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MHD Boundary Layer Flow Past an Inclined Plate with
Viscous Dissipation
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Abstract This paper investigates the effect of inclination on the heat and mass transfer characteristics of a heated plate
with viscous dissipation. An incompressible ferrofluid such as polyethylene oxide solution is made to uniformly flow over a
heated plate and a transverse magnetic field applied to regulate the flow. The partial differential equations modeling the
problem include the equation of mass conservation, the momentum equation, the energy equation and the concentration
equation. The system of partial differential equations are transformed to a system of non linear ordinary differential equations
by similarity transformation and solved with maple 16 by using the fourth order Runge Kutta method. The effects of variation
of the angle of inclination ¢, the viscous dissipation parameter N, the chemical reaction parameter £ and other relevant
parameters have been displayed graphically, and corresponding numerical results tabulated and analyzed. It was evident that
an increase in the angle of inclination resulted in significant increments in the velocity profile and skin friction coefficient in
the boundary layer. It was also observed that increasing the angle of inclination from 0° to 10° (the cooling angle) caused the
plate’s temperature and concentration to decrease. However increasing the angle of inclination above 10° caused the
temperature of the plate to increase. Also an increase in the viscous dissipation parameter caused the plate’s temperature to

rise.
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1. Introduction

Regulation of the cooling process in manufacturing
processes determines the quality of a desired product. It is
therefore important to investigate techniques that have the
potential of meeting this goal. Heat and mass transfer in
magneto-hydrodynamic (MHD) boundary layer shows
greater prospects of achieving this goal. Conventional base
fluids such as water, air and oil have been known and used
for cooling mechanical systems in industrial processes over
many centuries. In recent times, the concept of boundary
layer has become important due to its numerous applications
in engineering innovations and industrial processes. An
important application of the boundary layer theory is the
determination of friction drag on bodies in a flow. Prandtl
[24] introduced the boundary layer theory to study the flow
structure of viscous fluids near solid boundaries. The early
contribution in the field of fluid dynamics include that of
Blasius [7] who solved the famous boundary layer equation
for a flat moving plate problem and found a power series
solution of the model. Skan and Falkner [29] generalized the
Blaius problem by considering the boundary layer flow over
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a wedge inclined at a certain angle. A numerical solution of
the classical Blasius problem was presented by Cortell [9].
Sakiadis [26] investigated the boundary layer flow over a
continuously moving rigid surface with constant speed
whilst Cortell [8] provided numerical solution of Sakiadis
flow by including the radiation effects on the boundary layer.
Crane [10] was the first to investigate the boundary layer
flow due to a stretching surface and found exact solutions of
the boundary layer equations. The boundary layer flow
characteristics of a fluid in a porous media have been studied
extensively because of its many engineering applications
such as in the design of heat exchangers, catalytic reactors
and other cooling devices. Numerous studies regarding heat
and mass transfers in fluids on different orientations have
been conducted. The effect of transpiration (suction or
blowing) on ordinary fluid flow and heat transfer as well as
skin friction coefficients for the steady, laminar and free
convection boundary layer flow generated above a heated
horizontal surface, has been studied extensively by Hossain
and Mojumder [12]. Ibrahim and Makinde [14] conducted a
theoretical study of the steady MHD boundary layer flow
past a low-heat-resistant sheet moving vertically downwards,
and observed that the buoyancy force parameter increases
the velocity of the fluid and reduces the temperature due to
convective cooling. Heat and mass transfer characteristics of
natural convective flow of a chemically reacting Newtonian
fluid along vertical and inclined plate in the presence of
