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Effect of Double Dispersion on
Mixed Convection Heat and Mass
Transfer in Non-Darcy Porous
Medium
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Department of Mathematics, Similarity solution for the problem of hydrodynamic dispersion in mixed convection heat
|.1T.—Madras, and mass transfer from vertical surface embedded in porous media has been presented.
Madras 600 036, India The flow induced by the density variations is comparable with the freestream flow. The

heat and mass transfer in the boundary layer region for aiding and opposing buoyancies
in both aiding and opposing flows has been analyzed. The structure of the flow, tempera-
ture, and concentration fields in the Darcy and non-Darcy porous media are governed by
complex interactions among the diffusion rate (Le) and buoyancy ratio (N) in addition to
the flow driving parameter (Ra/Pe). The flow, temperature, and concentration fields are
analyzed and the variation of heat and mass transfer coefficients with the governing
parameters are presented50022-148100)00703-9
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1 Introduction The porous medium inertial effects have been proved to be

Thermal and solutal transport by fluid flowing throughaporoulg.1portant for moderate and fast flows, i.e., when the pore

matrix is a phenomenon of great interest from both the theory af meter-dependent Reynolds number is greater than the order of
P Y yaj ity. For low-porosity media, the Forchheimer flow model has

appllcatlo_n point of view. Heat trgnsfer in the case of _homog%-een proved to be appropriate and it has been widely used in the
neous fluid-saturated porous media has been studied with relat] ks of Vafai and Tier[6,7], Whitaker[8], etc. When the iner-

to _dlfferent ap'pllcatlons like dynamnqs of hot _undergropp al effects are prevalent, the thermal and solutal dispersion effects
springs, terrestrial heat flow through aquifer, hot fluid and ignitiope . o important, and these effects are very significant in forced
front dlsp_lacements In reservoir engineering, heat exchange A5d mixed convection flows and in vigorous natural convection
tween soil an(_:i atmosphere, flow of moisture thrc_;ugh POrous 15y as well. Thermal dispersion effects have been studied at
dustrial materials, and heat exchanges with fluidized beds. M 3ﬁgth by researchers such as BE@J, Kvernvold and Tyvand
transfer in isothermal conditions has been studied with appli [0], Plumb[11], Hong and Tier[12] lHong et al[13], Cheng
tions to problems of mixing of fresh and salt water in aquifer nd,Vortmeye|[1’4] Lai and Kulacki[iS] Amiri and Va,fai [16]
miscible displacements in oil reservoirs, spreading of solutes #\) .- ot 41 [17] aﬁd Murthy and SinglﬁlS 19. A brief revieW
fluidized beds and crystal washers, salt leaching in soils, etc. PB - thermall disbersion can be found in é@j and Nield and
vention of salt dissolution into the lake waters near the sea Sho[?éjan [20]. Kvernvold and Tyvand10] argued that better agree-
has become a serious problem of research. ment between the theoretical prediction and experimental data can

Coupled heat and mass transfer phenomenon in porous medigdSyptained when thermal dispersion effects are taken into con-
gaining attention due to its interesting applications. The flow phgifjeration appropriately.

nomenon is relatively complex rather than that of the pure therma Coupled heat and mass transfer phenomenon in non-Darcy
convection process. Processes involvi_ng heat and_mas_s transqu\l;\lls are studied by Karimi-Fard et g21] and Murthy and
porous media are often encountered in the chemical industry, df,gh[3]. The complexity of the flow increases when higher order
reservoir engineering in connection with thermal recovery prosacts jike thermal and solutal dispersion, wall channeling, and
cess, and in the study of dynamics of hot and salty springs ofgyosity variations are considered in the medium. A numerical
sea. Underground spreading of chemical wastes and other polltigy of double-diffusive free-convection heat and mass transfer
ants, grain storage, evaporation cooling, and solidification are the, square cavity filled with a porous medium has been done by
few other application areas where the combined thermo-solu{ddimi-Fard et al.[21]. A more general flow equatiotDarcy-
natural convection in porous medla_are observed. Combined h?@?chheimer-Brinkma}n coupled with energy and concentration
and mass transfer by free convection under boundary layer @ations, are solved using a finite volume technique. The inves-
proximations has been studied by Bejan and Ki&lr Lai and  tjgation showed that the inertial and boundary effects have a pro-
Kulacki [2], and Murthy and Singh3]. Coupled heat and massfound effect on the double-diffusive convection. The study is
transfer by mixed convection in Darcian fluid-saturated poroygjid for N=1 and it neglected the effect of double dispersion
medium has been analyzed by L[4]. The free convection heat yhich is most important in the non-Darcy mixed convection. A
and mass transfer in a porous enclosure has been studied receg;ﬁmarity solution has been presented in Murthy and Sif&jHor
by Angirasa et al[5]. the free-convection heat and mass transfer in a Forchheimer po-
- rous medium.

