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A numerical approach has been adopted to investigate the steady chemically mixed con-
vection boundary layer flow from the right face of a vertical plate of finite thickness. Cold fluid
flowing over the right face of the plate contains a heat generation that decays exponentially
with a dimensionless distance from the surface. The left face of the plate is in contact with
a hot flowing fluid. The heating process on that side is characterized by a convective boundary
condition that takes into account the conduction resistance of the plate as well as a possible
contact resistance between the hot fluid and the left face of the plate. Using a pseudo simi-
larity approach, the governing equations for the mixed convective flow over the right face of
the plate are transformed into a set of coupled ordinary differential equations which give local
similarity solutions. The effects of local Grashof numbers (defined to represent a mixed convec-
tion parameter), Prandtl number, and the internal heat generation parameter on the velocity,
temperature and concentration profiles are illustrated and interpreted in physical terms.

Key words: chemical reaction; natural convection; convective boundary condition; internal
heat generation; buoyancy effects.

NOTATIONS

Bi, — Biot number for hot fluid,
¢p — cold fluid specific heat,
f(n) — similarity function,
f'(n) — dimensionless velocity,
6(n) — dimensionless temperature,
¢(n) — dimensionless concentration,
g — gravitational acceleration,
Gr; — local thermal Grashof number,
Gc, — local concentration Grashof number,
hy — convective heat transfer coefficient,

k — thermal conductivity of fluid,
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kp — thermal conductivity of plate,
¢, m, n — constants,
Pr — Prandtl number,
Sc — Schmidt number,
¢ — volumetric heat generation,
Re, — local Reynolds number,
R, — thermal contact resistance,
t, — plate thickness,
t — cold fluid temperature,
Ty — hot fluid temperature,
T — cold fluid free stream temperature,
C — cold fluid concentration,
Cs — hot fluid concentration,
Cs — cold fluid free stream concentration,
u, v — velocity components,
Us — free stream velocity.

Greek Symbols
B — thermal expansion coefficient,
p — fluid density,
n — similarity variable,
A — internal heat generation parameter,
v — kinematic viscosity.

1. INTRODUCTION

Industrial processes involving flow phenomena leads to the generation of heat
during the flow. This is known as internal heat generation. This often leads
to changes in forced convection over a vertical surface to mixed convection due to
the additional buoyancy effects [1]. In combustion modelling and in the develop-
ment of metal waste from spent nuclear fuel [2], in phase change processes [3],
and in post-accident heat removal from nuclear reactor cores, the natural con-
vection with internal heat generation plays an important role in the overall heat
transfer process [4].

Many investigations on mixed convection often assume isothermal surface
condition [5], constant heat flux surface condition [6], a variation of surface tem-
perature, or surface heat flux along the plate. The idea of using a convective
boundary condition was introduced by Aziz [7] to study the classical boundary
layer flow over a flat plate. A number of boundary layer problems have been
reported in the literature with convective surface boundary conditions. A nu-
merical solution for the combined effects of thermal radiation and convection
on the laminar boundary layer flow as well as effects of buoyancy forces and
convection at the plate surface was reported [8, 9]. The mixed convection flow of
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a convectively heated vertical plate to a fluid with internal heat generation [10]
and the effects of chemical reaction on convective heat transfer of nanofluid over
a wedge with heat generation/absorption and suction [11| have been reported.
The effects of chemical reaction and magnetic field on the boundary layer flow
have been reported extensively in the literature [12-17|. Other interesting results
have been reported for free and unsteady MHD flow past an impulsively started
vertical plate [18, 19]. In their works, RIDWAN ZAHED et al. [20] analyzed the
possible similarity cases for internal heat generation with thermal radiation and
free convection of unsteady flow over a vertical plate and concluded that the
thermal radiation parameter directly influenced the velocity of flow and the rate
of heat transfer from the surface.