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diffusion-thermo (Dufour) and thermal-diffusion (Soret)
effects, was studied by Beg et al. [6]. The presence of
chemical reaction and non-uniform heat source over an
unsteady stretching surface was investigated by Seini [27].
He observed that the heat and mass transfer rates as well as
the skin friction coefficient depended on the unsteadiness
parameter, the space-dependent and the temperature-
dependent parameters for heat source/sink. Heat and mass
transfer in a boundary layer flow with thermal radiation past
a moving vertical porous plate was examined by Makinde
[18]. Reddy et al [25] also analyzed the steady
two-dimensional MHD free convection flow of viscous
dissipating fluid past a semi-infinite moving vertical plate in
a porous medium with Soret and Dufour effects. Mansour
et al. [20] analytically studied the MHD flow of a micro
polar fluid due to heat and mass transfer through a porous
medium bounded by an infinite vertical porous plate in the
presence of a transverse magnetic field in slip-flow regime.
Similarly, the transient free convective flow of a viscous
incompressible fluid over an infinite vertical porous plate
embedded in highly porous medium of time dependent
permeability under periodic suction, has been studied by
Ahmed [3]. There are many transfer processes governed by
the combined action of buoyancy forces due to both thermal
and mass diffusion in the presence of chemical reaction. It
has many applications in nuclear reactor technology,
combustion, solar collectors, drying, dehydration, polymer
production and in the operations of chemical and food
processing plants. The effects of chemical reaction on a
moving isothermal vertical surface with suction have been
studied by Muthucumaraswamy [22]. Kandasamy [16]
considered the chemical reaction and thermal stratification
effects over a vertical stretching surface. Application of
chemical reaction to a micropolar flow over an isothermal
vertical cone has been studied by Abdou [1]. Ibrahim et al
[13] studied the chemical reaction and absorption effects on
the unsteady MHD flow past a semi-infinite vertical
permeable moving plate with heat source and suction.
Muthucumaraswamy [23] investigated the mass transfer
effect on isothermal vertical oscillating plate in the presence
of chemical reaction. The effect of chemical reaction on free
convection flow through a porous medium bounded by a
vertical surface was reported by Das [11]. Ibrahim and
Makinde [15] studied the chemical reaction effect on MHD
boundary layer flow of heat and mass transfer over a moving
vertical plate with suction. Senapati [28] noticed that the
mass concentration decreases with increasing reaction rate
parameter. An Approximate analytic solution for MHD flow
of non-Newtonian fluid over a vertical stretching sheet was
obtained by Azeem and Ramzan [4]. They observed that the
velocity profile decreased with an increased magnetic
parameter and the temperature field decreased when the
prandtl number was increased. Masood et al. [21]
investigated an MHD Falkner-Skan flow with mixed
convection and convective boundary condition and
established that the temperature of the fluid significantly
increased when the Biot number was increased. A note on
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convective heat transfer of an MHD Jeffrey fluid over a
stretching sheet by Ahmed J. ef al. [2], revealed a remarkable
decrease in the value of the Nusselt number when the
magnetic parameter was increased. MHD flow of a
non-Newtonian power law fluid over a vertical stretching
sheet with convective boundary condition was conducted by
Azeem and Ramzan [5]. They observed an increase in
temperature of the fluid and the thermal boundary layer
when the magnetic parameter was increased. Many industrial
processes involve the transfer of heat by means of flowing
fluids. Ferrofluid flows over inclined surfaces possess the
potential of enhancing efficient heat transfer. This can be
achieved by allowing a ferrofluid to flow over an inclined
surface with a magnetic field applied transversely on the
inclined surface to regulate the flow and the cooling process.
This has not been investigated; hence the need for this
research. This research is useful in the building of small heat
transfer systems with lower capital cost and improved
efficiency. The findings in this study can greatly benefit
various industries such as the electronic, medical, food
processing and manufacturing industries as well as nuclear
reactor technology.