'Present address: Department of Mathematics and Humanities, REC WarangalThe effect of solutal and thermal dispersion effects in homoge-
A.P., 506 004, India. E-mail: pvsnm@recw.ernet.in neous and isotropic Darcian porous media has been analyzed by
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Beckermann. been presented. Using scale analysis arguments, Telles and Tre-
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visan[23] analyzed the double-dispersion phenomenon in a fregith the boundary conditions
convection boundary layer adjacent to a vertical wall in a Darcian
fluid-saturated porous medium. Depending on the relative magni- y=0: v=0, T=T,, C=C,
tude of the dispersion coefficients, four classes of flow were iden- y—%: u=u,, T=T,, C=C.|’
tified and the heat and mass transfer has been studied. ) .

In the present paper, the effect of hydrodynamic dispersion onHeré x andy are the Cartesian coordinatesandv are the
mixed convection heat and mass transfer near a vertical surf&4eraged velocity componentsxrandy-directions, respectively,
embedded in a porous medium has been analyzed under boundal§ the temperatureC is the concentration3 is the coefficient
layer approximations using the similarity solution technique. THe thermal expansiong is the coefficient of solutal expansion,
mixed convective flow is promoted by the uniform freestream ari@ the kinematic viscosity of the fluic is the permeabilityc is
density variations due to the combination of temperature and céH! empirical constang is the acceleration due to gravity, and
centration gradients. The Forchheimer flow model is consider@8dDe are the effective thermal and solutal diffusivities, respec-
and the porous medium porosity is assumed to be low so that {hé!y- The subscriptsv and< indicate the conditions at the wall
boundary effects in the medium may be neglected. The heat il at the outer edge of the boundary layer, respectively.
mass transfer in the boundary layer region has been analyzed foFollowing Telles and Trevisaf23], the expressions fox, and
aiding and opposing buoyancies for both the aiding and opposiRg ¢an be written asre=a+ ydu andD.=D + {du, wherea
flows. The flow, temperature, and concentration fields in Dar@ndD are the molecular thermal and solutal diffusivities, respec-
and non-Darcy porous media are observed to be governed twely, whereasydu and {du represent dispersion thermal and
complex interactions among the diffusion rétes), buoyancy ra- splutal _dlffuswltles, respectively. '_rhe above model for _thermal
tio (N), and Pe and Pg, the dispersion thermal and solutal dif-dispersion has been used extensw_ely by rese_archers like I_:’Iumb
fusivity parameters, in addition to the flow driving parameter RaA1l,_Hong et al.[13], Hong and Tien[12], Lai and Kulacki

Pe. Due to dispersion effects, heat transfer is enhanced whergaddl, Murthy and Singt{18,19,24 in studies of convective heat
the mass transfer coefficient becomes less predictable. transfer in non-Darcy porous media. For moderate and high Peclet

number flows, a linear variation of the thermal and solutal disper-
) ) sions with velocity has been proved to be reasonable, see, for
2 Governing Equations example, Saffma25] and Bear[{9]. Similar representation for

Mixed convection heat and mass transfer from the impermeat§iglutal dispersion can be seen in Dagag].
vertical flat wall in a fluid-saturated porous medium is considered Making use of the following transformation
for the study and the schematic is shown in Figrdproduced

(4)

T-T

from Lai [4]). The x-axis is taken along the plate anyehxis is n= ng}’z, f(n)= —w,i 0(n)= ——o
normal to it. The wall is maintained at constant temperature and X aPe} Tw=Te
concentration;,, andC,,, respectively, and these values are as- _
sumed to be greater than the ambient temperature and concentra- d(n)= z
tion, T, and C.., respectively. The governing equations for the Cw—C.
boundary layer flow, heat, and mass transfer from the walD : _
into the fluid-saturated porous mediw®0 andy>0 (after mak- the governing Eqsi1)~(3) become
ing use of the Boussinesq approximadi@me given by Ra
, f"+2F Pef’'f"=x—[6'+No'] (5)
u cVK au?  (KgpBy 0T+ KgB.\ oC L Pe
ay v Iy \ v |y v |ady @) 1
0"+ =f0' +Pe,(f'0"+f"6")=0 6
&T+ JT 9 T ) 2 & ) ©
Vo ey Ty |y @ Le
"+ —fp' +LePe(f' ¢"+1"¢')=0 7
s o s Pt q(f'¢ é') )
U tv o= oo D 3) N .
(28 ay ady ay and the boundary conditior(d) transform into

