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T. S. Chen 
Mem. ASME 

F. A. Strobel1 

Department of Mechanical 
and Aerospace Engineering, 
University of Missouri-Rolla, 

Rolla, MO 65401 

Combined Heat and lass Transfer 
in Mixed Confection ower a 
Horizontal Flat Plate 
The combined effects of buoyancy forces from thermal and species diffusion on the heat 
and mass transfer characteristics are analyzed for laminar boundary layer flow over a 
horizontal flat plate. The analysis is restricted to processes with low concentration levels 
such that the interfacial velocities due to mass diffusion and the diffusion-thermo/ 
thermo-diffusion effects can be neglected. Numerical results for friction factor, Nusselt 
number, and Sherwood number are presented for gases having a Prandtl number of 0.7, 
with Schmidt numbers ranging from 0.6 to 2.0. In general, it is found that, for the thermal
ly assisting flow, the surface heat and mass transfer rates as well as the wall shear stress 
increase with increasing thermal buoyancy force. These quantities are further enhanced 
when the buoyancy force from species diffusion assists the thermal buoyancy force, but 
are reduced when the two buoyancy forces oppose each other. While a higher heat transfer 
rate is found to be associated with a lower Schmidt number, a higher mass transfer rate 
occurs at a higher Schmidt number. 

I n t r o d u c t i o n 
In studying forced convective heat transfer over horizontal surfaces, 

the buoyancy effect may become significant if the flow velocities are 
relatively low and the temperature and/or concentration differences 
between the surface and the free stream are large. This is because the 
buoyancy forces induce a streamwise pressure gradient whjch modifies 
the flow field and hence the heat and mass transfer rates. Thus, it is 
of practical interest to study the heat and mass transfer characteristics 
in flow situations in which the buoyancy effects from both thermal 
and species diffusions are significant. Even in processes with very low 
concentration levels, such as terrestrial processes in air and in water, 
the buoyancy effect from species diffusion can play a role as important 
as the thermal buoyancy effect. Atmospheric flows, for example, are 
not only influenced by the temperature difference between the surface 
of the earth and the ambient air, but also by the amount of water 
vapor that is diffused from the ground into the air. If the concentra
tion level is low, the analysis of the problem can be greatly simplified 
by neglecting the interfacial velocities due to species diffusion as well 
as the diffusion-thermo and thermo-diffusion effects (i.e., the Soret 
and Dufour effects). 

Thermal buoyancy effects in laminar forced convection flow over 
a horizontal flat plate have been analyzed rather extensively (see, for 
example, [1-3]). An analysis dealing with the combined heat and mass 
transfer in natural convection flow over a horizontal plate has also 
been reported [4], However, a study of mixed forced and natural 
convection flow over a horizontal plate under the combined buoyancy 
effects of thermal and mass diffusion seems not to have been reported 
in the literature. This has motivated the present investigation. In the 
analysis, consideration is given to processes with low concentration 
levels. The conservation equations of the boundary layer are reduced 
to a dimensionless form by a nonsimilarity transformation, and the 
resulting system of equations are then solved by the local nonsimi
larity method (see, for example, [5, 6]). 

Numerical results are obtained for a Prandtl number of 0.7, which 
is representative of air, and Schmidt numbers Sc of 0.6,1.0, and 2.0. 
The parameter N which measures the relative effect of mass and 
thermal diffusion ranges from —0.5 to 2.0 for Schmidt number of 0.6 
and from —0.5 to 1.0 for Sc = 1.0 and 2.0. For each case the thermal 
buoyancy parameter Gvx/Rex^

2 is varied from 0 to 1.0. The Schmidt 

number range covers diffusion into air of water vapor (Sc = 0.6), 
carbon dioxide (Sc = 0.94), methanol (Sc = 0.97), benzene (Sc = 1.76), 
and ethyl benzene (Sc = 2.01), etc. under one atmospheric pressure 
and room temperature. 

Analysis 
Consider a horizontal flat plate which is placed parallel to a uniform 

free stream with velocity u„, temperature T„, and mass fraction C„. 
The plate is maintained at a uniform temperature Tw and uniform 
mass fraction Cw. Let x represent the streamwise distance from the 
leading edge of the plate and y the distance normal to the plate. 
Positive y is taken vertically upward for flow above the plate and 
vertically downward for flow below the plate. 

