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Abstract

This paper presents an analytical method to desctibe heat and mass
transfer in the flow of an incompressible viscolusdf past an infinite vertical
plate. The governing equations account for the odscdissipation effect and
mass transfer with chemical reaction of constardct®n rate. The coupled
partial differential equations describing the phemenon have been transformed
using similarity transformation and solved analgtly using iteration
perturbation method. The results obtained are pmes@ graphically. It is
discovered that the heat transfer rate decreases ttuincrease of Prandtl
number and Eckert number. Mass transfer rate desadue to increase of
Schmidt number and increases due to increase cficgarate.

Keywords. Heat and mass transfer, Incompressible fluid, ®iscdissipation,
Chemical reaction, Similarity transformation, Itéi@n perturbation method.



Simulation of Heat and Mass Transfer in the... 55

1 I ntroduction

Coupled heat and mass transfer problems in thepcesof chemical reactions are
of importance in many processes especially in itithkssand thus have received
considerable amount of attention in recent timesnayy scholars. Examples of
such processes can be found in drying, polymetrildigion of temperature and
moisture over agricultural fields and groves ofitfteees. The study of the flow
and heat transfer in fluid past a porous surfacedttracted the interest of many
scientific investigators in view of its applicat®nin engineering practice,
particularly in chemical industries, such as theesaof boundary layer control,
transpiration cooling and gases diffusion. An egtes contribution on heat and
mass transfer flow has been made by Khair and BEhnDoma et al. [2]
examined the two-dimensional fluid flow past a aacjular plate with variable
initial velocity. They investigate the motion ofethime-independent flow of a
viscous incompressible fluid. Hossain et al. [3jastigated the problem of natural
convection flow along a vertical wavy surface withiform surface temperature
in the presence of heat generation/absorption. €Cledral. [4] investigated the
hydro magnetic oscillatory flow through a porousdmen bounded by two
vertical porous plates with heat source and Sdfette One plate of the channel
is kept stationary while the other is moving withifarm velocity. Sharma and
Singh [5] investigated the effects of variable thal conductivity and heat
source/sink on flow of a viscous incompressiblecteleally conducting fluid in
the presence of uniform transverse magnetic fialti\zariable free stream near a
stagnation point on a non-conducting stretchingeshihe objective of this paper
is to obtain an analytical solution for describthg heat and mass transfer in the
flow of an incompressible viscous fluid past anriité vertical plate. To simulate
the flow analytically, the viscous dissipation effés retained and mass transfer
with chemical reaction of constant reaction rateossidered.

2 Model Formulation

Consider a steady two-dimensional mass transfex fdd an incompressible
viscous fluid past an infinite vertical plate. Thkate is maintained at a constant

temperatureT, and the concentration is maintained at a constahte C,.
Introducing a Cartesian coordinate systetraxis is chosen along the plate in the
direction of flow andy-axis normal to it. The temperature of uniform flaswT,
and the concentration of uniform flow S . The viscous dissipation effect is

retained and mass transfer with chemical reactiblonstant reaction rate is
considered. With the above assumptions the sysfegow@rning equations to be
solved is:

Continuity Equation

ou ov_, ) (1
ox oy
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Momentum Equation

ou odu_ 10P 0%
U—+Vv—=—-"——+U0— (2
ox 9oy pox oy’

Energy Equation

T T _ k 02T w(ou)
U—+V—=———+—| — 3
0x dy pc,ay° c,\0y
Species Equation
2
a—C+vaC—DaC2:—UC 4)

0X a_y_ oy
Boundary Conditions

The boundary conditions at the, i.ey,=0 are given by the no-slip velocity
condition. Thus

ux0)=0, vx0)=0, T(x0)=T,  c(x0)=C, (5)

At the edge of the boundary layer, the viscous flogide the boundary layer is
required to smoothly transition into the in vis@imv outside the boundary layer.

u(y - o) - U,(x), T(y - ®) - T,, Cly - »)=C,, (6)

where the subscripte& and e represents the condition at the wall and edgéef t
boundary layer respectively is the kinematic viscosity, is the time,p is the

fluid density, uand v are the components of velocity aloxgnd vy directions

respectively,T is the temperature of the fluid; is the species concentration,

c, is the specific heat capacity at constant pressarés the reaction ratek is

the thermal conductivityD is the diffusion coefficient.

