeL,cnbHbIX OUeHOK,Hai&leHHbIX aHanA30M pa3MepHOC- 