With the assumption of constant fluid properties, the Boussinesq 
approximation, and in the absence of Soret and Dufour effects, the 
conservation equations of the laminar boundary layer can be written 
as 

du du d2u 
u 1- L> — = v — - ± 

dx dy dy2 

du dv 
— + — = 0 
dx dy 

gp-^- C"(T-T.)dy 
dx Jy 

d r~ 
±gd* — 

dx Jy 
dT dT d2T 

u 1- v — = a 
dx dy dy2 

dC dC d2C 
u — + v — = D 

dx dy dy2 

(C - C„)dy 

(1) 

(2) 

(3) 

(4) 

The second and third terms on the right-hand side of equation (2) are, 
respectively, the pressure gradients induced by the buoyancy forces 
due to thermal and mass diffusion. The plus and minus signs pre
ceding these terms pertain to flows above and below the plate, re
spectively. Equations (1-3) are subject to the following boundary 
conditions. 

0,v = vw, T=Tul,C = Culaty •• 

-* u» , T ->• T„, C — C„ as y ~* 

0 

(5) 

1 Presently with Naval Weapons Center, China Lake, Calif. 
Contributed by The Heat Transfer Division and presented at the Winter 

Annual Meeting, New York, NY. December 2-7,1979 of THE AMERICAN SO
CIETY OF MECHANICAL ENGINEERS. Revised manuscript received by the Heat 
Transfer Division October 19,1979. 

To solve equations (1-4) by the local nonsimilarity method, it is 
necessary to make a transformation from the (x, y) coordinates to the 
(£(*), v(x, y)) coordinates by introducing 

£ = ?(*), v = y(uJvx)m (6) 
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In addition, one introduces a reduced stream function F(£, JJ), a di-
mensionless temperature 0(£, rf), and a dimensionless mass fraction 
A(£, v) defined, respectively, as 

Fit v) = 4>(x, y)/(vu„x)V\ 0(£, V) = (T- T„)/(TW - T„), 

X(£, v) = (C- C„)/(C,„ - C„) (7) 

where the stream function \p{x, y) satisfies the continuity equation 
(1) with 

d\j//dy, v = —d\p/dx (8) 

By substituting equations (6) and (7) into equations (2-5), one 
obtains the following system of equations. 

F'" +-FF" ± - £ 
2 2 

8di) + £ \ —dr, ±~N£ 
2 

i j \ + ("°\dr, + Z ("°^-dr, 
Or, Jr, Ot * a£ 

, dF ' 

— 8" + -F0' 
Pr 2 . a* 

,d£' 
a?. 

Sc 2 2 a£ d£. 

(9) 

(10) 

(11) 

F(£, 0) + ZbF{£, 0)/d£ = 0, F'(£, 0) = 0, 

0(£, 0) = 1, X(£, 0) = 1 (12a) 

F'd co) = l, 0(£, oo) = o, X(£, ») = 0 (12b) 

In the preceding equations the primes denote partial differentiation 
with respect to 7], the thermal buoyancy parameter £(*) is given by 

^ U ) = | G r , | / R e j :
5 ' ' 2 (13) 

and the relative effect between species and thermal diffusion N by 

N = P*(CW - OmTu, - T.) = G r ^ / G r , (14) 

in which the local thermal Grashof number Grx, the local concen
tration Grashof number GrJC, and the local Reynolds number are 
defined as 

Grx = g$(Tw • T„)xyv2, 

Gix,c = 3*(CW - C„)x3/v2, Re* = u„x/v (15) 

The buoyancy force from species diffusion assists the thermal 
buoyancy force when N > 0, whereas it opposes the thermal buoyancy 

force when N < 0. The case of N = 0 corresponds to the situation in 
which there is no buoyancy force from species diffusion. 

It is noted here that the absolute yalue is used in the definition of 
the thermal buoyancy parameter £. Thus, the plus and minus signs 
on the left-hand side of equation (9) refer, respectively, to thermal 
buoyancy force assisting and opposing the forced flow. For flow above 
the plate, the plus sign is associated with the case Tw > T„, and the 
minus sign with the case Tw < T„. The opposite is true for flow below 
the plate. 

