Journal of Engineering Sciences, Assiut University, Vol. 34, No. 6, pp. 1905-1918 , Nov. 2006

EFFECTS OF CHEMICAL REACTION ON DOUBLE DISPERSION
HEAT AND MASS TRANSFER IN NON-DARCY POROUS MEDIA

M. F. EI-Amin
Department of Mathematics, Faculty of Science, South Valley University,
Aswan, Egypt.  E-mail: mfam2000@yahoo.com

W. A. Aissa
Mechanical Power Department, High Ingtitute of Energy, South Valley
University, Aswan, Egypt. E-mail: walid_aniss@yahoo.com

(Received August 12, 2006 Accepted October 17, 2006 )

In this paper, the effects of chemical reaction and double-dispersion on
non-Darcy free convection heat and mass transfer from semi-infinite
vertical surface in a fluid saturated porous medium are investigated. The
Forchheimer extension (nom-Darcy term) is considered in the flow
equations, while the chemical reaction power-law term is considered in
the concentration equation. The first order chemical reaction (n=1) was
used through this study. The thermal and mass diffusivities; a, and D, are
variables defined as o, = a +ydu| and D, =D +Zdu|, respectively.
The flow, temperature and concentration fields in Darcy and non-Darcy
porous media are observed to be governed by complex interactions among
the diffusion rate; Le, buoyancy ratio; N, and the parameters
Y.(,F,Ray,X. Numerical results for the details of the velocity,

temperature and concentration profiles as well as heat transfer rate
(Nusselt number) and mass transfer rate (Sherwood number) which are
shown on graphs have been presented.

KEYWORDS : chemical reaction, dispersion; porous medium; heat
and mass transfer

1. INTRODUCTION

Chemical reaction effects should be consideredhany applications of heat and
mass transfer especially, convection in chemicators of porous construction.
Anjalidevi and Kandasamy [1] studied the effectsissl by chemical diffusion
mechanics and the inclusion of general chemicatti@a of order n on combined
forced and natural convection flows over a seninité vertical plate immersed in an
ambient fluid. They stated that the presence o i or water is impossible in nature
and that some foreign mass may be present eittweratig or mixed with air or water.
Mulolani and Rahman [2] studied laminar naturalvaation flow over a semi-infinite
vertical plate under the assumption that threcentration of species along tpéate
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NOMENCLATURE
Fo Structural and thermo B Thermal expansion coefficient
physical parameter B°  Solutal expansion coefficient
G Gravitational accleration x  Non-dimensional chemical
reaction-porous medium paramete
Gc Modified Grashof number, ¢ Dimensionless Concentration
|_= B'g(C, -C.) x° /VZJ y  Mechanical thermal dispersion
coefficient
Jv  Local mass flux n Similarity space variable
K Molecular thermal conductivity A Non-dimensional chemical reactign
parameter
K  Permeability of the porous u Fluid dynamic viscosity
medium
Ko Chemical reaction parameter Vv Fluid kinematic viscosity
ks Dispersion thermal 0 Dimensionless temperature
conductivity
ke Effective thermal conductivity p Fluid density
Le Lewis number, [s0/D] ¢  Stream function
N  Order of reaction { Mechanical solutal dispersion
coefficient
N Buoyancy ratio
Nu, Local Nusselt number Subscripts
P Pressure
Pr  Prandtl number, [w/a] D Pore diameter
Q Heat transfer rate XIn the direction of x and y
y
Ra Rayleigh number WSurface conditions
Re; Local Reynolds number o Conditions away from the surface
Sc  Schmidt number, [w/D]
Sh, Local Sherwood number Superscripts
T Temperature " Derivative with respect tn

follows some algebraic law with respect to chemiealktion. They obtained similarity
solutions for different orders of reaction; n anch®idt number; Sc. At constant
temperature, the rate of chemical reaction dependhe concentrations of reactants
and products [3], it may also depends on catabstsinhibitors. The rates of chemical
reactions are obtained from measurements of corat@mt as a function of time. The
rate of reaction depends primarily on the ordethefreaction with respect to reactant
A. Prasad et al. [4] studied the influence reactiare on the transfer of chemically
reactive species in the laminar visco-elastic flflav immersed in porous medium
over a stretching sheet. They concluded that tleetedf chemical reaction is to reduce
the thickness of concentration boundary layer anithtrease the mass transfer rate
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from the sheet to the surrounding fluid and thé #ffect is more effective for zero
and first order reactions than second and thir@mrelactions.