In this paper, the effect of buoyant flow (induced due to internal heat gen-
eration and mass diffusion) on forced convection over the right face of a finite
thickness vertical plate is investigated when the left face is heated convectively.
The convective boundary condition is formulated to take into account an effec-
tive contact resistance between the hot fluid and the left face of the plate as well
as the conduction resistance of the plate. Using a pseudo similarity approach, the
transport equations are reduced to locally similar, coupled ordinary differential
equations. Conditions are identified for the existence of a true similarity solution.
The local similarity equations are solved numerically and the results discussed.

The remainder of this article presents the mathematical analysis of the prob-
lem in Sec. 2. Similarity analysis is presented in Sec. 3, whilst results are discussed
in Sec. 4. Section 5 concludes the paper.

2. MATHEMATICAL ANALYSIS

A stream of cold incompressible fluid at temperature T, and concentration
Co flows steadily upward over the right face of the vertical plate with a uniform
velocity Uy while the left face of the plate is heated by convection from a hot
fluid at temperature Ty with concentration C'y which provides a heat transfer
coefficient hy as shown in Fig. 1.
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FiG. 1. Flow configuration and coordinate system.
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The plate has thickness of ¢, and is made of a material with thermal con-
ductivity, k,. The thermal contact resistance between the hot fluid and the left
face of the plate is R} .. There is internal heat generation within the cold fluid
in contact with the right face of the plate at the volumetric rate ¢. Density vari-
ation in this fluid is taken into account using the Boussinesq approximation. At
steady state assumptions, the continuity, momentum, energy and concentration
equations describing the flow can be written as:

ou Ov
2.1 4 =
(2.1) oz + Oy 0,

ou ou 0%u
g _ 2t T-T -
O Uay Vayz +g/8T( oo) +950(C 000)7

or — oT 0T N I
alt L -
Ox oy Oy pcpq’

oC aC 0*C

where u and v are the = (along the plate) and the y (normal to the plate)
components of the velocities, respectively, T' is the local temperature, C is the
local species concentration, v is the kinematic viscosity of the fluid, is the fluid
density, is the specific heat at constant pressure, k is the thermal conductivity of
the fluid, and 8 and Scare the thermal and concentration expansion coefficients.

The velocity boundary conditions can be expressed as
(2.5) u(z,0) = v(z,0) =0, u(x,00) =U .

The thermal boundary conditions at the plate surface and far into the cold
fluid may be written as:

(2.6) —kg(x,O) = h[Ty — T (x,0)], T(x,00) = Too,

where h is the lumped heat transfer coefficient which takes into account the
conduction resistance of the plate and the thermal contact resistance on the left
face of the plate

1t -1
h:[+p+RQ’C} :
hy  kp '
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Introducing a similarity variable, n, and a dimensionless stream function f(n),
temperature 0(n) and concentration ¢(n) as:

77:% Re,, u=Uxf,
_ v ;o _ T—-Ty
(2.7) v = or Rez(nf" = f), 0= 7Tf ~T
p= &= Coo N — ga’e" 7
Cf — Coo k:Rex(Tf - TOO)

where the prime symbol denotes differentiation with respect to and Re, =
Usox/v is the local Reynolds number. The internal heat generation parame-
ter A is defined so that the internal heat generation ¢ decays exponentially with
the similarity variable n as stipulated in [5]. This type of model can be used in
mixtures where a radioactive material is surrounded by inert alloys and in the
electromagnetic heating of materials [11].

Using Eq. (2.7), Egs (2.1)-(2.5) are reduced to the following locally similar
equations:

1

(2.8) "+ 5ff” + Grp0 + Gegp = 0,
1

(2.9) 0" + 5 Pr O+ X" = 0,

(2.10) " + %Sc fé' —ScBop = 0,

(2.11)  f(0)=f(0)=0,  0'(0) = —Biz[1-0(0)],  ¢(0)=1,

(2.12) f(0) =1, f(c0) = 0, ¢(00) =0,
where
. h [vx _pepV
Bi, = % @7 Pr = e
(2.13) ( ) ( )
9B (Ty — T 9Bc(Cr — Cx
er == W’ GCJ: = T.