In writing the boundary condition Fit;, 0) + £ di"\£, 0)/d£ = 0 in 
equation (12a), it has been assumed that the normal velocity at the 
wall uw due to mass diffusion is negligibly small. This assumption is 
valid when the condition 

2(<ju,x/v)/(u„x/v)l'i«l (16) 

is fulfilled. Since uw = - [D/(l - C„,)](dC/dy)y=o (see, for example, 
[7]), the above condition is equivalent to 

A L- m Lj re 

Sc" 1-C~ 
[-XU o ) ] « i (17) 

Equation (17) will be valid when the ratio (Cw - C„) / ( l - Cw) is 
very small; that is, when the mass-fraction level is very low. There are 
many transport processes in which the mass-fraction level is low, but 
the species diffusion effect is significant. The evaporation of water 
vapor into an air stream is such an example. Simple calculations for 
diffusion of water vapor into air at one atmospheric pressure and 
around room temperature (with Pr = 0.7 and Sc = 0.6) show that C 
< 0.04 for T < 100°F and that (Cw - C„) = 0.0057 ~ 0.0294, (Cw -
C„)/ ( l - Cw) = 0.006 ~ 0.03, and N = 1 ~ 4 for (Tw - T„) = 20 ~ 
40°F. Thus, even though the mass-fraction C and the mass-fraction 
difference (Cw — CJ) are small, the buoyancy effects from mass dif
fusion are as significant as the thermal buoyancy effects (i.e., N > 1). 
In addition, for N < 2 and Gr x /Re I

5 / 2 = 0 ~ 1.0, as covered in the 
present study, the value of 2(CW - C„)[-X'(fc 0)]/[Sc(l - C J ] varies 
from about 0.005 to 0.025, which is indeed very small compared to 1. 
Thus, the condition for the neglect of interfacial velocity, as given by 
equation (17), is fully satisfied for such a flow process and can also be 
satisfied for similar processes with low mass-fraction levels. Fur
thermore, with the existence of small C and (C,„ — C„) values, the 
neglect of Soret and Dufour effects in the analysis can be justified. 
The effects of finite and large interfacial velocities (i.e., large values 
of (Cw — C„) / ( l — Cw)) on mass transfer in laminar boundary flows 
were examined by Acrivos [8,9]. 

To solve equations (9-12) by the local nonsimilarity method, it is 
first necessary to remove the integral terms in equation (9) by dif
ferentiating the equation once with respect to 77. This yields a fourth 
order differential equation and necessitates the introduction of an 

JSTomenclature., 
C = mass fraction or concentration 
Cf = local friction factor 
D = mass diffusion coefficient 
F = reduced stream function 
G = derivative of F with respect to £ 
g = gravitational acceleration 
Grx = local thermal Grashof number, gfi(Tw 

- T„)x 3 /v 2 

GVL = thermal Grashof number based on L, 
gP(Tw - T„)L 3 /o 2 

Grx c = local concentration Grashof number, 
g'PHCu, - C„)xVv2 

h = local heat transfer coefficient 
h = average heat transfer coefficient 
hm = local mass transfer coefficient 
hm = average mass transfer coefficient 
k = thermal conductivity 
L = length of plate 
mw = local surface mass transfer rate per unit 

area 
N = ratio of Grashof numbers, GtX:C/Grx = 

P(CU-C„)/MTW-T„) 
Nu;t = local Nusselt number, qwx/(Tw — 
_J„)k 
Nu = average Nusselt number, hL/k 
Pr = Prandtl number 
qw = local surface heat transfer rate per unit 

area 
Re* = local Reynolds number, u„x/v 
Rei = Reynolds number based on L, u„L/v 
Sc = Schmidt number 
Shx = local Sherwood number, mwxlpD(Cw 

_ - C . ) 
Sh = average Sherwood number, hmL/pD 
T = fluid temperature 
u = axial velocity component 
v = normal velocity component 
x = axial coordinate 
y = transverse coordinate 
a = thermal diffusivity 
B = volumetric coefficient of thermal ex

pansion 
B* = volumetric coefficient of expansion with 

mass fraction 
t) - pseudo-similarity variable 
9 = dimensionless temperature 
X = dimensionless mass fraction 
H = dynamic viscosity 
v = kinematic viscosity 
£ = thermal buoyancy parameter 
£L = thermal buoyancy parameter based on 

L 
p = density of fluid 
TW = wall shear stress 
0 = derivative of 8 with respect to £ 
\p = stream function 
a) = derivative of X with respect to £ 

Subscripts 
w = condition at wall 
<= = condition at free stream 
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additional boundary condition, which can be obtained by evaluating 
equation (9) at T\ = 0. If, in addition, one introduces the dependent 
variables 

C = dF/di <l> = d0/d£, co = dX/d£ (18) 

the resulting system of equations can be written as 

F"" + - (FF>" + F'F") ± - tv{6' + NX') T - ?(</, + Nu) 