Study of the thermal dispersion effects becomeglesx in the porous media flow
region. The thermal and solutal dispersion effé&some more important when the
inertial effects are prevalent. Fried and Combasn&l] proposed a linear function to
express the thermal dispersion. Also, a linearatsipn model takes the porosity of the
porous medium into account is used for free comeean a horizontal layer heated
from below was introduced by Georgiadis and CafjnCheng [7] and Plumb [8]
gave another model for flow and heat transfer inops media by taking thermal
dispersion effects into consideration. An analysisthermal dispersion effect on
vertical plate natural convection in porous medigpliesented by Hong and Tien [9].
Lai and Kulacki [10] investigated thermal dispersieffect on non-Darcy convection
from horizontal surface in saturated porous meHffects of thermal dispersion and
lateral mass flux on non-Darcy natural convectiorrca vertical flat plate in a fluid
saturated porous medium were studied by Murthy&ingh [11].

The complexity of the flow increases when higbeder effects like thermal and
solutal dispersion are considered in the mediunminkieFard et al. [12] presented a
numerical study of double-diffusive free convectlwat and mass transfer in a square
cavity filled with a porous medium. Began [13] Heesen analyzed the effect of solutal
and thermal dispersion in Darcian porous mediune dduble dispersion phenomenon
in a free convection boundary layer adjacent tcedical wall in a Darcian porous
medium, using scale analysis arguments, was imgaeti by Telles and Trevisan [14].
Effects of double dispersion on mixed convectioattend mass transfer in non-Darcy
porous medium has been investigated by Murthy [Egcently, EI-Amin [16] has
studied the problem of double-dispersion on nonelpéiree convection heat and mass
transfer over a vertical flat plate in a fluid satied porous medium.

The present investigation is devoted to study tombined effect of chemical
reaction and solutal/thermal dispersion on Forankeinatural convection heat and
mass transfer over a vertical flat plate in a flgdturated porous medium. The
Forchheimer extension (non-Darcy term) is considiémghe flow equations, while the
chemical reaction power-law term is consideredhndoncentration equation. The first
order chemical reaction (n=1) was used through shisly. Thethermal and mass
diffusivities are defined in terms of the molecuthermal and solutal diffusivities
respectively The flow, temperature and concentration field®arcy and non-Darcy
porous media are observed to be governed by comiplExactions among the

diffusion rate; Le, buoyancy ratio; N, and the paetersy ,( , i ,Ra,,X. The wall
temperature and the wall concentration distributiomassumed to be unifarm

2. FORMULATION OF THE PROBLEM

In the present study, the effect of chemicattiea; of order n, on non-Darcy natural
convection heat and mass transfer over a semn#@afivertical surface in a fluid
saturated porous medium is considered. The x-axigken along the plate and the y-
axis is normal to it. The wall is maintained at stamt temperature and concentration,
Tw and G, respectively, and these values are assumed ¢odager than the ambient
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temperature and concentratidn,and C_, , respectively. The governing equations for
this problem; [2] and [16] are given by:

Mass:
@+@:O (1)
ox oy
Momentum:
/K )
u+—-u =-—(—p+pg) )
c\/? 0
v LT (3)
Y u oy
Energy:

T aT _ 9, oT. a8, aT
WSV = (o, )+ (a

— 4
ox 9y Ox Tox oy yay) )

Concentration:

oC o0C _ o0 oC, 0 oC
u—+v—=—(D, —)+—(D,—)-K,(C-C)" 5
ox Vay aX(xa) ay(yay) o(C-C.) (5)
Density:
P=p,A-B(T-T,)-B*(C-C,)I (6)

along with the boundary conditions
y=0:v=0, T, =const, C, =const,

L (7)
y-o0o:u=0T-T, C-C,_.