n=0: =0, 6=1, ¢=1
p—o: f'=1, 6=0, ¢=0|

The important parameters involved in the present study are the
local Peclet number Re U..x/«, the local Darcy-Rayleigh num-
ber Ra=KgpB+6,x/av, which is defined with reference to the
temperature  difference  alone, PE.d/la and Ra
=KgpBr6,d/av, are the pore diameter-dependent Peclet and
Rayleigh numbers, respectively. The inertial parametef jBe
=(c/Kaldv)(U..d/a)=c KU, /v (in the present study;,Pe is
varied as a single paramekerthe buoyancy ratio isN
= Bcdw!Brby, and the diffusivity ratio is Le a/D. The Lewis
number is nothing but the ratio of the Schmidt numbeiY) and
Prandtl numbefi/«). The flow governing parameter is Ra/Pe and
is independent ok. Ra/Pe=0 represents the forced convection
flow. The flow asymptotically reaches the free convection flow
limit as this parameter tends te. Pe, and Pg represent thermal

(8)

f f f f f f f f f t fUm and solutal dispersion parameters, respectively, and are defined
Too, Ceo here as Pg=yU..d/a and Pe=¢U..d/e. It is worth mentioning
that the thermal dispersion parameter, Ras been treated g®e
Fig. 1 Coupled heat and mass transfer by mixed convection in the works of Lai and Kulack[26] where the coefficients of
from a vertical plate in a saturated porous medium (reproduced thermal dispersion have been assigned values in the range 1/7 to
from Lai [4]) 1/3. Researchers like Gorla et f1.7], Hong and Tie12], and
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Hong et al.[13], who worked extensively on thermal dispersior

effects, treated them as a single paramei@s= yRa), as the 20 i i ' ' ' i K
value of y depends on the experiment. In the present investigatir FPe=0, N=-09, & =256
also, we consider the thermal and solutal dispersion paramet FPe=0, N=-01, B=21 —
Pe, and Pg with y and{ included in the parameters. In EG), 15 FPe=1, N=-09, 2 =45 0
the positive and negative signs represent aiding and oppos B o4 .

F,Pe =1, N=-0.1,

v

flows, respectivelyN>0 indicates the aiding buoyancy aml
<0 indicates the opposing buoyancy.

3 Results and Discussion ,

The resulting ordinary differential Eq$5)—(7) are integrated
by giving appropriate initial guess values ©1(0), #'(0), and
¢'(0) to match the values with the corresponding boundary co
ditions atf’(w), 6(»), and ¢(x~), respectively. NAG software
(DO2HAFE routing is used for integrating the corresponding
first-order system of equations and shooting and matching t
initial and boundary conditions. The results are observed up to
accuracy of 5.001075. Extensive calculations have been per , , . . .
formed to obtain the flow, temperature, and concentration fiel ~o 2 4 6 8 10 12 14
for a wide range of parameters<(F ,Pe<2, O<Ra/Pe<100,

—1<N=4, 0.0kLe<100, O<Pg =5, and O<Pg=5. As an n

indication of proper formulation and accurate calculation, the rc

sults obtained here are compared with previously published ana- ) ) ) )

lytical results. Fig. 2 Nqn_dlmen5|onal velocity profiles f'(n) for —1<N<O,

With F,Pe=0, Pg=0, and Pg=0, the present problem re- Le=0.1 (aiding flow )
duces to heat and mass transfer by Darcian mixed convection in
porous media analyzed by L#]|. By setting the parameteis

=0, Le=1, and Pg=0, the problem reduces to that of non- i N
Darcian mixed convection along a vertical wall in a saturate%lso clear from both these figures that the inertial effects delay the

porous medium, which has been studied by Lai and KulBt&]. occurrence of this phenomena. _The work by [_Zgidid not reveal
The comparison showed that the present results match exaé@f phenomenon; recently Angirasa et[&l] noticed flow rever-

with the results presented in the above works. WNes compa- for N=-0.5 and—1.5 when Le<1 in their study of free-
rable with —1, the temperature and concentration buoyancy gfonvection heat and mass transfer in a fluid-saturated porous en-

fects are of the same order of magnitude and in opposing dir osure. Thgy obser\{ed this phenomer)on at Iarge.values of the
tions. Due to this, the resulting flow does not have the parallipW-goverming Rayleigh number. Mahajan and Angirgad re-
double boundary layer structure. Contrary to what has been Rrted similar observations in connection with free-convection
ported by Bejan and Khaiil], Lai and Kulacki[2] and Murthy eat and mass transfer in the case of opposing buoyancies in clear
and Singh[3] found similarity solutions for Le'l and —1<N fuids also.