= -Z(F'G"-F"'G) (19) 

— 0" + - F6' = - t(F'<j> -6'G) 
Pr 2 2 

— X" + -F\' = -£(F'u-X'G) 
Sc 2 2 

(20) 

(21) 

F(£, 0) + £G(£, 0) = F'(Z, 0) = 0, <?(£, 0) = X(£, 0) = 1 (22a) 

F'"(£,0) = T - ? C" 9dri + N J" Xdv 

J <l>d-n + N C oid-q 
2 

F'(£, ») = 1, 0(£, co) = X(£, ») = 0 

(22b) 

(22c) 

Equations (19-21) are three coupled equations with six unknown 
functions F, 6,\,G, </>, and co. In order to solve these equations by the 
local nonsimilarity method, it is necessary to obtain subsidiary 
equations by differentiating equations (19-21) with respect to £. In 
the present investigation, this differentiation is carried out once and 
the analysis corresponds therefore to the second level of truncation 
[5, 6]. For the second level of truncation, the transformed conservation 
equations are left intact, but terms containing dG/d£, d$/d£, du>/o£ 
and their r\ derivatives are neglected in the subsidiary equations. With 
this operation, the system of equations for the second level of trun
cation can be summarized as follows. 

(a) Equations (19-21) 
(b) The truncated equations for G, tf>, and co given by 

G"" + - (FGm + F"G') + F'"G ± - TJ[0' + £</>' + N(X + £o>')] 

=F£(0 + iYco)+-£(GG"' -G'G") = 0 (23) 

— </>"+- F<j>' --F'<j> + G6' + - £(G0' - G'ci) = 0 
Pr 2 2 2 

(24) 

— u" + ^Fco' - -F'u + GV + -£(Gco' - G'co) = 0 (25) 
Sc 2 2 2 

(c) The boundary conditions 

F& 0) = F'(£, 0) = G(£, 0) = G'(£, 0) = 0(f, 0) = <o(£, 0) = 0 

0(£,O) = X(£,O) = 1 (26a) 

^ , 0 ) = T ^ 
2 

G'"(£, 0) = = F -

f"0d77 + ;V f°°Xd?? 
Jo Jo 

=f=-£2 f tAdT j + A' f"cod?j (266) 
2 [Jo Jo 

("°edv + N f°Xd)7 
Jo Jo 

*I« J (/>d); + iV j cod?; 
^ o J o 

(26c) 

= X(£, ») = co(£, co) = 0 (26d) 

It can be seen that equations (19-21) and (23-25) are coupled and 
must be solved simultaneously to obtain solutions for the unknown 
functions of F, 6,X,G, <j>, and co. This will be described later. 

The physical quantities of greatest interest are the local and average 

Nusselt numbers Nu* and Nu, the local and average Sherwood 
numbers Sh* and Sh, and the local friction factor C/. The local 
quantities are defined, respectively, by 

Nu, 
T,„ T„k 

,Sh» 
Cu. 

•Cf (27) 
•C«,pD~ ' pu„ z /2 

With the use of Fourier's law qw = ~k(dT/dy)y=o, Fick's law mw = 
— pD(dC/dy)y=Q, and the definition of wall shear stress rw = 
lx(du/dy)y=o along with equations (6) and (7), the following expres
sions for the local Nusselt number, the local Sherwood number, and 
the local friction factor are obtained. 

NuxRe*-1/2 = - 6>(l 0), Sh .Re , - 1 / 2 = - \ ' ( £ , 0), 

C/Rex1'2 = 2F"(£, 0) (28) 

The average Nusselt and Sherwood numbers are defined, respec
tively, by 

Nu = hL/k, Sh = hmL/PD (29) 

where the average heat transfer and mass transfer coefficients are 
determined from the following expressions 

L 
cL - i rz 

I h(x)dx,hm~- I 
J o L J o 

hm(x)dx (30) 

When the axial coordinate x in equation (30) is replaced by the 
thermal buoyancy parameter £, the average Nusselt and Sherwood 
numbers are found to be 

NuRe L - 1 / 2 = | - f U [ - 0 ' ( £ , 0)]d£ 

Sh'ReL-i/2 = | - C~[-\'(Z,0)]dZ 
h. Jo 

(31) 

(32) 
h J° 

wherein the thermal buoyancy parameter £/,, the Reynolds number 
ReL, and the Grashof number GI'L are based on the plate length and 
are expressed, respectively, by 

&. = GrL /ReL
6 / 2 , Rez, = uMv, GrL = g$(Tw - T„)LVv2 (33) 

Also of interest are the velocity, temperature, and concentration 
distributions. They are determined, respectively, from the following 
expressions. 