The solutions generated whenever Bi,,, Gr, and Ge, are defined as in Eq. (2.13)
and A, by Eq. (2.7) are the local similarity solutions. In order to have a true
similarity solution, the parameters Gr,, Ge, and Bi, in Eq. (2.13) and A, defined
by Eq. (2.7) must be constants and not dependent on z. This condition can be
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met if the heat transfer coefficient h is proportional to z~1/2, whilst the thermal
and concentration expansion coefficients S and S¢ respectively, and the internal
heat generation ¢ are proportional to z~! [11]. In this case, we assume

(2.14) h = ca:_l/Q, Br = Bo = ma~t, Gg=Ilz1,

where ¢, m, and [ are constants but have the appropriate dimensions. Substitut-
ing Eq. (2.14) into Eq. (2.13) and in the definition of \;, we obtain

. [V _ my(Ty — Teo)
Bi = RV Gr = Uz ,
(2.15)
Ge — mg(Ct — Cx) 5= lve™
- UZ ' C kUs(Ty — To)

It is important to note that the definition of Grashof number used here ac-
tually represents the classical mixed convection parameter defined as the tradi-
tional Grashof number divided by the square of the Reynolds number. The Biot
number lumps together the effects of convection resistance of the hot fluid, the
contact resistance between the hot fluid and the left face of the plate, and the
conduction resistance of the plate. The parameter A, is a measure of the strength
of the internal heat generation.

The main quantities of practical relevance in terms of applications include the
skin friction coefficient C't, the Nusselt number, Nu, and the Sherwood number,
Sh, which are given as:

Tw f”(O) Ty 1
027: , Nziz—R /29/07
I= 002 ~ Rell? T k(T — T e 70(0)

(2.16)
Sh = Lam

_ 1/2 41
= D (Cr—C) Re/“¢/(0),

where the shear stress, 7, surface heat transfer rate g, and surface mass transfer
rate ¢, are given as

ou oT oC
2.1 w ’ w k 9 m — Dm
(217) 7 : dy ¢ dy ! dy

and we have
(2.18)  Re'2Cy = f"(0),  Re Y*Nu=-0'(0), Re /2Sh=—¢/(0),

and the Reynolds number Re = zUp/v.
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3. NUMERICAL SOLUTIONS

The coupled nonlinear boundary value problem of Eqs (2.8)—(2.12) was first
reduced to a system of first-order initial value problems with three unknown
initial conditions. The system was solved using the Runge-Kutta-Fehlberg nu-
merical scheme along with a shooting technique. The procedure was implemented
using Maple 16, [21, 22| on a step size of n = 0.0010. This step size was deter-
mined by running a step sensitivity test to ensure an accuracy of the results up
to seven places.

4. RESULTS AND DISCUSSION

Numerical computations were performed for the local Grashof numbers
Gry > 0 and Gec, > 0 which corresponds to assisting mixed flow. This phe-
nomenon is often encountered in engineering applications such as in the cooling
of electronic components and nuclear reactors. The values of the local skin fric-
tion coefficient represented by f”(0), the local Nusselt number represented by
0'(0), for different combination values of parameters are presented in Table 1
for the case of A\, = 0 (no internal heat generation). A comparison with the re-
sults in [10] and [11] exhibits a perfect agreement up to five decimal places. This
degree of closeness vouches for the high accuracy of the present computational
scheme.

Table 1. Computation showing comparison of results with existing literature.

B o | pe LL7OQ [ 0@ | 770 [ 0@ | ') [ -0
[10] [11] Present Study

0.1 0.1 | 0.72 | 0.36881 | 0.07507 | 0.36881 | 0.07507 | 0.368815 | 0.075077
1.0 0.1 | 0.72 | 0.44036 | 0.23750 | 0.44036 | 0.23750 | 0.440365 | 0.237506
10.0 0.1 | 0.72 | 0.46792 | 0.30559 | 0.46792 | 0.30559 | 0.467928 | 0.305596
0.1 0.5 | 0.72 | 0.49702 | 0.07613 | 0.49702 | 0.07613 | 0.497022 | 0.076138
0.1 1.0 | 0.72 | 0.63200 | 0.07704 | 0.63200 | 0.07704 | 0.632007 | 0.077045
0.1 0.1 | 3.00 | 0.34939 | 0.08304 | 0.34939 | 0.08304 | 0.349397 | 0.083046
0.1 0.1 | 7.10 | 0.34270 | 0.08672 | 0.34270 | 0.08672 | 0.342705 | 0.086721

