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Abstract

Investigation of transmission of mass and heat in magnetohydrodynamics (MHD) flow over a plate
inclined at an angle past semi-infinite porous plate is carried out in this study. MHD flow model
is formulated by combining the electromagnetic laws with Navier-stokes equations. The equations
that govern the flow are transformed into their dimensionless form. The numerical scheme in the
form of Implicit finite centre difference is used to obtain a numerical solution to the equations in
MATLAB. The numerical results are presented graphically by varying the parameters that
emerged from the flow. Effects of porosity parameter, magnetic strength parameter, and the
inclination angle are studied. Velocity profiles in all directions are reduced with increasing
porosity, magnetic field and inclination angle while there is a raise in the temperature profiles with
increasing porosity, magnetic field and surface inclination angle.



NOMENCLATURE

Symbols Meaning
u,v,w Dimensional velocities in the x, y, z directions
T Dimensional temperature
C Dimensional concentration
T, (Ty) Temperature of the wall (free stream)
Cwr» Coo Concentration of the wall and free stream respectively
B, Magnetic field strength
K, Porosity
Dg Brownian coefficient
Dy Thermophoretic coefficient
n Similarity variable
B,B* Coefficient thermal and solutal expansivity
g" Acceleration due to gravity
a Inclination angle
P Density of fluid
Cp Heat capacity of the fluid
o Electrical conductivity
U Dynamic viscosity
v Kinematic viscosity
Grd, Gr? Thermal Grashof number in the x- and y- directions respectively
Grl, Gr2 | Solutal Grashof number in the x- and y- directions respectively
M Magnetic field parameter
k Thermal diffusivity
k., Porosity parameter
Sc Schmidt number
Ny, N; Brownian and thermophoretic parameters
HMT Heat and Mass Transfer
MF Magnetic field
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CHAPTER 1

INTRODUCTION

1.1 Background Information

A force tends to move a conduit carrying a flow of electricity perpendicular to the electric field
when it moves in a magnetic field. When a conductor travels in a MF, a current is generated along
the perpendicular direction to the field and the motion directions. These findings were initially
made by Michael Faraday in 1831, and they are now known as electromagnetic laws. The
fundamentals of motor and dynamo functioning are defined by these laws. Fluids have the capacity
to conduct electricity in a MF in general and the flow induces a current in which mechanical forces
are exerted. Such fluids include liquid metals, salt water and plasma. Due to the MF generated by
the induced current, the original MF changes. This two-way inter-action produces the Lorentz
force. The equations governing MHD flow comprise the momentum equation and Maxwell’s

equation of electromagnetism.

Heat and mass transfer has applications in science and technology such as in the functions of
devices and systems, heat engine, thermal diode and thermoelectric warmer. Moreover, heat
exchanger is an application of heat transfer which is commonly used in refrigeration and chemical
processing. Mass transfer takes place in various processes such as membrane filtration and
adsorption. Scholars’ attentions have not been drawn to the flow in three-dimensional frame where
the flow happens across a tilted surface so that the flow is uphill. This study attempts to unravel

such flow in a 3D frame.



1.2 Problem Statement

Researches done on MHD fluid flow (Ostratch 1972, Nyabuto, et. al 2017) investigated properties
of the fluid in 2-Dimensional fluid flow which may not satisfactorily describe the flow in the
physical systems. This research seeks to investigate 3-Dimensional fluid flow over a porous plate
tilted at an angle to the fluid flow that is applicable to bulk system. The study of MHD flow on an
inclined porous surface is quite vital as it will shed more light on the fluid and has applications in

plasma studies, petroleum industries and engineering.

1.3 Objectives

1.4 General Objective

To analyse heat and mass transfer effects on MHD flow about a plate inclined at an angle

past a semi-infinite porous plate.

1.5 Specific Objectives

To determine;

Q) The MF effects on mass transfer in MHD flow about a plate inclined at an angle past
semi-infinite porous plate.

(i)  The MF effects on heat transfer in MHD flow about a plate inclined at an angle past
semi-infinite porous plate.

(ili)  The MF effects on skin friction of an MHD flow about a plate inclined at an angle

past semi-infinite porous plate.



1.6 Justification

MHD flow on an inclined porous surface is applied in MHD generators and flow meters. The
knowledge is applied in meeting societal needs as it is used in mineral exploration which gives
the miners income. Study of plasma confinement will help mankind to remove energy shortage
which is a major problem in the human society. Furthermore, because MHD energy generation
is pollution-free, it will considerably reduce environmental pollution. Because of its wide

applicability in research and technology, understanding HMT in MHD is essential.