U / M - = F'd v), (T - T„)/(T„, - T„) = 6(1 v), 

(C - C„)/Cw - C„) = X(£, v) (34) 

Numerical Solutions 
Equations (19-21) and (23-25) can be treated as a system of coupled 

ordinary differential equations for a prescribed value of £. These 
equations were solved by the Runge-Kutta integration scheme in 
conjunction with Newton-Raphson shooting method to fulfill the 
conditions at the edge of the boundary layers. A predictor-corrector 
integration scheme was employed to improve the accuracy of the 
numerical integration. 

The procedure for solving the system of equations for a prescribed 
value of £ is similar to that described in [1]. The initial values which 
must be guessed are F"(£, 0), G"(£, 0), 0'(£, 0), <*'(£, 0), X'(£, 0), co'(£, 
0) as well as the 6, ij>, X, and co integrals. The integrals were considered 
converged when the differences in the values of F'"(£, 0) and G'"(£, 
0) between the two successive iterations became less than 10~4 and 
10 - 3 , respectively. A solution was considered converged when the 
conditions \F> - 1.0, F"\ < 3 X 10~3, \6, 0', X, X', 0, c6', co, co'| < 5 X 
10 - 3 , and \G', G"\ < 10 - 2 at the edge of the boundary layers were 
fulfilled simultaneously. 

R e s u l t s and D i s c u s s i o n 
Numerical results were obtained for a Prandtl number of 0.7 and 

Schmidt numbers of 0.6, 1.0, and 2.0. For a Schmidt number of 0.6, 
the values of AT cover 2.0, 1.0, 0.5, 0, —0.5 and for Schmidt numbers 
of 1.0 and 2.0 they cover 1.0, 0.5, 0, -0 .5 . For each case the thermal 
buoyancy parameter Grj/Re :c

5/2 was varied from 0 to 1.0; that is, the 
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Fig. 1 Local friction factor results Fig. 2 Local Nusselt number results 

results are for thermal buoyancy force assisting the forced flow. These 
results will now be presented. 

The effects of buoyancy forces on the local friction factor, the local 
Nusselt number, and the average Nusselt number are shown, re
spectively, in Figs. 1-3. As can be seen from the figures, the local 
friction factor and the local Nusselt number increase with increasing 
value of Gr J /Re I

5 / 2 , whereas the average Nusselt number increase 
with increasing Grz,/ReL6/2. This trend is to be expected, because the 
favorable pressure gradient caused by the buoyancy forces increases 
the flow velocity near the wall, which results in an increase in the wall 
shear stress and hence the rate of surface heat transfer. By comparing 
the curves with that for JV = 0 (i.e., no buoyancy effect from mass 
diffusion), it is possible to measure the relative effect between the 
buoyancy forces from mass and thermal diffusion. For a given 
Schmidt number, the friction factor and the Nusselt numbers increase 
beyond those for JV = 0 when JV > 0; that is, when the buoyancy force 
from mass diffusion acts in the same direction as the thermal 
buoyancy force, thereby resulting in additive buoyancy effects. On 
the other hand, the two buoyancy forces oppose each other when JV 
< 0. The net effect is a decrease in the combined buoyancy forces 
below that for JV = 0 and hence a decrease in the friction factor and 
the Nusselt numbers. It is also of interest to note from Figs. 1 and 2 
that a lower Schmidt number yields larger local friction factor and 
local Nusselt number than those for JV = 0 when JV > 0 and smaller 
local friction factor and local Nusselt number when JV < 0. The reason 
for the larger departure of these two quantities from JV = 0 is that a 
diffusing species with a smaller Schmidt number has a larger diffusion 
coefficient which exerts a larger effect on the flow and thermal 
fields. 