1.1. Nomenclature

* u,v,w: Velocity components along the x, yand z—
axis directions, respectively

* U, : Velocity of fluid far away from the plate

* 77: Similarity variable

* f: Dimensionless velocity

* g : Acceleration due to gravity

* o : Fluid density

* 4 : Dynamic viscosity

¢ V: Kinematic viscosity

e T : Temperature

 @: Dimensionless Temperature

e h & Heat transfer coefficient

- T IE Temperature of hot fluid

¢ Gr: Local thermal Grashof number

» T, : Temperature of fluid far away from the plate
* [Br :Thermal expansion coefficient

* @, : Thermal diffusivity

* Kk : Thermal conductivity

» (' Concentration
* @ : Dimensionless concentration

+ C,, : Plate surface concentration
* C,, : Free stream concentration
* S : Concentration expansion coefficient

* (' : Local Solutal Grashof number
e D : Mass diffusivity
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* [3: Chemical reaction parameter
e M : Local Magnetic field parameter
* B, : Magnetic field strength

* (: Local heat source parameter
* (o Heat source parameter

» Bi:Local convective heat transfer parameter
» N : Viscous dissipation parameter

* (& : Angle of inclination

¢ Pr: Prandtl number

e Sc : Schmidt number

» Ec: Eckert number

¢ O : Fluid electrical conductivity

* 0 : Porosity parameter

2. Mathematical Formulation

An incompressible ferrofluid such as polyethylene oxide
solution is assumed to flow uniformly over a heated plate
with applied transverse magnetic field. A Cartesian
coordinate system is adopted with the origin fixed in such a
way that the x — axis is taken along the direction of the flat

ou

v
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surface and the y —axis measured normal to the surface of
the plate. Flow is induced by the combined effect of
convection in the boundary layer and inclination. It is
assumed that the viscous incompressible ferrofluid
continuously flow over the heated flat plate with a uniform
thickness h. The effect of viscous dissipation and chemical
reaction are considered in this study. The flat plate is tilted to
variable angles to study the effect of inclination on the flow
regime as in Figure.1.

Flow of a Ferrofluid over an Inclined Plate

Figure 1.

The differential equations governing the flow are the
continuity, momentum, energy and concentration equations
from 1- 4 respectively.
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At the surface of the plate;
oT
u(x,0)=0,v(x,0)=0,-k—=h,| T, —T(x,0) |and
C(x,0)=C,
The free stream velocity, temperature and concentration are as follows;
u(x,0)>U,, T(x,0)>T,, C(x,0)—>C, ©6)
Introducing the following dimensionless variables;
Cc-C
, vU x 9 =—2= 7
7= y( j v =VUx [ (1), T I . (1) cC @)

Where 7,/,60 (77), and (0(77) are the dimensionless independent variable, stream function, temperature and

concentration respectively.
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The stream function and the velocity components relate in the usual way as;

u=—w and v:—a—l’//
oy ox

8 !
uzﬁ_;/;/:UOOf (7) and v=% VZOO [Uf’(ﬂ)_f(n):l

®)

&)

After employing equation (7-9), in equation (1-4), we obtained the dimensionless system of ordinary differential equations

respectively as;

f’”+%f~f”+Gr-6’-sina+Gc-go-sina—(5+M)f'+5:0
gur%.pr.f.9'+Q.Pr.9+Ec-Pr-f”2 +N-Pr £ +Pr-Ec-Mf”* =0

40"(77)+%Sc-f(f7)'¢'(f7)—ﬂSc¢(f7) =0

where Sc¢=— and ﬂ=ﬁ
D U,
T,-T c,-C p
U2 Uz kU, PU,,
2 2
m=PeX g Yo iy, 0= pol o o e
pU, ¢, (T, -T,) pc,Usy, a kN(T,,—T,)

From (5) and (6) the corresponding dimensionless boundary conditions are:
At the surface of the plate, 7 =0, u=0, v=0, C=C,, and T =T,

1'(0)=0, £(0)=0, p(0)=Bi-(6(0)~1), 6(0)=1

As 17 — o0 we obtained;

f'(0)=1, 6(0)=0, ¢(x)=0

3. Order Reduction

(10)

(11

(12)

(13)

(14)

Equations (10-14) constitute a third order nonlinear boundary value problem. The boundary value problem is reduced to a

first order initial value problem as follows:
From (10), let x; = f(77). x, = f'(17) and x3 = f"(77).
= xi = f'() =xy. x5 = f"() = %y andx} = £ ().
From (11), let y; = 6(n7) and y, =6'(n).
=N =0( =y, y2=0"(n).
From (12), let z, = @(17) and z, = ¢'(17)
=z =¢' (1) =2, andzy =" ().