3 M ethod of Solution

3.1 Variable Transformation

For the similarity transformations and the corregpog similar solutions, the
incompressible stream function can be defined by:
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‘36—‘5 =u @)
a_(// -
i v (8)

Equation (7) and (8) automatically satisfy the amunty equation (1). Then, the
momentum equation (2), species equation (4) andygregjuation (3) become:

oy 0 (oy)_ow o (ow)__1op, 0" (oy o)
dy ox\ ay ) 0x dy| dy poy oy*\ dy

2
oy oc_owac _oC_ 10)
dy 0x O0x oy oy
owar _awar _ k 0T w(a(ow)Y o
dy ox 0x dy pc, dy’ c,|ay\ dy

The dependent variable transformations are intredas follows:

wly)=0 E P 1(y) 12)

dxy)=U, 1 (7) =0x 1) a3
) =0 [ 10} (5-91) e
C(xy)=cln) (15)
T(xy)=T(7) 611

Independent variable transformation is introduceéodows:

-
n=y WX , (17)

whereg is Falkner-Skan pressure gradient parameter.
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Introducing equations (12) - (17) into the momentewouation (9), species
equation (10) and energy equation (11) and usirlgriSuequation at the edge of

the boundary layer, i.e.a—p:—,oue du, , results in:
ox dx
3p-2 3p-2 38-2 3p8-2
1 NG RS B 1/7x2"’ ff"——1 x 27 ff"——(’B 1)/7x2"” ff"=
(2-5) 2-p (2-5) (2-5)
3p8-2 3p8-2
CHEE Y B SN v B
2-P) 2-p)
(18)
1 282 2p-2 _a 282 25-2
IB 1,7X2—ﬂfrCr_ 1 X2— fCI_ﬁ 1,7X2—ﬁflC::D 1 X2—ﬂcn_d:
2-p 2-p 2-p 2-pBu
(19)
28-2 28-2 _q 282
ﬁ 1,7)(2—,8.[:!-'-1_ 1 XZ—ﬁfTI_ 1,7X2— fr-l-r:
2-p 2-p 2-p
23-2 B-
L 1 XﬁT".FIUlJ—ZX%f"Z
x, @-Pu (2- Ao,
(20)

In the above analysis, we consider an importantiapeasefs =1, corresponding
with stagnation point flow and by introducing thienénsionless temperature and
species concentration:

() =% ) =%('7%CC (21)
Results in:

f"+ff"—f'2+1=0 (22)
@' +PrEd"* +Prf@d =0 (23)
¢"+Scl' -Saw(¢+0,)=0 (24)

Together with boundary conditions
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f(0)=f'(0)=0, f'(7 - w)=1
6(0)=1 6(7 — »)=0¢, (25)
A0)=1 dn — ©)=0
Where
_HCy _ U ;
Pr—T. Prandtl number, Sc=—: Schmidt number,
2
Ec:U—e: Eckert number, o, :£ C. ]
Cp(T, -T.) C,-C,

3.2 Solution by Iteration Perturbation M ethod

We solve equations (22) — (25) using iteration ymbdtion method (where details
can be found in [6]).

Now we begin with the initial approximate soluti(where details can be found in

[6]):
fol7)=n —%(1—e‘b”), (26)

whereb is an unknown constant.

Equations (22) — (24) can be approximated by tHeviing equations:

fm_'_(,]_%(l_e—b/])jf"_'_l_f'2 =0 (27)
g+ PrEct "2 + Pr(n —%(1— e )je' =0 #9)
¢ +5{n-2h-e)|y-selp+ ) =0 @9)

We rewrite equations (40) - (42) in the form:

m " _ 1 _Aabn ) _ " _ f12 _
f+bf+/761e b|f"+1-f'“=0 130
@' +PrECt"? +Pr + Pr(fy —%(1— e‘b”)—lje' =0 (31)

¢ ++Sap + s{n —%(H‘”)—ljw -Sw(p+0,)=0 (32)
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Let1=0a, o =0pyand embed an artificial parametérin equations (30) — (31)
as follows:

fm+bf"+|:|(/7_%(1_e_b”)_bjf"+|:|a_|:| f'2 :O (33)
@' +Prect"? +Prg'+ PV(O —%(1—e‘b”)‘1jt9' =0 (34)
¢ ++soqd+Ds{n—%(l—e_b”)—ljcd—DSW(w 0,)=0 (35)

Suppose that the solution of equations (33) — ¢€ab)be expressed as:

t(7)=fo(n)+ 0 f,(n)+...
6(n) = 6,(n)+06,(n)+... (36)
dn)=a)+Daln)+..

Substituting (36) into (33) — (35) and processing,obtain

fr+bf! =0, f,(0)=0, f.(0)=0, fol7 - o) =1 (37)
6, +Prg, + PrEd ;2 =, 60=1  Gn-«)=0 (38)
o +Sog, =0, #0)=1 @l -=)=0 (39)

£ bf '+ (/7 —%(1—e‘b’7)—bjfo"+a— f2=0, £,(0=0, £(0)=0, /(7 - »)=1

(40)

6 +Prg + 2PrEd  f,"+ Pr(n—%(l—e‘b”)—ljﬁg =0, 6,00=1 87 -)=0

(41)
d+so +s{n )L -Soda +)=0. @0)=1 aly - =)=0
(42)