<0, and the solutions in the range bf<—1 are impossible.

These contradictions are resolved clearly in Lai and Kulg2ki

In fact, the results presented below uncover some interesting facts

regarding the flow field in the boundary layer, heat, and ma 12 7 T T T '
transfer coefficients. 1 FPe=0, Le=01, 2 =4
3.1 Aiding Flow. When buoyancy is aiding the flow, for 10 FPe=0, Le=05, &=

N>0 (aiding buoyancy cagehe tangential velocity evolves from FoPe=1, Le=01, 2 =9
nonzero wall velocity to uniform freestream velocity for all value: "
of Le>0. In the case of opposing buoyandy<0), when Le>1,

the flow field follows the same pattern. But wher<De<1, a
distinct feature is observed. The vertical component of velocii
attains negative values near the wall and well inside the bound:
layer. Far from the wall it attains its outer edge boundary cond ,
tion. This may be explained as follows. Whéh<0 the down-
ward species buoyancy overpowers the upward thermal buoyar
and Le<1 results in larger solutal diffusion than the thermal dif-
fusion. The favorable action of Ra/Pe to the flow field is countere
by the opposing buoyancyN< 0) and also by the higher solutal
diffusivity (Le<<1). The flow reversal is seen when the later ef
fects dominate the flow favoring mixed convection paramete
This phenomena is clearly seen in Figs. 2 and 3. In these figul
the tangential velocity component is plotted against similarit
variable for—1<N<O0 and O<Le<1.

2
F,Pe=1, Le=10.5, % =42

The Ra/Pe values indicated in the figures correspond to t . . : ) ”
minimum Ra/Pe for which flow reversal occurred under the fixe o 2 4 6 8 10 12
values of other parameters. For fixed Le, this value of Ra/Pe i
creases with the decrease in the value of the buoyancy ratio. | n

fixed value of buoyancy ratil, this value of Ra/Pe increases with
the increase in the value of the diffusion ratio Le. This phenomemrgy. 3 Nondimensional velocity profiles  f'(#) for 0 <Le<1, N
is seen in both Darcy and non-Darcy mixed convection flows. It is —0.5 (aiding flow )
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FPe=01, =12

.95
° FPe=01, 2=5——

F,Pe=10, 2 =1-g- ]
F,Pe = 1.0, %:- =5 —¢—

0.75
0.7
0.65

0.6

0.55 4 .
Le

Fig. 4 Heat transfer coefficient as a function of Lewis number
when N<O0. Here N=—-0.5, Pe,=0=Pe, (aiding flow ).

Now the heat and mass transfer coefficients, in terms of the

12

F,Pe=01, £ =1—-—
F,Pe = 0.1, % =5 —p—

wor F,Pe = 1.0, %:1—9— i
F,Pe = 1.0, %‘; =5 -

Sh
Pei 26

Fig. 6 Mass transfer coefficient as a function of Lewis number
when N<0. Here N=—0.5, Pe,=0=Pe, (aiding flow ).

=0 and Pg=0, the Egs.(9) and (10) reduce to Nu/P}"a2

Nusselt and Sherwood numbers in the presence of thermal and ¢’ (0) and Sh/PE*= —¢’(0). Theeffect of diffusivity ratio

solutal dispersion diffusivities, can be written as

Nu
@,2:—[1+Peyf’(0)]9’(0), 9)

Sh
@,2:*[1+Pegf’(0)]¢’(0). (10)

and the buoyancy ratio on heat and mass transfer coefficients is
plotted in Figs. 4-7 for two values of inertial parameter
F,Pe=0.1 (near Darcy-region and F,Pe=1.0 (non-Darcy re-
gion). The inertial effects always decrease the heat and mass
transfer coefficients in both opposing and aiding buoyancies. The
increase in the value of the mixed convection parameter increases
the heat and mass transfer rates. It is clearly seen from these
figures that the convection favoring effect of Ra/Pe is countered

With F,Pe=0, Pe=0, and Pg=0, the observations made here,y the microscopic drag due to the increase in the inertial param-
are consistent with those reported by [4]. It is observed that eter The heat transfer coefficient is observed to increase with the

for Le>1, the heat transfer coefficient increases Nz 0 and it

diffusivity ratio in the opposing buoyancy case whereas it de-

decreases foN>0. For Le<1, the situation is reversed. For,Pe craases’in the aiding buoyancy case. This is clearly seen from

2 T T T
F,Pe = 0.1,

1.8

F,Pe = 1.0,

s
A
FPe=01, £ =5 4 _
Ra
By g
Ra
B=s

F,Pe = 1.0, —e—

16

Le

Fig. 5 Heat transfer coefficient as a function of Lewis number
when N>0. Here, N=4.0, Pe,=0=Pe, (aiding flow ).