The chemical reaction effect is acted by the teisn of Eq. (5), where, the power n
is the order of reaction andoKs the chemical reaction parameter. The normal
component of the velocity near the boundary is krnampared with the other
component of the velocity and the derivatives of gnantity in the normal direction
are large compared with derivatives of the quanttyirection of the wall. Under
these assumptions Eqg. (1) remains the same, ®h#e(2)-(6) become

K, o
u+ -— —p+pg) (8)
ap
= 9
oy )
oT dT _ 0 oT
u—+v—=—»;(a,— 10
ox oy ay( Y ay) (10)
ac oCc _ o0 oC
—+v —)-K,(C-C,)" 11
aX ay ay( y ay) 0( oo) ( )
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Following Telles and Trevisan [14], the quaestiofa, and ) are variables and are
defined asa, =a +ydu and D, =D +{dul,where,a and D are the molecular

thermal and solutal diffusivities, respectively, ambas ydu| and Zdu| represent

dispersion thermal and solutal diffusivities, regpely. This model for thermal
dispersion has been used extensively by researtker€heng [7], Plumb [8], Hong
and Tien [9], Lai and Kulacki [10] and Murthy anth@h [11] in studies of convective
heat transfer in non-Darcy porous media.

Having invoked the Boussinesq approximationsthwsubstituting Eq. (6) into
Egs. (8) and (9), eliminating the pressure andvilecity components u and v can be
written in terms of stream functiofy as:u =0y/dy andv = —-dy/0x, we obtain:

2 *
a_liJ+_C\/Ri(a_w 2 - KgBa_T+ KgB a_C p (12)
oy v oy oy H oy u oy
QY oT oY aT _ oy, 0
il 13
oy X ox ay ay [( yd ) ] !
AW aC oy aC an aC .
s i S -K,(C,-C 14
dy 9x  ox dy ay[( ) 0(C,=C.)" @ (14)
Introducing the similarity variable and sirnilarity proﬁles; [16]:
c-C
-Ra’2 YL = = 15
n=Ra’ ,6(n) = (P( )= c.—C. (15)

W

where Rais the modified local Rayleigh number; [16], Ra, = KgB(T,, — T, )x/av .
The problem statement then becomes:

£+ 2FRaf'f" =0 + Ng (16)
0"+>18 + yRa,(1'6" +17 ) =0 (17)
@ += 1 Lefcp +{ LeRa,(f'¢' +f'@) - Sd\ . (p“ =0 (18)

e

With analogy to [2] and [18] Gc is the modifi€&&rashof number, Res local
Reynolds number, Sc andl are Schmidt number and non-dimensional chemical
reaction parameter defined as

Ge=B'g(C, -C.)’x*/v? Re, =u,x/v
} (19)

Kod d(C -C )n—3
Kgg" * " 7

where the diffusivity ratio (Lewis number) , Le tise ratio of Schmidt number and
Prandtl number, and is reference velocity; [17] defined as,

and A=




1910 M. F. EIF-Amin and W. A. Aissa

u, = 1/g[3diTW -T, ) (20)

Equation (18) can be rewritten in the followingrfor

I U n,

@ +f'P)-x 9" =0 (18)

With analogy to [4] and [18], the non-dimensionhémical reaction -porous medium
parametery is defined as

Q'+ % Lef@ +{ LeRa,(f

Gc

=SA\ 21
X RE (21)
The boundary conditions become
f(0) = 08(0) = ¢(0) =1, f(w) = 6(c0) = ¢(0) =0 (22)

As mentioned in [16], the parametéy, = C\/RG /vd represents the structural and

thermo physical properties of the porous medigay, = Kgp(T,, — T, )d/av is the
pore diameter dependent Rayleigh number which deescthe relative intensity of the
buoyancy  force, such that d is the pore diameter, and
N=p*(C, —-C,)/B(T, —T,) is the buoyancy ratio.