Hence the required first order system is;
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X :_Exl -x3—Gr-y sin(a)—Ge-zysin(a) + (0 +M)-x, =0

(15)

1
V5 :—EPr-xl Vs —Q-Pr-yl—Ec-Pr-x32 —N-Pr-x3 —Pr-Ec-M -x3

I _
1=2

z5 =—%Sc-xl~zz +p-Sc-z

Applying the new variables defined above and used in the
order reduction, the corresponding boundary conditions of
the first order system of ordinary differential equations (13)
and (14) are as follows;

At the surface of the plate, 7=0, u=0, v=0,
C=C, and T=T,;
X2(0):0, xl(O):O, Zl(O):l,

¥2(0)=Bi-(»(0)-1), x3(0)=s,
11(0) =55, 25(0) =53
As 1) —> o0 we obtained;

Xy (0)=1, y;(0)=0, z(0)=0

4. Numerical Results and Discussions

The transformed dimensionless nonlinear ordinary
differential equations (10-12) with boundary conditions (13)
and (14) were further reduced to a first order system (15) and
solved with Maple 16 using the fourth-order Runge-Kutta
integration scheme with the Newton- Raphson shooting
technique.

The system of ordinary differential equations was
simulated under similar conditions to previously published
work of Makinde and Olanrewaju [19]. A comparison of
results shows an excellent agreement in Table 1. An
excellent agreement was also observed when simulated
under similar conditions and compared with Makinde [18] in
Table 2, validating the procedure.

Numerical results have been tabulated for various thermo-
physical parameters controlling the flow in Tables 3 and 4.
The effects of increasing the thermo-physical parameters on
the skin friction coefficient f"(0) , the Nusselt number

—0'(0) , temperature €(0) , as well as the Sherwood

number —@'(0) have been discussed.

Graphical results have also been illustrated for velocity,
temperature and concentration profiles in the boundary layer
region.

It is observed in Table 3 that increasing the Biot number
(Bi) increases the skin friction coefficient, the Nusselt and
Sherwood numbers as well as the temperature of the fluid in
the boundary layer. Thus, increasing the Biot number implies
an increase in the heat transfer coefficient which enhances
buoyancy in the boundary layer. Interaction between agitated
fluid molecules and the surface of the plate results in
increased shear stresses hence increasing the skin friction
coefficient and temperature in the boundary layer.

It is also observed that increasing the angle of inclination
has a dual effect of decreasing and increasing the
temperature and skin friction coefficient in the boundary
layer as in Table 3. It can be observed that increasing the
angle of inclination from 0° to 10° increases the Nusselt
number and decreases the temperature and above 10°
caused a decrease in the Nusselt number and increased
temperature. However, increasing the angle of inclination
generally results in increased Sherwood number. The skin
friction also increased when the angle of inclination was
increased between 0° and 60° and decreased above 60°.

Increasing the magnetic field parameter significantly
decreased the skin friction coefficient, Nusselt number and
Sherwood number but increased the temperature of the fluid
within the boundary layer. The magnetic field produces a
Lorenz force which retards the motion of the fluid and
reduces buoyancy; hence the heat transferred remains
trapped in the boundary layer causing the rise in temperature
as shown in Table 3.

Again in Table 3, increasing the chemical reaction
parameter caused a decrease in the skin friction coefficient
and the Nusselt number but increased the Sherwood number
and temperature. The fluid temperature increased due to
exothermic reaction and reduced buoyancy of fluid
molecules.