Journal of Heat Transfer

18 T T T
F,Pe=01, =10
161 pPe=o01, =5 i
b Fpe=10, 2=1-6-
F,Pe =10, £ =5 >
12

10
Sh

Pey2

0.1 1 10 100

Le

Fig. 7 Mass transfer coefficient as a function of Lewis number
when N>0. Here, N=4.0, Pe,=0=Pe, (aiding flow ).
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Table 1 —#0'(0) for N=—0.5, F,Pe=1.0 and Pe,=0

Le=1 Le=10

Ra/Pe f'(0) Pe=0 Pg=1 Pg=5 Pg=0 Pg=1 Pg=5

0 10 0.5642 0.3989 0.2303 0.5642 0.3989 0.2303

1 1.1583 0.5922 0.4027 0.2305 0.6054 0.4151 0.2368

5 1.6794 0.6793 0.4186 0.2354 0.7244 0.4544 0.2500

10 2.1926 0.7580 0.4344 0.2405 0.8247 0.4801 0.2568

20 3.0 0.8706 0.4557 0.2465 0.9617 0.5069 0.2627

50 4.7262 1.0768 0.4870 0.2541 1.203 0.5387 0.2684
100 6.7284 1.2797 0.5096 0.2588 1.4347 0.5581 0.2713y,
Pe,l: 2

Table 2 —#6'(0) for N=1.0, F,Pe=1.0 and Pe,=0

Le=1 Le=10
Ra/Pe f'(0) Pe=0 Pg=1 Pg=5 Pg=0 Pg=1 Pg=5
0 10 0.5642 0.3989 0.2303 0.5642 0.3989 0.2303

1 15616 0.6603 0.3892 0.1984 0.6377 0.3706 0.1901

5 3.0 0.8706 0.3771 0.1695 0.8083 0.3411 0.1576

10 4217 1.0203 0.3714 0.1609 0.9358 0.3323 0.1494 ol . ; .
20 6.0 1.2097 0.3657 0.1552 1.1012 0.3269 0.1449 0.1 1 R 10 100
50  9.6119 15295 0.3585 0.1507 1.3837 0.3234 0.1423 Z

100 13.7215 1.8237 0.3535 0.1488 1.6492 0.3221 0.1415

Fig. 9 Heat transfer coefficient as a function of Ra  /Pe when
F,Pe=1.0, Le=10.0, Pe,=0 (aiding flow )

Figs. 4 and 5. For fixed values of other parameters, the magnitude

of Nu/P¢/? for N>0 is higher than that foN<0 for all values of for Jarge Pe, in a very small region near the wall, the tempera-
Le considered in the study. This clearly indicates that the buoyire gradient is greatly increased and as a result heat transfer is
ancy ratio has significant effect on the heat transfer coefficiegiteatly enhanced due to thermal dispersion. The wall temperature
than the diffusivity ratio. Figures 6 and 7 clearly indicate thgradient values foF ,Pe=1, for two values oN=—0.5 and 1.0

favorable effect of the Lewis number on the mass transfer coeffire presented in Tables 1-2. The valug @) is dependent on
cient in both opposing and aiding buoyancies. Uniform trend in Pe and this is evident from the previous studies as well. From
the Sherwood number results is observed with increase in fi.qe two tables. it is also clear thd(0) depends on the buoy-
buoyancy ratioN from —1 to 4. . , ancy ratioN. The heat transfer coefficient written in terms of the
nonzero values of Bés studied for a wide range of values of Le._ y/(0) for the nonzero dispersion coefficient and is plotted in
The effect of thermal dispersion on the heat transfer is studl%s_ 8-9 for Le=1.0 and 10.0, respectively. Figures clearly indi-
keeping Pg=0. Consistent with the results presenteg in Lai angdyte the favorable influence of thermal dispersion on the heat
Kulacki [15] ﬁnd hHong Iadn.d Tien12], the value of—§'(0) dle- transfer results. The Nu/B8value increases with increasing Ra/
creases as the thermal dispersion coefficientiRereases. Also pg ajging buoyancy favors the heat transfer, whereas this favor-

able action is aided by increasing the value of Le when0 and

is suppressed by an increase in the value of Le wierD. This

11 T T T is evident from the Figs. 8—9. These results are in agreement with
_ _ a the results reported by L&#].
wf N=-05 Peu=0-o- e The effect of solutal dispersion on the mass transfer coefficient
4 N =-05, Pe, =1 ——

has been analyzed keeping,P&. The values of- ¢'(0) have
been tabulated foF,Pe=1 and for two values oN=-0.5 and