It is noteworthy that /= O corresponds to the Darcian free convecljor 0O
represents the case where the thermal dispersi@ct et neglected and = 0

represents the case where the solutal dispersfenté$ neglected. In Equation (16),
N > 0 indicates the aiding buoyancy and N < O iatés the opposing buoyancy.
From the definition of the stream function, the velocity components; [16] become

a a
u=—Raf', v=-—Raf -nf’ 23
o R oy a1 =nf] (23)
The local heat transfer rate which is the primary interest of the study is given by; [16]
oT oT
q, =k.— =-(k+ky)— {24
oy|._ ay|. .
y=0 y=0

where k. is the effective thermal conductivity of the pasanedium which is the sum
of the molecular thermal conductivity k and thepersion thermal conductivityyk

Together with the definition of the local Nugsalimber Ny [16]

Nux = q—Wi (25)
T, - T, K,
Hence,
Nu,Ra;"? = -1+ yRa,F (0)]6'(0) (26)
Also, the local mass flux is given by
9C (27)

iy =-D, %=
Yay y=o0
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Therefore, the Sherwood number; [16] is defined by
Sh,Ra;*? = -[1+{Ra,F (0)]¢ (0) (28)

3. RESULTS AND DISCUSSION

In order to get the physical insight, the systdrordinary differential equations
(16)-(18) along with the boundary conditions (22 integrated numerically by means
of the fourth-order Runge-Kutta method with shogtitechnique. The step size

An = 005 is used while obtaining the numerical solutionhwy, ., =4 and five-
decimal accuracy as the criterion for convergeNeanerical computations are carried
out for 0<F,<05, 0<lLe<40, 05<Ra;<10, 0<y,(<05, and
000< x < 008 for the two cases aiding buoyancy (N>0) and opmpgiuoyancy
(N<0) and first order of chemical reaction ( n = 1)

The behaviors of velocity and temperature profflesdifferent values of the
non-Darcy parameter;ofare shown inFigs. 1 and 2, respectively. It is clear from
Fig. 1 that the non-Darcy parameter reduces the velotitse to the wall while it has
no effect far from itFigure 2 illustrates that there is slight increase in gn@perature
as a result of increasing the non-Darcy parametebe shown ifFig. 2.

‘ 0o 14 20 30 40 00 1.0 20 30 40
n g ' :

Figure 1. Variation of dimensionless Figure 2: Variation of dimensionless
velocity ; f' with similarity space temperature; 6 with similarity space
variable; n for different Fy ( Le (1= 0.5, variable; n for different Fy (Le 1= 0.5,
Raq=0.7,N=-0.1,y==0.0,x=0.02) Rayz=0.7,N=-0.1,y==0.0, x =0.02).

Effects of Lewis number on Nusselt number and Shedrmumber for variousgF
are shown irFigs. 3 and4, respectively. It is interesting to note, frafiy. 3, that the
parameter f-has a clear effect on the heat transfer rate whaléas a small effect on
it. The opposite is true for the mass transfer estdllustrated irFig. 4. Moreover,
increasing of the non-Darcy parametey,cBuses a reduction in the heat transfer rate,
while, Lewis number Le enhances it slightly. On titeer side, there is an evident
effect (reducing) of the parametey ¢h the mass transfer rate (Sherwood number) with
increasing of the Le values.
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Figure 3: Effect of Lewis number on Figure 4: Effect of Lewis number on
Nusselt number for various Fo (X = Sherwood number for various Fq (X =
0.02,N=-0.1,Rag=0.7, y==0.0) 0.02,N=-0.1,Rag=0.7,y==0.0)

Figures 5 and 6 illustrate the effects of Le on velocity and corication
profiles, respectively. The sensitivity of concemitsn distribution for Lewis number
Le is higher than that of the velocity function. Byoking for the non-dimensional
concentration equation, we find that Le appeamsdst of equation terms, which may
interprets this behavior mathematically. By the wag Le increases the velocity
profile increases while the concentration distiidnuidecreases.

0.8 1.0

1 | ——Le=00
06 \ 081 \\\t\ ——le-10
] ——le=20
1 ' 0.6 ——Le=30
N Le=0.0 \X\’\\\\\ —*1le=4.0

- 04 ’ N — &

7 | e Le=10 Y
KR ——1le=30 1 ’\,&\\\\\\\
0.2

0.0 ‘ ‘ ‘ ‘ ‘ ‘ ‘ 0.0 ‘ ‘ ‘ : ‘ 3
0.0 1.0 2.0 3.0 4.0 0.0 1.0 2.0 3.0 4.0

0.2

Figure 5: Effect of Le on velocity variation Figure 6: Effect of Le on concentration
(Fo 0= 0.3, Rag = 0.7, N = -0.1, y = { = variation (Fo J=0.3,Rag = 0.7, N =-0.1,
0.0, x =0.02). y={=0.0, x =0.02).