Increasing the viscous dissipation and porosity parameters
increased the local skin friction coefficient, the Sherwood
number and the temperature of the fluid but decreased the
Nusselt number. The increased temperature is associated
with both parameters because they enhance interaction
between molecules of the fluid and the plate’s surface as
observed in Table 3.
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Table 1. Comparison of f"(0), —8'(0) and @(0) for values of Bi, Grand Prwhen S =Q=N=Ec=6=M =0 and a =7 /2

Makinde and Olanrewaju (2010) Present Results

Bi Gr Pr £"(0) -6'(0) 6(0) 1"(0) -6'(0) 6(0)
01 01 072 0.36881 0.07507 0.24922 0.368816  0.075077 0.249228
1.0 0.1 0.72 0.44036 0.23750 0.76249 0.440365 0.237506 0.762494

100 01 0.72 0.46792 0.30559 0.96944 0.467928  0.305596 0.969440
01 05 072 0.49702 0.07613 0.23862 0.497022 0.076138 0.238623
0.1 1.0 0.72 0.63200 0.07704 0.22955 0.632007  0.077045 0.229552
01 01 300 0.34939 0.08304 0.16954 0.349397  0.083046 0.169540
0.1 01 710 0.34270 0.08672 0.13278 0.342705 0.086721 0.132788

Table 2. Comparison of £"(0), —8'(0), 6(0) and —¢'(0) for values of Bi, Gr, Gc, Pr and Sc when B=Q=N=FEc=85=0 and

a=rn/2

Makinde (2010) Present Results
Bi Gr Gc Ha Pr Sc f"(0) —6'(0) —¢'(0) f"(0) —6'(0) —¢'(0)
0.1 0.1 0.1 0.1 0.72 0.62 -0.40227 0.07864 0.33374 -0.40227 0.07864 0.33374
1.0 0.1 0.1 0.1 0.72 0.62 -0.35214 0.27315 0.34103 -0.35214 0.27315 0.34103
0.1 0.5 0.1 0.1 0.72 0.62 -0.32221 0.07917 0.34513 -0.32221 0.07917 0.34513
0.1 1.0 0.1 0.1 0.72 0.62 -0.23125 0.07969 0.35667 -0.23125 0.07969 0.35667
0.1 0.1 0.5 0.1 0.72 0.62 -0.02641 0.08071 0.38140 -0.02641 0.08071 0.38140
0.1 0.1 1.0 0.1 0.72 0.62 -0.37992 0.08204 0.41767 -0.37992 0.08204 0.41767
0.1 0.1 0.1 0.5 0.72 0.62 -2.21793 0.06616 0.18066 -2.21793 0.06616 0.18066
0.1 0.1 0.1 1.0 0.72 0.62 -0.43079 0.08194 0.33252 -0.43079 0.08194 0.33252
0.1 0.1 0.1 0.1 1.00 0.62 -0.42123 0.09335 0.33056 -0.42123 0.09335 0.33056
0.1 0.1 0.1 0.1 7.10 0.62 -0.44170 0.07848 0.38446 -0.44170 0.07848 0.38446
0.1 0.1 0.1 0.1 0.72 0.78 -0.45309 0.07792 0.79815 -0.45309 0.07792 0.79815

Table 3. Effects of Parameter Variations on Heat and Mass Transfer Rate for Pr=0.72, Ec=0.02, Q=0. 1, Gr=3.2, Gc =3.5 and Sc =0.6

BL & M B N & 77(0) —6'(0) 00y —¢'(0)