1.0 in Tables 3—4. Analogous to the pure thermal convection pro-
cess, the value of- ¢'(0) decreases with increasing values of
Pe . Interestingly, at large Re for large values of Ra/Pe, in a
relatively large regior{larger than that observed for thermal gra-
dients near the wall, the concentration gradient is greatly in-
creased. But, against this expectation, peculiar behavior in the
mass transfer coefficient is observed. The imbalance between the

N = -0.5, Pe, =5 —@—
N = 1.0, Pe,=0-0-
sk N= 10, Pe, =1+
Pe,=5..0-

Pei

Table 3 —¢'(0) for N=—0.5, F,Pe=1.0 and Pe ,=0

Le=1 Le=10
Ra/Pe f'(0) Pe=0 Pg=1 Pg=5 Pg=0 Pg=1 Pg=5

0 1.0 0.5642 0.3989 0.2303 1.7841 0.5379 0.2498
1 1.1583 0.5922 0.3888 0.2062 1.9329 0.512 0.2208
5 1.6794 0.6793 0.3555 0.1463 2.3534 0.4463 0.1534
10 2.1926 0.758 0.3258 0.105 2.7009 0.3992 0.1109
20 3.0 0.8706 0.2835 0.0716 3.1686 0.3441 0.0769
50 4.7262 1.0768 0.219 0.0483 3.9815 0.2678 0.0515
Fig. 8 Heat transfer coefficient as a function of Ra  /Pe when 100 6.7284 1.2797 0.1801 0.0383 4.7585 0.2168 0.0403
F,Pe=1.0, Le=1.0, Pe,=0 (aiding flow )

Ra
Pe
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Table 4 —¢’'(0) for N=1.0, F,Pe=1.0 and Pe ,=0 v T T T

o1 Le—10 ol N=-05 Pe=0-o ‘:1
N = -0.5, Pe¢ =1 ——
Ra/Pe f'(0) Pe=0 Pg=1 Pg=5 Pg=0 Pg=1 Pg=5 0 N =-0.5, Pe; =5 —o— i
0 1.0 05642 03989 02303 17841 05379 0.2498 M= 10, Pe=0-0
1 15616 06603 03892 01984 21381 04773 02078 | V=10 Pe=1-+ 1
5 30 08706 03771 0.1695 28864 04215 0.1728 N= 10, Pee=5-0 3
10 4.217 1.0203 0.3714 0.1609 3.4061 0.4018 0.1629 o
20 6.0 12097 03657 0.1552 4.0548 0.3858 0.1564  7r ]
50  9.6119 15295 0.3585 0.1507 5.1295 0.3698 0.1514
100 137215 1.8237 0.3535 0.1488 6.1278 0.3607 0.1492;, 4| : e
Pe;‘z

Lewis number and buoyancy parameter influence more against-
enhancement of mass transfer results. For=R%e the value of
—¢'(0) increases with increasing values of Ra/Pe for all value
of Le andN. For large Pg, the value of— ¢'(0) decreases rap-
idly to near zero values with increasing Ra/Pe.

The mass transfer results are not straightforward for analys
The complex interaction between LB, Pe, and Ra/Pe show
complex behavior for Sh/Ffé curves. The results presented in the . . ; L
Figs. 10 and 11 are for L1 and 10 withF ,Pe=1 and Pe=0. In 0.1 ! 10 100
the case of aiding buoyancy, when=g, the mass transfer coef-
ficient increases with Ra/Pe and the dispersion mechanism auy-
ments the mass transfer. In fact, these curves are same as the L ;
curves presented fdd=1.0 in Fig. 8(see the Eqs(5)—(7) with ﬁogp;ilg/l af:;rfg_sg%ceoiﬁéclé?éiiz %J\L,Jvngtlon ofRa  /Pewhen
Le=1). But this is not the case in the opposing buoyancy. When 7

N<O and Le=1, Sh/P&? increases with Ra/Pe for 0 and . . .
é/ pe arge values of Le, the effect of the dispersion parameter is not