The Pr values chosen represent gases such as air as well as some low Prandtl
number liquids like water. The Bi, values chosen cover the range from weak
(Big = 0.1) to strong (Bi; = 10) heating process on the left face of the plate. It
may be noted that a low value of Bi,is due to the low value of the heat transfer
coefficient hy or a high contact resistance Ry ., or low thermal conductivity of
the plate, or a combination of these effects. The case of high value of Bi, may be
interpreted similarly. Since the emphasis of this paper is on convective boundary
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condition and internal heat generation with chemical reaction, only the case of
assisting mixed flow i.e., Gr, > 0 and Gc, > 0 are considered.

Three values of Gr, are chosen, namely 0.1, 0.5, and 1.0, representing weak,
moderate, and strong buoyancy effects, respectively. A comparison of the first
and the last two rows in Table 1 shows that for weak convection (Bi, = 0.1) and
weak buoyancy effect (Gr, = 0.1), the local skin friction coefficient represented
by f”(0) decreases slightly as the Prandtl number increases from 0.72 to 7.10.
However, the changes in Pr from 0.72 (air) to 7.10 (water at 20°C) increases the
Nusselt number, represented by —6'(0), by about 16%. This pattern is similar
to the well-known effect of Pr on the Nusselt number for pure forced convection
over a plate.

The effect of changes in Bi, can be gleaned from the first three rows. With
Gr, = 0.1 and Pr = 0.72, the local skin friction coefficient, and the local Nusselt
number all experience significant increases as Bi, is increased from 0.1 to 10, that
is, as the convective heating process gets stronger. This is understandable since
the increased in energy input at the left face of the plate, under steady state,
must get dissipated from the right face of the plate. The skin friction coefficient
and the Nusselt number increased to accommodate this increased energy flow. By
focusing on the data in the first, fourth, and fifth rows in Table 1, one can see that
for weak convection (Bi; = 0.1) at Pr = 0.72, the change in Gr, from 0.1 to 1.0
increases the local skin friction coefficient by about 71% but the corresponding
increases in the Nusselt number is under 3%. Thus, when heating on the left face
of the plate is weak, strong buoyancy effects in a mixed convection flow increases
the flow drag significantly but its impact on the heat transfer process from the
right face of the plate is minimal.

Table 2 presents result for the local skin friction coefficient, local Nusselt
number and the local Sherwood number when the buoyancy effects are triggered
by exponentially decaying internal heat generation. Data are provided for var-
ious combination values of Grashof numbers Gr, and Gec, (mixed convection
parameters), Prandtl number, Pr, internal heat generation parameter, \,, Biot
number, Bi,, the reaction rate parameter, S and the dimensionless variable, 7.

The table highlights the effect of internal heat generation on the flow and
heat transfer characteristics of the fluid. For the conditions of weak plate heating
(Biz = 0.1) and weak buoyancy effects (Gry = Gecg = 0.1), the data in the three
rows corresponding to changes in A, shows that the skin friction coefficient, and
the local Sherwood number increase strongly as the internal heat generation
increases but the local Nusselt number decreases. That is, as A, increases from
0.1 to 10. Not only the flow characteristics are strongly controlled by the internal
heat generation rate but generation also reverses the heat flow from the plate
as the temperatures on the right face of the plate are now higher than the
temperature T of the fluid on the left face of the plate.
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Table 2. Computation showing f”(0), —6'(0), and —¢'(0) for different parameter values.