01 x/30 05 01 0.04 40 2.119394 0.048412 0.515880 0.429002
05 7/30 05 01 0.04 4.0 2.150929 0.123875 0.752251 0.430313
1.0 #/30 05 01 004 40 2163412 0154048  0.845952  0.430830
0.1 0.0 05 0.1 0.04 40 1.901360 0.048170 0.518299 0.419191
01 /30 05 01 0.04 4.0 2.119394 0.048412 0.515880 0.429002
01 7/18 05 01 004 40 2262447 0048479 0515214  0.435235
01 x/12 05 01 0.04 40 2.437863 0.048475 0.515249 0.442676
01 x/6 0.5 0.1 004 40 2.931966 0.048057 0.519434 0.462569
01 #/3 05 01 004 40 2931966 0.048057  0.519434  0.462569
01 m/2 05 0.1 0.04 40 2.931920 0.048057 0.519434 0.462569
01 x/30 10 0.1 0.04 40 2.017248 0.043801 0.561993 0.417651
01 #/30 15 01 004 40 1930576 0038817  0.611826  0.407795
01 x/30 25 01 0.04 40 1.790817 0.027950 0.720504 0.391478
01 x/30 05 02 0.04 40 2.116495 0.048404 0.515962 0.486312
01 #/30 05 03 004 40 2113918 0048397 0516034  0.538941
01 x/30 05 04 0.04 40 2.111599 0.048390 0.516610 0.587781
01 x/30 05 01 016 4.0 2.212897 -0.009115 1.091146 0.434583
01 x7/30 05 01 020 4.0 2.244744  -0.028719 1.287192 0.436453
01 #/30 05 01 024 40 2276940 -0.048544  1.485442  0.438329
01 /30 05 01 0.04 45 2.236181 0.048301 0.516986 0.431744
01 #/30 05 01 004 50 2346934 0048192 0518082  0.434132
01 #/30 05 01 004 60 2553597 0.047978 0520217  0.438119
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Table 4. Effects of Parameters Variation on Heat and Mass Transfer Rate for Bi=0.1, & = 7 /30, M=0.5, ﬁ =0.1,N=32,and 6 = 4

Pr Ec Sc Gr Gc Q /"(0) —-6'00) 0(0) —¢'(0)

0.72 0.02 06 32 35 010 2119394 0.048412 0.515880 0.429002
1.00 0.02 06 32 35 010 2121602 0.046576 0.534239 0.429005
3.60 0.02 06 32 35 010 2.138888 0.031605 0.683949 0.429200
0.72 0.40 0.6 3.2 35 010 2.388417 -0.127549 2.275494 0.442892
072 080 06 3.2 35 010 2707231 -0.340511 4.405112 0.457972
0.72 100 06 3.2 35 0.10 2.884466 -0.460915 5.609155 0.465809
0.72 0.02 1.2 3.2 35 0.10 2.109251 0.048375 0.516246 0.584786
0.72 0.02 14 3.2 35 0.10 2.106767 0.048366 0.516337 0.625958
0.72 0.02 1.6 3.2 35 0.10 2.104554 0.048358 0.516416 0.663802
0.72 0.02 0.6 35 35 010 2.126531 0.048416 0.515840 0.429368
0.72 0.02 06 4.0 35 0.10 2138421 0.048422 0.515777 0.429978
0.72 0.02 06 7.0 35 0.10 2209685 0.048447 0.515534 0.433602
0.72 0.02 06 3.2 40 0.10 2139499 0.048427 0.515732 0.429808
0.72 0.02 06 32 45 0.10 2.159590 0.048440 0.515595 0.430611
0.72 0.02 0.6 32 7.0 0.10 2.259821 0.048492 0.515085 0.434581
0.72 0.02 06 3.2 35 0.20 2.154505 0.025975 0.740251 0.430842
0.72 0.02 06 3.2 35 0.25 2184939 0.006484 0.935162 0.432413
0.72 0.02 06 3.2 35 030 2232745 -0.024196 1.241959 0.434847

It is observed in Table 4 that increasing the Prandtl, Eckert
numbers and local heat generation parameter significantly
increased the local skin friction coefficient. The Sherwood
number and the temperature of the fluid also increased when
the Prandtl, Eckert numbers and the local heat generation
parameters were increased. However it resulted in a
decreased Nusselt number.