Pg=1. When Pg=5, it increases with Ra/Pe up to the value # bl h in | | o
and then decreases thereafter. Its value becomes less than'qigraple for the mass transfer up to a certain low value of Ra/Pe.
Also, there exists a critical value of Ra/Pe after which the disper-

corresponding value for Pe 1 from Ra/Pe-20 onwards; it may p ianifi in th ; hani ith
be inferred that the strength of the solutal dispersion becom@@n €ffects are significant in the mass transfer mechanism. Wit

insignificant at higher values of Ra/Pe in the case of opposih§=10 andN<O0, the Sh/PE? curve for Pe=0 is always at a
buoyancy. higher level than that for Re1 and 5. This shows that as the

Unlike when Le=1, for Le>1, even forN>0, there is no clear Value of the Lewis number increases, the dispersion effects reduce
pattern for the mass transfer results. From Fig. 11 it can be dfe mass transfer rate at moderate and higher values of Ra/Pe in
served that the curve for Pel is always at a lower level than the opposing buoyancy. Thus the complex interactions between
that for Pe=0. Also, the curve for Pe=5 is at a lower level up FoP€, Le,N, Ra/Pe and the pair Pend Pe prevent us from

N

to Ra/Pe=5 and from that point onwards the ShjBealues are making any general statement about the mass transfer mechanism.

greater than the corresponding values of that fof=R This 32 Opposing Flow. The flow field becomes more complex
shows clearly that in the aiding buoyancy case, for moderate \ihen the freestream flow is opposing the buoyancy. Like in the

11 7 T T T 0.55 (T T T T
0 N = -0.5, Pec =0 —— A
1 N =-0.5, Pec =1 —— K

N =-0.5, Pe; =5 —8—

or N= 1.0, Pec=0-0- 7 0.5 L
N = 1.0, Pec =1 -+- N =-0.5 ——
8  N=10, P =59
o
i : 7 0.45
g Nu
Sh 6p E i
172 Pe;h
Pe; -
; +
51 a K 0.4
s ¥ 4
_AEI
3r ] 0.35

0.1 1 10 100

Le

Fig. 12 Heat transfer coefficient as a function of Le for various
Fig. 10 Mass transfer coefficient as a function of Ra  /Pe when  values of N when Pe ,=0=Pe,, Ra/Pe=1.0, F,Pe=1.0 (oppos-
F,Pe=1.0, Le=1.0, Pe,=0 (aiding flow ) ing flow )

Journal of Heat Transfer AUGUST 2000, Vol. 122 / 481

202 1990100 Gz U0 Jasn [eBusep -ABojouyoa] Jo ainyisul [euoieN Aq Jpd-L 79/ v/vL9B8LS/9LPIEIZE LIIPd-alolE I8)SuB EaY/BI0 BWSE" UoNos||00[eNBipawsey/:d)y WO} PapEOjUMOQ



Ra
Pe

Fig. 13 Mass transfer coefficient as a function of Le for vari-
ous values of N when Pe ,=0=Pe,, Ra/Pe=1.0, F,Pe=1.0 (op-
posing flow )

Fig. 15 Heat transfer coefficient as a function of Ra  /Pe in the
presence of thermal dispersion effects in non-Darcy flow. Here
F,Pe=1.0, Le=10.0, Pe,=0 (opposing flow ).

aiding flow case, the wall velocity depends only on the inertiaiffusivity will not alter the point of flow separation in both Darcy
parameter and the buoyancy ratio. It is independent on the Lewisd non-Darcy flows.

number. Flow separation is the most common feature observed inrhe heat and mass transfer coefficients in opposing flow are
the opposing flows. The flow separation point also depends on fhvesented in Figs. 12—17. As expected, the heat transfer decreases
buoyancy ratio. In the absence of thermal and solutal dispersiwith Le for opposing buoyancy, whereas it increases with Le for
effects, the separation point in the Darcy flo®,Pe=0) is seen aiding buoyancy. It is just a reverse mechanism to the aiding flow
to occur at Ra/Pe2.0, 1.1, 1, 0.5 foN=-0.5, 0.1, 0, 1.0, case and is clearly seen in Fig. 12. The Ng/Pealues for the
respectively. In the Forchheimer flow {Pe=1.0) the occurence gpposing buoyancy are at higher level than those for aiding buoy-
of the flow separation is delayed, the separation points are Glhcy. It is evident from the Fig. 13 that the mass transfer coeffi-
served to occur at Ra/Pel0, 2.3,2.0, 1.0foN=-0.5,-0.1, 0, cjent increases with Le here also, the SiPealues in opposing
1.0, respectively. The presence of thermal and solutal dispersigi,yancy are at higher level than those in aiding buoyancy. Aid-