Biy | Gry | Geg | Pr | Sc | B Ao n f(0) —0'(0) —¢'(0)
0.1 0.1 | 0.1 {0.72]|0.24 | 0.1 0.1 0.1 0.648613 0.016375 0.3246390
1.0 0.1 101 (072]024]0.1] 0.1 0.1 | 0.661004 0.055102 0.3256120
10.0 0.1 | 0.1 [072]024]0.1] 0.1 0.1 | 0.666438 0.072252 0.3260370
0.1 0.5 0.1 (072]024]0.1] 0.1 0.1 | 1.117836 0.028229 0.3675180
0.1 1.0 | 0.1 |0.72]0.24 01| 0.1 0.1 | 1.546095 0.035084 0.3991250
0.1 0.1 |05 [072]024]0.1] 0.1 0.1 | 1.085212 0.024893 0.3568570
0.1 0.1 | 1.0 [0.72]0.24 0.1 ] 0.1 0.1 | 1.560506 0.030968 0.3853060
0.1 0.1 | 0.1 |3.00]0.24 0.1 0.1 0.1 0.544523 0.057798 0.3122302
0.1 0.1 )01 |710]024]0.1] 0.1 0.1 | 0.514545 0.072173 0.3088830
0.1 0.1 | 0.1 {0.72|1.22 0.1 0.1 0.1 0.608816 0.014076 0.6105500
0.1 0.1 )01 (072]|178]0.1] 0.1 0.1 | 0.600687 0.013770 0.7063950
0.1 0.1 | 0.1 [0.72]0.24 05| 0.1 0.1 0.639131 0.015388 0.4318700
0.1 0.1 101 (07202410 0.1 0.1 | 0.629097 0.014995 0.5433220
0.1 0.1 |01 [072]024]15] 0.1 0.1 | 0.621547 0.014706 0.6387010
0.1 0.1 101 (072]024]0.1] 1.0 0.1 | 1.422417 0.394076 0.3935970
0.1 0.1 | 0.1 |0.72]0.24 | 0.1 5.0 0.1 3.246215 | —1.641370 0.4986230
0.1 0.1 | 0.1 {0.72]0.24 | 0.1 10.0 0.1 | 4.747816 | —2.849070 0.5606800
0.1 0.1 0.1 072]024]0.1] 0.1 1.0 | 0.571576 0.050745 0.3158770
0.1 0.1 | 0.1 |0.72]0.24 | 0.1 0.1 5.0 | 0.512877 0.075718 0.3088050
0.1 0.1 0.1 ({072]024]0.1| 0.1 |10.0 |0.511732 0.076195 0.3086640

The effect of varying the Grashof numbers can be deduced in the table. As
Gr, increases from 0.1 to 0.5, the local skin friction coefficient, the local Nusselt
numbers as well as the local Sherwood numbers increase because of the increased
strength of the buoyancy forces. It is observed that that as the Pr increases, the
local friction coefficient and the local Sherwood number decreases whilst the rate
of heat transfer increases. Indeed, as noted earlier, for Pr = 7.10, the normal heat
flow direction (from the plate into the cold fluid) is restored.

It is clear that when the Schmidt number increases from 0.24 to 1.78, the
local skin friction coefficient and the rate of heat transfer in the boundary layer
decreases whilst the rate of mass transfer which corresponds to the Sherwood
number increases. This observation is similar to the effects of the reaction rate
parameter.

4.1. Velocity profiles

Figures 26 depict the velocity profiles for mixed convective flow on the right
face of the plate illustrating the effect of Pr, Gr,, Gc;, Sc, and A,. In each case,
the fluid velocity is zero at the plate surface but increases rapidly to attain a peak
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value within the hydrodynamic boundary layer and then decreased to the free
stream velocity Ux.

Figure 2 represents the velocity profiles for Pr ranging from air (Pr = 0.71)
to water (Pr = 7.1) when Sc = 0.24, Gr, = Ge, = A\, = 0.1, Bi, =1 = 3. The
flow profiles are observed to decrease with increasing Pr. Which correspond the
viscous nature of the fluid. It is interesting to observe that for larger Prandtl
numbers, the peak-velocity becomes less distinct. However, for low Prandtl num-
ber fluids, such as air, the velocity profiles overshoot near the surface due to low
frictional effect on the surface compared to the more viscous fluid like wat.