Seeking direct integration, we obtain the solutbrequations (37) - (42) as
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qze—bn —b/] _ -bn N 378_1),7 N 6e—2bf7 _ e—2b/7 N
3 2 3 3
f(”):(n_g(l_e_b,,)jm b b b b b 2b
b b>-2f> 5
o5 e +n
b® 2b®
(43)
h _h_hy e 4 h _h )
P* Pr Pr b 2 v
+[£— h, ﬁ E i Ej ~2br
6(/7) - a)e—Pm _ aie—an + aze—Pm_'_ |:| 4b2 4b2 2b 2b 4b3 2b
_& —-Prn _ h7 —-2bn +E —3bn +
o T e g
0 —(b+Pryy _ "12 AP
Mo e n e
b+Pr Pr
(44)
e 7 -S07 2,-S -s (1 }7 -s Sce™ yne >
=-———e > 7+0{ne>" -2 —-| —+1ine™" - +
#) Sc [,7 2 b b’(b+Sg  Sc
(45)
Where,
b’Ec b’ PrEc bEc+2
= , = = , = + PTZ,
20-Pr D@-P) 2 2 (@ *a,)
ql = Zaibprl q2 :(1+t_];j(a0 +a2)Pr2| q3 :(1+:_bLj2aibPr2| q4 :(¥jprzu
=2a, Pr, g, =b*PrEg q, = 4PrEg a, =4b* + )PrEg
:2PE bS_HJ' =i, =(q9_q1)' — )
0o = 2PrEq ) = h, —20 h = Pr_%
(0 +a) b
"= Pr—3b ’ P~2b’ = (Pr- 2b)2' "= (P 2o)3’
h ~ 9 h, = "% %% %t . G %
° b’ ! Pr—Z) P20 Pra (P—20)°* b’
Pr Pr h Pr hyPr hPr hPr hPr Pr
= - hz (PoPrh RPr RPr_Pr hPr_RPr RGPr_
b Pr 2o 3 4° 4b 20  b+Pr

The computations were done using computer symbalgebraic package

MAPLE.
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4 Results and Discussion

The systems of partial differential equations diéstg the mass transfer flow of
an incompressible viscous fluid past an infinitertical plate are solved
analytically using a similarity transformation aitdration perturbation method.
The numerical values of Skin Friction, Nusselt Nembnd Sherwood Number
are arranged in Table 1 below for various valueghef parameters involved.
Analytical solutions of equations (22) - (25) aremputed for the values of
Pr= 071085100, Sc= 022 062 078 Ec= 0001, 0030, 0050

o =200, 400, 600, = 001, b=23062.

The following figures explain the fluid temperatuaad species concentration
distribution against different dimensionless partarse

From figure 1, we can conclude that with the insee@f Prandtinumber (Pr),
temperature decreases.

1.0+,
0.9
0.8
0.7 .
8(n) — Pr=0.71
Pr=0 85
- Pr=1.00
0.5
0.4

0 02 04 0.6 0.8 1
il
Figure 1: Variation of Temperatire with Pr

From figure 2, we can conclude that with the inseeaf Schmidt number (Sc),
species concentration decreases.
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Figure 2: Vanation of Concentration with Sc

From figure 3, we can conclude that with the inseeaf Eckert number (Ec),
temperature increases.

1.1

1.0

0.8+

8(n) 0.8 —— Ec=0.001
Ec=0.030
Ec=0.030

0.6 -

0 02 0.4 0.6 0.8 1
n
Figure 3: Varation of Temperatire with Ec
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From figure 4, we can conclude that with the inseeaf reaction ratéo), species

concentration increases.

2000 4
1501
1000 4

3001
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- g=2l0
=400
=600

04 0.6
n

0.8 1

Figure 4: Variation of Concentration with o

Table 1: The numerical values of skin friction, rate of head mass transfer

o Ec Pr Sc £"(0) 6(0) ¢(0)
200 | 0.001| 0.71 0.22 2.41302992 -0.7217070810 960306
200 | 0.001| 0.85 0.22 2.41302992 -0.8641426876  960%D6
200 | 0.001| 1.00 0.22 2.41302992 -1.016785310 960 3%
200 | 0.001| 0.7 0.62 2.41302992 -0.7217070810 38Z2X%/8
200 | 0.001| 0.71 0.78 2.41302992 -0.7217070810 2301%2
200 | 0.030| 0.71 0.22 2.41302992 -0.7450149972  960%D6
200 | 0.050| 0.71 0.22 2.41302992 -0.7610894222 960506
400 | 0.001| 0.7 0.22 2.41302992 -0.7217070810 1871959
600 | 0.001| 0.71 0.22 2.41302992 -0.7217070810 233868
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5

Conclusion

From the studies made on this paper we concludede.

agrwnE

N

Prandtl number decreases the fluid temperature.

Schmidt number decreases the species concentration.

Eckert number enhances the fluid temperature.

Reaction rate enhances the species concentration.

Heat transfer rate decreases due to increase ofitPraumber and Eckert
number.

Mass transfer rate decreases due to increase ofidchumber.

Mass transfer rate increases due to increase ctionaate.
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