1.7 Definition of Terms
Magnetohydrodynamics (MHD) (Oke et al., 2022)

It refers to the study of fluids that possess the capacity to conduct electricity in a MF. The term
magnetohydrodynamics is derived from; magneto (referring to MF); hydro (referring to fluids);

and dynamics (referring to motion).
Fluid (Oke et al., 2020)

Substances that get deformed repeatedly under any size of shear stress applied. It consists of both

liquids and gases.
Viscous flow (Juma et al., 2022a)

Viscosity measures the flowing fluid’s resistance to shear. It causes friction as the fluid flows. This

brings about friction in the flow.

Mass transfer (Juma et al., 2022b)



This is the net mass movement from point 1 to point 2. It takes place due to concentration gradient.
Mass transfer occurs in the processes such as evaporation, filtration, drying, precipitation,

distillation and absorption.
Heat transfer (Juma et al., 2022a)

The difference in temperature between boundaries and ambient fluid gives rise to temperature
variations in the fluid. Heat transfer refers to energy transfer that occurs between material bodies
due to temperature difference. The temperature difference is as a result of absorption of thermal
radiation, radioactivity and discharge of latent heat as the fluid vapour condenses. Heat transmits

via solid through conduction, via liquid through convection and via vacuum through radiation.
Incompressible flow (Animasaun et al., 2023)

This is when density of a fluid flows is invariant with time.



CHAPTER 2

LITERATURE REVIEW

Most researches in MHD are attributed to Hannes Alfven (1908-1995), who predicted that the
earth's MF would cause induced currents in the ocean. Since then, several analytical studies have
been done by various scholars in MHD leading to various applications such as various forms of
heat generation that are discussed in natural convection phenomena. This is seen, for example in
the formulation of the boundary value problem that describes the convection phenomena, and in
this Hannes assumed that the motion is 2D and steady and that the fluid is incompressible and
friction that results on heating is negligible. Nyabuto et al., 2015 investigated MHD stokes-free
convection of an incompressible fluid on a vertical porous semi-infinite plate. They applied a
uniform MF perpendicular to the flow. They found that raising Hartmann causes a decrease in
velocity profile. This proposed research considers a three-dimensional fluid flow system under
applied magnet field. Katagiri et. al (2011) studied MHD incompressible Couette flow induced by
spontaneously moving plate. Rao et al., (2012) investigated MHD free convective HMT flow past
a linearly accelerated vertical porous plate. They found out that magnetic parameter, Schmidt
number and Grashof number are directly proportional to the skin friction. Oke (2020a,b) explores
the impact of the Coriolis force on the motion of air over the uhspr and observed that the Coriolis
force has a significant impact on the motion of air over the uhspr, and this finding has implications

for understanding atmospheric dynamics.

Onyango et al. (2015) took into consideration injection and suction in MHD flow between two
parallel porous plate. The velocity profile increases with increasing pressure gradient. Reddy and
Murthy (2011) investigated MHD flow with viscous dissipation, double-diffusive convection and

chemical reaction. He observed a relationship between Prandtl number, temperature and velocity.



Increase in Schmidt number causes decrease in velocity profile and decrease in Schmidt number

leads to increase in concentration.

Mburu Mbugua (2016) studied MHD flow between two parallel porous plates in which one is
moving. They established that temperature profile is directly proportional to suction parameter and
velocity is inversely proportional to the suction parameter. Beg et al. (2009) investigated Hall
current on unsteady MHD Hartmann-Couette flow. Singh et al. (2015) investigated MHD flow
within a channel in which one plate is moving. Hayat et al. (2017) studied cross diffusion effects
on forced convection heat transfer boundary layer flow of an elastic-viscous fluids along a
stretched perpendicular surface in a porous boundary. Umamaheswar et al. (2016) investigated
viscous dissipation on MHD flow of viscoelastic fluid past an inclined permeable plate. Hamad et
al. (2019) investigated time dependent MHD natural convection flow through a vertical permeable
flat plate for a nano-fluid with unvarying heat generation. Ali et al. (2013) studied thermal radiation
influence on free convective flow along a vertical surface in a medium of gray gas. Sundarammal
and Naisha (2019) paid attention to MHD squeeze film characteristics between porous parallel

plates with effect of surface roughness.

In this study, HMT in MHD about a plate inclined at an angle past semi-infinite porous medium

is investigated.



CHAPTER 3

METHODOLOGY

3.1 Formulation of Governing Equations

The laminar incompressible viscous flow considered in this study is a three-dimensional flow
across an inclined porous plate with constant magnetic field. The flow is taken in a magnetic field

(MF) with constant MF strength. Assumptions of the model are;

(@) The fluid flow is incompressible steady.