It is again observed in Table 4 that increases in both
thermal and solutal Grashof numbers increased the skin
friction coefficient, the Sherwood number and the Nusselt
number, resulting in marginal decreases in wall temperature
of the plate. An increase in each of these parameters
improves buoyancy and convection, which enable fluid
molecules to efficiently move away from the plate’s surface
leading to reduction in temperature. However shear stresses
between the energetic molecules and the surface of the
inclined plate accounts for the increased skin friction
coefficient.

We further observed that increases in Schmidt number
decreased the local skin friction coefficient and the Nusselt
number but increased the Sherwood number and plate’s wall
temperature as depicted numerically in Table 4.

5. Graphical Results and Discussions

5.1. Effects of Parameter Variation on Velocity Profiles

The effects of parameter variation on the velocity profile
in the boundary layer are shown below in Figures 5.1 - 5.10.
Velocity at wall is zero but generally increases away from
the plate surface satisfying the no slip condition.

In Figure 5.1 increasing the value of the angle of

inclination tends to sharply increase the velocity of the fluid
within the boundary layer. Also a significant increase in
velocity is observed when the viscous dissipation, thermal
Grashof, solutal Grashof, local heat generation, Eckert
number, Biot number and porosity parameters are increased
as depicted in Figures 5.2, 5.3, 54, 5.6, 5.7, 5.8 and 5.9
respectively. The increased velocity is as a result of the
inclination and buoyancy which is induced by convection in
the boundary layer. The inclination also facilitated efficient
transport and distribution of heat and mass.

It is also observed that increasing the magnetic parameter
greatly decreased velocity in the boundary layer as displayed
in Figure 5.5.

ooocox =7 /18
------ a=r/12

£
0 +++ax=71/6

Pr=10.72, Ec =0.02, N=0.04, Sc = 0.6, Gr=3.2, Gc

=3.5M=050=4.0,8=01,Q=0.1,Bi=0.1.

n

Figure 5.1.
profile

Effect of variation of angle of inclination (<) on velocity
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Figure 5.2. Effect of variation of viscous dissipation parameter (N) on
velocity profile
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Figure 5.3. Effect of variation of thermal Grashof number (Gr) on velocity
profile
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Figure 5.4. Effect of variation of solutal Grashof number (Gc) on

velocity profile

MHD Boundary Layer Flow Past an Inclined Plate with Viscous Dissipation

0%+
0.6 o
£im . — M =0.5 ooooM =1.0
...... M =15 M =25
0.4+
Pr=0.72, Ec = 0.02, N=0.04, Sc = 0.6, Gr = 3.2, Gc =
0.2
| 35 5=40, £=01Q=0.1,Bi=0.1, a=7/30
o T T T T T T T T T 1
1] 2 4 & 2 10

Figure 5.5. Effect of variation of Magnetic Parameter (M) on velocity
profile
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Figure 5.7. Effect of variation of Eckert number (Ec) on velocity profile
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Figure 5.9. Effect of variation of Porosity (§) on velocity profile

5.2. Effects of Parameter Variation on Temperature
Profiles

The effects of parameters variation on the temperature
profile are shown in Figures 5.10 - 5.16. The temperature
exponentially decays away from the plate surface to attain a
value of zero denoting the temperature of the cooling fluid
far away from the plate surface. Increasing the angle of
inclination resulted in decreased temperature, this is
observed as a descent graphically displayed in figure 5.10.
The temperature drop resulted from the increased velocity
which enhanced convection and heat dissipation.