14
0.8
— Pr=0.71 (air)
0.6 — Pr=2.71
— Pr=5.71
S(n) — Pr=7.1(water)
0.4
0.24
0

0 2 4 6 8 10

Fia. 2. Velocity profiles for varying Prandtl number when Gr; = Ge, = Bi, = = 0.1,
B =1,Sc=0.24, A\, =0.1.

The effect of increasing the Grashof numbers (mixed convection parameters)
on velocity profiles are illustrated in Figs 3 and 4. As expected, the greater
buoyancy forces associated with the larger Grashof numbers promote higher
velocities in the boundary layer region. The effect is further accentuated because
of strong internal heat generation. This explains the rise in the velocity profiles

S

0 2 4 6 8 10

Fia. 3. Velocity profiles for varying thermal Grashof number when Pr = 0.71,
Gcp =Bip =1n7=0.1,8=1, Sc =0.24, A\, =0.1.
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0.6 1
S
0.4

0.2 1

— Gc, =0.1
— Gc,=0.5

Ge, = 1.0
— Ge,=1.5

Fi1G. 4. Velocity profiles for varying solutal Grashof number when Pr = 0.71,
Gry = Bi, = =0.1, =1, Sc = 0.24, A\, = 0.1.

8 10

111

far in excess of the free stream velocity near the surface. Close to the surface of
the plate, high thermal (Gr;) and solutal (Gc,) buoyancies cause the overshoot

of the velocity profiles.

Figure 5 depicts the effects of dimensionless parameter on the velocity field.
It is noted that the velocity profiles are higher near the surface. This can be
attributed to the fact the internal heat generation reduces the frictional effects
of the fluid molecules thereby increasing the velocity of molecules at the surface.
Far away from the surface, molecules are less agitated and the velocity decrease
away from the surface to the free stream velocity.

0.8 1
fap) 056 o
0.4 — 10
0.2 1
0 )
0 15 20

F1G. 5. Velocity profiles for varying dimensionless parameter number when Pr = 0.71,
Gry = Geg = Biy =0.1, 8 =1, Sc = 0.24, A, = 0.1.

Figure 6 illustrates the fact that as the internal heat generation increases
at the surface, the fluid becomes less viscous and therefore flow faster near the
surface. The velocity of flow when A = 0.1 is close to the classical Blassius
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S

0 5 10 15 20
n

Fia. 6. Velocity profiles for varying internal heat generation when Pr = 0.71,
Gry = Gep, =n=0.1, =1, Bi, =0.1, Sc = 0.24.

velocity profile for a flat surface because both the internal heat generation and
the mixed convection parameters are small. Indeed, Gr, = Gc, = A, = 0 reduces
Egs (9), (10) and (11) to the classical Blassius equations.

4.2. Temperature profiles

Figures 7-12 provide temperature profiles for varying controlling parameter
values (Pr, Gry, Gcg, Az, 7). The effect of Prandtl number on the tempera-
ture distribution is depicted in Fig. 7. Increasing the Prandtl number leads to
a stronger mixed convection process capable of transporting more internally gen-
erated heat away, leaving less energy for the back heat flow. This explains why
the plate surface temperatures in Fig. 7 are lower at higher Prandtl numbers.

0.8
0.7
0.6
0.51
o) 04
0.3
0.2
0.1

— Pr=0.71 (air)
— Pr=2.71

— Pr=5.71

— Pr="7.1(water)

Fia. 7. Temperature profiles for varying Prandtl number when Gr, = Ge; = Bi, =7 = 0.1,
B=1,Sc=0.24, \y = 0.1.
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The effect of increasing the Grashof number (mixed convection parameter),
illustrated in Figs 8 and 9 is similar to the effect of increasing the Prandtl number.
The increased strength of the mixed convection process is able to convert away
more of the internally generated heat while less heat flow back into the plate.