(b) The concentration of foreign mass is low hence Dufour and Soret effects can be ignored.

(c) The plate is at rest and it is a non-conductor

(d) The hall current is too small and there is no applied or polarization voltage.

(e) MF applied orthogonal to the plate is and induced MF is negligible.
The x-axis is taken horizontally parallel to the plate along the flow, y axis is perpendicular to the
semi-infinite porous plate. The MF strength that is applied perpendicularly to the semi- infinite
porous plate has uniform strength B,. The fluid layer next to the surface is considered to take the
surface properties to ascertain that the no-slip condition is maintained. The surface stretches
linearly at the rate ax and the correction factor cos «a is included in the corresponding terms to pay
for the inclination of the surface. The model consists of the continuity, momentum, energy and

mass concentration equations. The physical configuration of the flow is shown in Figure 3.1.



Figure 3.1: Flow configuration

The boundary layer equations obtained from the Navier Stokes’ equations are given as the system
of five Partial Difference Equations (PDES) consisting of one continuity equation, two momentum

equations (because the flow is three-dimensional), one energy equation and one species equation.

The system is as follows;

(V-U=0 (3.1a)
ou  du ou  0*u . 0B cosa v
ua+v@+wa=vﬁ+g (B(T—To) + B (C—Cm))cosa—Tu—K—Ou
(3.1b)

ov  dv v 9*v | . 0B¢ cosa v
<ua+V$+W£=Vﬁ+g (ﬁ(T—Too)+ﬁ (C—Coo))COSCZ+TV—K—OV
(3.1¢)
oT T T k 82T Dg dCAT Dy (OT\?
ua+V@+Wa—Z=p—cpﬁ+T<Ea—Z£+i(a—Z> ) (3.1d)
ac ac ac 02C D;AC 92T
\ ”%”@J’Wa_z:])‘? 622+ T 922 (3.1e)

where U = (u, v,w) and subject to the boundary layer and free stream conditions;



u=ax, v=ay, w=0, T=T,, C=C, atz=0 (3.2a)

u—->0 v->0 T->T, C-C, asz - o (3.2b)

3.2 Similarity Transformation

The first step in solving system (3.1) with the condition (3.2) is the reduction of the system to its

dimensionless form. This process requires the use of the Similarity variables

1
{( n=2(5), @=TT__T°° -

™ T CD - )
v w Te CW — Coo (3.3)
1
ku = axf’, v = ayg’, w = —(av)i(f + g)
Lo . i a 1/2
Now, from the similarity variable n = z (;) , We have that

Mo, O @y

= = = (- A4
ox dy 0z (3.4)

\Y

From here, finding the partial derivatives of u = axf’, v = ayg' and w = —(av)z(f + g) gives

the following;
( 1 2 2
Ju , Ou du Jdudn a\z , 0°u 0 (ou\dn a°x
_:af’ —_— , —:——:(—) axf’ —2:—<—>—:—f B
ox dy 0z 0noz \Y 0z on\on/ o0z v
1
ov ov ov 0von sanz 0%v 9 (0v\0n a’y
{8 o, Ny, BT _ (AN g, _:_(_)_:_ mo (35
0x 0, oy 49 5z on dz (v) DI G5 on \on/ oz 9 (3-2)
1
ow ow dw Jdwon a\z 0 1 , ,
%% 5= % w6 %<(a1/)2(f+g)> =—a(f' +g").
The continuity equation (3.1a)
V-U=0

is therefore satisfied. Now, we consider the first momentum equation (3.1b)



6u+ 6u+ ou 62u+ (BT = Tu) + B(C — ) oB§cosa v
uax Vay WaZ—vaZ2 g'(\p w) + »))Ccosa 5 u u.

So that

1
a
\Y

(axf)(af") + (ayg)(©0) — @)2(f +g) (2) axf”

2

a’x oB? cos a
= VTf”’ + g*(B(T,, — T»)0 + B*(C,y — Co)P) cOS @ — ———

! v !
axf Kq axf

ax((f)*=(fF+af"

oB§cosa v ,
——axf ' ——axf

=a’xf"" + g*(B(T,, — T)0® + B*(C,, — Co,)®P) cOs a — X
0

"=+ +f”

*B(T,, — Ty *B*(Cy — Cxo oB¢
+gﬁ(w )O_l_gﬁ(w )CI)— Of,
a’x a’x ap

v '— 0
cosa aKOf_'

By setting the parameters

1 g*:B(TW _TOO)

*B*(C,y — Co oB? v
Grt . 1:gﬂ(w ) M = 0 k
a’x

,  Grg

a’x ' ap’ Y ak,
The equation becomes

"=+ +f" + (Gri0 + Grld — Mf) cosa — k.f' = 0.
Next is to consider the second momentum equation (3.1c)

6V+ 6V+ ov 62V+ (BT —T.) + B (C = C) +aB§cosa v
uax Vay WaZ—vaZ2 g (B w) + »)) cosa 5 v Kov.