The local Sherwood numbers are shown in Fig. 4 as a function of 
the thermal buoyancy parameter Grx/Rex

6/ '2 and the average Sher
wood numbers in Fig. 5 as a function of Gri/Rez,5''2. Again, the curves 
for JV = 0 correspond to the situation in which buoyancy effect from 
species diffusion does not exist. As expected, the effect of the 
buoyancy forces is to increase the flow velocity which in turn enhances 
the Sherwood number and hence the mass transfer rate. As in the local 
friction factor and Nusselt number results, the Sherwood numbers 
increase when JV > 0 and decrease when JV < 0. In addition, a larger 
Schmidt number is seen to provide a larger Sherwood number. This 
is because as the Schmidt number increases, the concentration 
boundary layer thickness decreases, thus resulting in a larger surface 
concentration gradient (see Fig. 8) and hence a higher rate of mass 
transfer from the surface. 

It must be pointed out that as the value of N becomes more nega
tive, the buoyancy effect due to mass diffusion may outweigh that due 
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Fig. 3 Average Nusselt number results 

to thermal diffusion and the net effect of the buoyancy forces is to 
oppose the forced flow. To determine if the net buoyancy force effect 
will assist or oppose the forced flow, it is necessary to examine the last 
two terms on the left-hand side of equation (9), 

I f c r° dO 
- £ ij0 + j 0d?j + £ I — drj 

and 

:JVf 

df 

\di) + £ I —dr) 

For the case of Sc = Pr, the 6 and X solutions are identical. Thus, if 
JV = — 1, these terms will add up to zero and the buoyancy forces 
cancel each other, yielding results identical to those for pure forced 
convection. In general, for a given thermal buoyancy force, if the sum 
of the two terms is positive, the net buoyancy force will assist the 
forced flow. On the other hand, if it is negative, the net buoyancy force 
will oppose the forced flow. These outcomes depend on the Schmidt 
and Prandtl numbers as well as on the relative species-thermal 
buoyancy parameter JV. 
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Fig. 5 Average Sherwood number results 

It is interesting to examine how the buoyancy forces affect the ve
locity, temperature, and concentration fields in the boundary layers. 
Figure 6 shows representative velocity profiles for Schmidt numbers 
of 0.6 and 2.0. It is seen that for a given Schmidt number the velocity 
gradient at the wall increases as either GrxlRex

hl2 or N increases. In 
addition, for the same values of N and Gvx/Rex

5/2, a lower Schmidt 
number is seen to provide a larger wall velocity gradient. When the 
net buoyancy force becomes relatively large, the velocity profile ex
hibits an overshoot beyond the free stream velocity. This overshoot 
is more pronounced when the Schmidt number becomes smaller. For 
example, when N = 1.0 and GxxIRex

512 = 1.0, the overshoot is about 
37 percent for Sc = 0.6 as compared to about 20 percent for Sc = 
2.0. 

Representative temperature profiles are shown in Fig. 7 for Schmidt 
numbers of 0.6 and 2. The most noteworthy trends for a given Schmidt 
number are an increase in the temperature gradient at the wall and 
a decrease in the thermal boundary layer thickness as either N or 
Gr;t/Re:c

6''2 increases. In addition, the temperature gradient at the wall 
is seen to increase as the Schmidt number decreases. 
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Fig. 6 Representative velocity profiles 
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The mass fraction profiles (Fig. 8) exhibit trends similar to those 
of the temperature profiles. That is, the concentration gradient at the 
wall increases and the concentration boundary layer thickness de
creases as the net buoyancy force increases. Also evident from the 
figure is that a larger wall gradient and a smaller boundary layer 
thickness are associated with a larger Schmidt number. 

Conclusion 
Laminar mixed convection flow over a horizontal flat plate under 

the combined buoyancy effects of thermal and mass diffusion has been 
studied analytically. The analysis is restricted to mass diffusion 
processes with low concentration levels, and numerical results are 
presented for a Prandtl number of 0.7, with Schmidt numbers of 0.6, 
f .0, and 2.0. In general, it has been found that as the thermal buoyancy 
force increases (i.e., Grx/Re. t

5 /2 > 0 increases), the local surface heat 
and mass transfer rates as well as the local wall shear stress increase. 
When the buoyancy force from mass diffusion assists the thermal 
buoyancy force (i.e., when IV > 0), these quantities increase further 
with an increasing value of N. On the other hand, they decrease with 
IV when the two buoyancy forces oppose each other (i.e., when N < 
0). While a higher heat transfer rate and a higher wall shear stress are 
associated with a lower Schmidt number, a higher mass transfer rate 
occurs at a higher Schmidt number. For relatively large net buoyancy 
forces that assist the forced flow, the velocity profiles exhibit an 
overshoot beyond the free stream velocity. This overshoot becomes 
more pronounced as the Schmidt number decreases. 
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