0(n)

0 5 10 15 20
n

Fia. 8. Temperature profiles for varying thermal Grashof number when Pr = 0.71,
Gey = Biy =1 =0.1, 3 =1, Sc = 0.24, Ay = 0.001.

0(n)

0 5 10 15 20
n

Fia. 9. Temperature profiles for varying solutal Grashof number when Pr = 0.71,
Gry = Bi, = =0.1, =1, Sc = 0.24, \, = 0.1.

Figure 10 depicts the effect of the Biot number, Bi,, due to the convec-
tive boundary condition. It is noted that as the convection parameter increases,
the temperature near the surface rises sharply and immediately relapsed to a uni-
form temperature away from the surface. In Fig. 11, the effect of the internal
heat generation parameter on the thermal boundary layer thickness is illustrated.
As expected, the heat generated tends to increase the temperature of the fluid
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— Bi,=0.1
— Bi,=1

— Bi, =10

0 5 10 15 20
n

Fia. 10. Temperature profiles for varying Biot number when Pr = 0.71,
Gry = Gep, =n=0.1, =1, Sc =0.24, A\, =0.1.

0 5 10 15 20
n

Fic. 11. temperature profiles for varying heat generation parameter when Pr = 0.71,

Gry = Gep =n=0.1, 3= 1, Sc = 0.24, Bi, = 0.1.

within the boundary. This however is confined to the vicinity of the boundary

and diminished to the free stream conditions as expected.

4.8. Concentration profiles

Figures 12-15 illustrate the effects of various controlling parameters on the
concentration boundary layer thickness. It is observed that all the parameters of
interest namely the Schmidt number, the thermal and solutal Grashof numbers,
the heat generation parameter and the reaction rate parameter tend to reduce the
concentration boundary layer. It is however interesting to note that the influence
of the internal heat generation on the concentration boundary layer is minimal

while the Schmidt and reaction rate parameters are well pronounced.



HEAT AND MASS TRANSFER FROM A CONVECTIVELY...

0.8

0.6

$(n)
0.4

0.27

— Gr,=0.1
— Gr,=0.5
— Gr,=1.0
— Gr,=15

S

6 8 10

F1a. 12. Concentration profiles for varying thermal Grashof number
when Grp, = Gey = Bip, =7 =0.1, =1, Sc =0.24, A\, =0.1.

0.8+
0.6

$(n)
0.4+

0.2

— Ge, =0.1
— Ge, =04
— Ge, =07
— Ge,=1.0

Fia. 13. Concentration profiles for varying solutal Grashof number when Pr = 0.71,

6 8 10

Gry = Bi, =7 =0.1, =1, Sc = 0.24, A\, = 0.1.

0.8
0.6

#(n)
0.4

0.2

1l
LI (I

W=

FiG. 14. Concentration profiles for varying reaction rate when Pr = 0.71,

6 8 10

Gry, = Gep = Bip, =17 =0.1, Sc = 0.24, A, = 0.1.
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— Sc=0.24
— Sc=124
0.8 Sc=1.78
— Sc=2.64
0.6
$(n)
0.4
0.2
0+

0 2 4 6 8 10

Fia. 15. Concentration profiles for varying Schmidt number when Pr = 0.71,
Gry, = Gep =Bip, =n=0.1,8=1, A\, =0.1.

5. CONCLUSIONS

This paper investigated the combined effects of convection and conduction
with heat generation in a convective boundary layer with chemical reaction. On
the right side of a vertical plate is a mixed convection layer with internal heat
generation that decays exponentially from the wall. On the left side is a forced
convection layer with a contact resistance. The local skin friction coefficient is
observed to increase as the mixed convective flow and the internal heat generation
get stronger but fluid of larger Prandtl numbers exert less surface drag. The
internal heat generation prevents the flow of heat from the left face to the right
face of the plate unless the mixed convection is strong enough to convert away
both the internally generated heat and the heat conducted through the plate from
its left face. If the internal heat generation is weak, the transport of heat from the
left to the right face of the plate can still occur even if the mixed convection is
weak.
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