14T Y

1.4 r

N = -0.5, Pe; =0 —o—

‘ N =-0.5, Pe, =0 —— 1.3k v o e

1.3k - b N =-0.5, Pe¢ =1 ——
N =-0.5, Py =1—— N =05 Pe—s

N =-0.5, Pe, =5 —5 | 1.2 =05, Pe¢ =35 -8-_

1.2 .
g Q
. 1.1 N
11t . .
1t T ! N= 1.0, P ]
N =10, P, =0.0- = 1.0, P =0 0.
N= 10, Pe,=1. 4 ] 0ol N = 1.0, Pee =1 .. i
Me % N= 10, Pe, =50 Sh N=10, P =5 g
P-elh Pey’
: 4

034 -
0.1 1

Ra

Pe
Fig. 14 Heat transfer coefficient as a function of Ra  /Pe in the

presence of thermal dispersion effects in non-Darcy flow. Here
F,Pe=1.0, Le=1.0, Pe,=0 (opposing flow ).
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Fig. 16 Mass transfer coefficient as a function of Ra  /Pe in the
presence of solutal dispersion effects in non-Darcy flow. Here
F,Pe=1.0, Le=1.0, Pe,=0 (opposing flow ).
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Ve T i ; coefficients is seen with increasing values of Ra/Pe. Here also the
N Lewis number has complex impact on the heat and mass transfer
16} 4 mechanism.
‘o
144 o i Acknowledgments

1.2 N =-0.5, Pe; =0 —o—
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Fig. 17 Mass transfer coefficient as a function of Ra  /Pe in the
presence of solutal dispersion effects in non-Darcy flow. Here
F,Pe=1.0, Le=10.0, Pe,=0 (opposing flow ).

Le =

N =
Nu/Pé’? =
Sh/Pé? =

ing buoyancy is hindrance to the free stream flow in the opposing pg, =

flow case, so a reduction in the transport quantities is observed. pe =
The variation of Nu/F’é2 with Ra/Pe in the opposing flow is Pe, =

plotted in Figs. 14—-15 witlr ,Pe=1 for different values oN and

Pe,. Thermal dispersion enhances the heat transfer rate in both Peg =

N>0 andN<O0 for all values of Le-0. Interestingly, for fixed

Le, and nonzero Be there exists one critical value of Ra/Pe Ra, =

before which the Nu/B& for N=1.0 is more than that foN Ra =

=—0.5 and after which its reverse is seen. These arguments are T =

evident from Figs. 14—15. uv =
The Sh/PE? is plotted against Ra/Pe fdt,Pe=1 and for six

combinations of PeandN in Figs. 16—17. Here also, the mass %Y =
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Nomenclature

inertial coefficient

concentration

pore diameter

mass diffusivity

effective mass diffusivity
nondimensional stream function

= c¢/KU., /v, parameter representing non-Darcian

effects

acceleration due to gravity

permeability

a/D, Lewis number

Bcodw! Br6,, buoyancy ratio

nondimensional heat transfer coefficient; ref E%).
nondimensional mass transfer coefficient; ref Eq.
(10

local Peclet numbeu_x/ «

u.,.d/ o

yU..d/a, parameter representing thermal dispersion
effects

{U_d/a, parameter representing solutal dispersion
effects

modified Rayleigh numbeKgB+6,X/ av
KgBr6,d/av

temperature

velocity components ix andy-directions,
respectively

Cartesian coordinates

transfer coefficient decreases with Ra/Pe, the dispersion effect &reek Symbols

hances the mass transfer, and the existence of critical Ra/Pe for
which the dual behavior of the mass transfer coefficient is ob-

served. In the opposing flow also, the complex interactions be- de —
tween these parameters do not permit a clear pattern for the heat Br B
and mass transfer results. ﬂ; B
v =

. v =
Conclusions 0=
¢ =

Similarity solution for hydrodynamic dispersion in mixed con- B
vection heat and mass transfer near vertical surface embeddedina 7 ~
porous medium has been presented. The heat and mass transfer in

the boundary layer region has been analyzed for aiding and @ubscripts

posing buoyancies in both the aiding and opposing flows. The
structure of the flow, temperature, and concentration fields in the
Darcy and non-Darcy porous media are governed by complex
interactions among the diffusion ratése) and buoyancy rati¢N)

molecular thermal diffusivity

effective thermal diffusivity

thermal expansion coefficient

solutal expansion coefficient

similarity variable

kinematic viscosity

stream function

nondimensional temperature
nondimensional concentration

coefficient of dispersion thermal diffusivity
coefficient of dispersion solutal diffusivity

evaluated at wall
evaluated at the outer edge of the boundary layer
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