Figures 7-9 show the velocity, temperature and concentratiespectively, as
functions of the similarity variablg for various values of the buoyancy parameter; N.

It is observed, from these figures, that the buoyaenhances the velocity while it



EFFECTS OF CHEMICAL REACTION ON DOUBLE DISPERSION.... 1913

reduces both of temperature and concentration IpsofiVariations of both Nusselt
number and Sherwood number with the buoyancy Mtare plotted as a function of
Le in Figs. 10 and11, respectively. It can be seen that the buoyaniy Menhances
both of heat and mass transfer rates.

The behavior of the velocity profiles according time variation of the
parameter Rais shown inFig. 12. It is clear from this that the parameteryReduces
the velocity close to the wall while it has no efféar from it.

Effects of Lewis number on Nusselt number and Sbhedmnumber for various
Ra, are shown irFigs. 13 and14, respectively. It is interesting to note that reasing
of the parameter Racauses a reduction in both of the heat transfier @ad mass
transfer rate.

12 1.0
N |
10 \,Q\ 08
0.8 :b‘\ ——N=-0.1 ]
BN TNy || o
1 ——N=0.1
06 ——N=03 ]
- 1 \&\X —*-N=05 .4
=04 ]
0.2 0.2 1
0.0 . : , 0.0
0.0 1.0 2.0 3.0 4.0 0.0
n

Figure 7: Variation of dimensionless

velocity ; f '

with  similarity space

variable; n for different N (L e (= 0.5,
Fo =03, Rag=07,y=C=0.0,x =

Figure 8: Variation of dimensionless
0 with similarity space
variable; n for different N (Le = 0.5, Fq =
0.3, Rag4=0.7,y==0.0, x =0.02)

temperature;

0.02).
1.0 0.54 ——N=-0.1
——N=0.0
| 0.52 }\X\ ——N=0.1
0.8 —~ i ——N=10.3
\)\\ 0 \x\, —%=N=05
1 - o 030 T R—y ]
05 \ ——N=-01 o ]
. \& ...... n=on | & 0.48 - —
e x&x e e I B
4 .\\. Z 3
0.2 ; 0.44 7.—__._—_.__‘__._4-—4———0——4—
7] 042 T T T T T T T
0.0 ; ; ‘ 0.0 1.0 2.0 30 4.0
0.0 10 4 20 30 4.0 Le
Figure 9: Variation of dimensionless Figure 10: Effect of Lewis number on

concentration; ¢ with similarity space
variable; n for different N (Le = 0.5, Fo =

Nusselt number for various N (x = 0.02,
Fo=0.3, Rag=0.7, y=C=0.0).
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0.3,Rag=0.7,y=2=0.0, X = 0.02).

12 1.0

——Rag=)5

1.0 0.8 RAL_0.7
—~ i ! ——Ra(g=0.
g 0.8 /% 0.6 ——Rad=0.9
<c8< i - 1 ——Rad=1.0
x 06 ——N=-0.1 104
E | ——N=0.0 1 \.\.\
——N=0.1
n 047 ——N=03 0.2
3 —*—N=05 ]
0.2 \ ‘ 0.0 ‘ ‘ ‘ ‘ ; ‘ ‘
0.0 1.0 2.0 3.0 4.0 0.0 1.0 2.0 3.0 4.0
Le n

Figure 11: Effect of Lewis number on Figure 12: Velocity variation at different
Sherwood number for various N (x = values of Rag (LelJ = 0.5,FO = 0.3, N =
0.02, F=0.3, Ra4=0.7, y={=0.0) -0.1,y=( = 0.0, x =0.02)

0.46 —{ ——Ray =05 1.0 7
1| =—Ray =07 09 . ——R8, =05 .
045 1 _, per =09 oo 4 _____ Ra, = 07
_— —— 7
@ 044 1] ——Ras=10 @« =
e s § [ PSSl e L B
v o b1 os L ad
<9 [ i /
X 042 < 05
= 0.
=] = 1 /
Z 041 % 04 7
0.40 : ‘ 0.3 L
0.0 10 2.0 30 40 0.2 , : ,
Le 0.0 10, 20 3.0 4.0