It is also observed that increasing the Prandtl number,
Eckert number, viscous dissipation parameter, local heat
generation parameter and Biot number significantly
increased the temperature of the plate, thickening the thermal
boundary layer at the wall of the plate as depicted in figures
5.11, 5.12, 5.13, 5.15 and 5.16 respectively. In Figure 5.14,
an increase in the Schmidt number had no great effect on the
temperature of the plate however it also results in slight
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thickening of the thermal boundary layer.
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Figure 5.12. Effect of variation of Eckert number on Temperature profile
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Figure 5.13. Effect of variation of viscous dissipation parameter (N) on
Temperature profile
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Figure 5.16. Effect of variation of Biot number (Bi) on Temperature
profile

5.3. Effects of Parameter Variation on Concentration
Profiles

Figures 5.17 - 5.20 depict the effects of variation of
parameters on the thickness of the concentration boundary
layer. Concentration at the wall is greatest assuming a value
of one and exponentially decaying to zero indicating
decreased concentration at free stream.

A reduction in thickness of the concentration boundary
layer is observed upon increasing the angle of inclination,
Schmidt number and Chemical reaction parameter as
displayed in Figures 5.17, 5.18 and 5.20 respectively. The
decay of the thickness of the concentration boundary layer is
as aresult of increased velocity and molecular diffusion. The
thinning of the concentration boundary layer indicates
efficient transport of mass of fluid.
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Figure 5.17. Effect of variation of angle of inclination on Concentration
profile
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Figure 5.20. Effect of variation of Chemical Reaction Parameter on

Concentration profile

However we observed an increase in the concentration
boundary layer when the magnetic parameter was increased
as graphically displayed in Figure 5.19. A Lorenz force
produced by the magnetic field retards free convective
transfer of fluid mass leaving some molecules stack to the
surface of the plate, resulting in the thickening of the
concentration boundary layer.

6. Conclusions

In this paper the effect of inclination and variation of other
controlling thermo-physical parameters have been studied
and their effects presented. Applications of effects of some
parameters are recommended for cooling and heating in
industrial processes.

It has been established that the angle of inclination affects
the heat and mass transfer characteristics of a semi-infinitely
heated plate. An increase in the angle of inclination had a
considerable effect on the flow field. This manifested as an
increased in velocity of fluid and decreased temperature of
plate within some ranges of inclination.

The effects of increasing values of the thermo-physical
parameters which had significant effect on the velocity,
temperature and concentration profiles are summarized as
follows:

i. The velocity significantly increases with the increase in
the angle of inclination (). The velocity also
increased when other parameters such as viscous
dissipation (N), thermal Grashof number (Gr), Solutal
Grashof number (Gc), Porosity(8), Eckert number (Ec),
Biot number (Bi) and local heat generation (Q) were
increased. A decrease in velocity was also observed
when the magnetic field parameter (M) was increased.
The temperature also decreased significantly when the
angle of inclination was increased from 0° to 10°
(“cooling angle”) and increased when the angle of
inclination was greater than 10°. The temperature
decreased when both thermal and solutal Grashof
numbers (Gr) and (Gc) respectively were increased.
However a rise in temperature was observed when the
Prandtl number (Pr), Eckert number (Ec), Biot number
(Bi), viscous dissipation parameter (N), Schmidt
number (Sc) and local heat generation Parameter (Q)
were increased.

=

il.

The concentration in the boundary layer decreased with
increased angle of inclination () . A decreased
concentration was also observed when the chemical reaction
paraeter (/3), the Schmidt number (.Sc) , thermal Grashof
number (Gr) , solutal Grashof number (Gc) and Biot
number (Bi) were increased. However an increase in
concentration in the boundary layer was observe when the
magnetic field parameter (M) was increased.

It is therefore recommended that;

* In applying the technique of inclination to enhance
cooling of materials in industrial processes, the range of
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the “cooling angle” should be considered.

* The chemical reaction parameter and Schmidt number

which enhances mass diffusivity should be considered
in processes involving fluid transportation.

* The viscous dissipation parameter had an integral effect

in increasing the temperature in the boundary layer and
should be considered in the design of heating systems.
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