Figure 13 Variation of Nusselt numberFigure 14 Variation of Sherwood

with Lewis number for various Réx = number with Lewis number for various

0.02,N=-0.1, F=0.3,y=¢=0.0) Ray (x =0.02, N=-0.1,#/=03,y=(=
0.0)

Effects of the chemical reaction parametesn the concentration parameter as
a function of the boundary layer thickness aretetbtn Fig. 15. The figure indicates
that as the chemical parameter increases the cvaten profiles decreases. As it may
be expected, the chemical reaction parameter eehahe mass transfer rate in terms
of Sherwood number as shownHiy. 16. It is worth mentioning that the effects of
chemical reaction on velocity and temperature f@efas well as heat transfer rate are
negligible.

Figures 17 and 18 illustrate, respectively, the effect of Lewis nuenbon
Nusselt number and Sherwood number for variQus. The parametef reduces the

heat transfer rate especially with high Le valuasthe case of mass transfer rate in
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terms of Sherwood number, the paramefeincreases the mass transfer rate with

small values of Le and the opposite is true fohhiglues of LeFigure 19 indicates
that the thermal dispersion parameter enhancessthigtransfer rate.

1.0 ‘ 1.0
7 = 0.9
08 N x=0.00 05
] X ...... X =0.04 /L(? a
0.6 \ S 07
N —%—x=008 | < ]
e 1 \ X D:c\:f 0.6 1
04 X\x\t\i\( § 05
0 R 5 04 A
, 0.3 &=
o (P E—_—_—————
0.0 1.0 2.0 3.0 4.0 0.0 1.0 2.0 3.0 4.0
n Le

Figure 15: Variation of dimensionless
concentration; ¢ with similarity space
variable; n for different x (Le = 0.5, Fq =
0.3, Rag=0.7,y=C( =0.0, N =-0.1).

Figure 16: Effect of Lewis number on
Sherwood number for various x [(Fq =
0.3, N=-0.1, Rag=0.7, y={=0.0).
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4.0 0.0 1.0 2.0 3.0

o
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0.420
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Figure 17: Variation of Nusselt number
with Lewis number for various {7 (x=0.02.
Ray = 0.7, Fy = 0.3, N =-0.1, 0y =
0.000)

Figure 18: Effect of Lewis number on
Sherwood number for various {1 (X
=0.02. Rag = 0.7, Fp = 0.3, N=-0.1,
10 Oy =0.00)

4. CONCLUSIONS

The effects of chemical reaction and double-@lisiopn on non-Darcy free convection
heat and mass transfer from semi-infinite vertmaiface in a fluid saturated porous
medium are investigated in this article. The fle@mperature and concentration fields
are observed to be governed by complex interacteoneng the diffusion rate Le,
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buoyancy ratio N, and the parameters Le, W( , i ,Ra,,X. One can conclude the
following notes:

0.56
7r——"‘_'°_’_f —
0.54 —— y=00—|
i —— y=01
=~ 052 —— y=03_|
LO, | —— y= 0.5
S 050 f—u
< 1
X 048
¥>< |
S 0.46
=z *—
0.44
0.42 T T T T T T T
0.0 1.0 | 20 3.0 4.0

Figure 19: Variation of Nusselt number with Lewis number for various y [
(x=0.02. Ra4=0.7,F;=0.3, N=-0.1,{=0.0).

With analogy to the case of absence of atedmeaction treated in [16], the non-
Darcy parameter; Jreduces the velocity close to the wall while is e effect far
from it, causes a slight increase in the tempeeasind reduces the heat transfer rate.
Similarly, Lewis number; Le enhances the heat feangate, increases the velocity
profile and decreases the concentration distributidie buoyancy ratio; N increases
the velocity, reduces both of temperature and aunagon profiles and enhances both
of heat and mass transfer rates.

It was found that the effect of chemicalatson is to decrease the concentration
profile and increases the Sherwood number.
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