So that

10



1 a2
(axf)(0) + (ayg")(ag = @)2(f +9) (5)  avg”

a’y oBE cosa v
- VTQ'” + 9" (B(Ty — Te)® + B7(Cyy — Cop)P) cOs @ _OTayg' - K—ayg’
0

a®y((gD)?*—(fF + 99"

B2 cos a v
= a?yg" + g*(B(T,, — Ts)® + B*(Cy — Coo)P) cOS — ————ayg’ — v
0
g" =@+ +9g"
g*ﬁ(Tw - Too) g*ﬁ*(cw - Coo) O'Bg v
> — ' g =0.
+ ( a2y 0+ a2y b g |cosa aK,q g =0

and setting the parameters

“B(T,, — Tor “B*(Cyy — Cas
Grg:gﬁ(w ), Grszzgﬁ(w )
a’y a’y

we have the dimensionless form as

g" =@+ +g9g" + (Gri0+ Grid —Mg')cosa —k,g' = 0.

Next is the energy equation (3.1d)

T  oT 9T Kk 0°T Dg OCOT+DT(6T>2
"\acazoz " T, '

YtV TV T he o 7

Consider the derivatives of T and C, where
T = Too + (Tw - Too)gr C= Coo + (Cw - Coo)q):

then
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1

oT oT oT 0T dn ,a\z . 0°T a(T, —Tw) ,
5_0' 5_0' E_%E_(G) (T = T)®", 9z2 v %
oc _, 0C_, 0C_aCan _ (a)% o —coyer DT _2Cu=Ca)
ox 9y = 9z odnoz \v Wl g2 v '
So that the energy equation (3.1d) becomes
1 a 3 k a(T, —Tw)
’ ’ 5 2 ’ oo "
(axf")(0) + (ayg")(0) — (av)2(f + g) ()" (T, — Tw)O' = Y29
\J PCp \

o)

Dy sa % a % D a % ’
o 22 (5) =)o (5) (T~ To)e + T—T<(;) (T — TOO)G)’>

—a(Ty — To)(f + 9)0’

k a(T, — Ty D D
_ Kk aly = Te) o, +T(“—B (T, — T.)®'0 + =X (T, —TOO)Z(G’)Z)
PCp Y Y VT,
vpc Dgpc c,TD
0" + % (f +9)0 + %cp'@' + pkaT (T, — Too) (@)% = 0

Setting the parameters as

vpCy N, = Dgpc, _pCpTDT

Pr = N o t_W(TW_TOO)

The dimensionless form of the energy equation is therefore
0" + Pr(f + g)®' + N,®'0' + N,(0)2 =0
and next is the species equation (3.1e)

oc 9C  9C_  9°C  DrACO’T
Yox " Vay T Waz T B a2 T T, 922

becomes

12



1 ayz
(axf)(0) + (ayg(0) = (@)2(f + 9) () (G = C)”
aDB(CW - Coo) ’ DTAC a(TW - Too)
= +
Y Ts Y

!

@II

Dividing through by aDg(C,, — C,)/v and rearranging gives

Dy (T, — Te)

Q" +
ToDjg

\Y%
0" +— (f + g)d' = 0.
Dg

Setting the parameters

We get the dimensionless form as

N,
O +-L0" 4+ Sc(f + g)®' = 0.
Ny
The boundary condition (3.2a) is transformed as follows
Atz=0,n=0,and

u=ax = axf'=ax = f'=1;

v=ax = ayg' =ay = g =1;

w=0 = —(av)%(f+g)=0 = f+g=0;

T, — T,
T:T = = =1;
w T, — Ty
C=C o=lwCo_
= = =
w Cpy — Co

As z - oo, n — o and

13



u-0 = axf'=0 = f'=0;

v->0 = ayg'=0 = g =0

T=T g=l=o"To_
= = = = U
0 TW—TOO )
C=C o=l lo_
= = = ——= .

o CW_COO )

The dimensionless form of the system of equations (3.1)

"=+ (f+9)f" + (Gri0+ Grid —Mf)cosa — k.f' =0,
9" =@+ +9)g" + (GrP0+Grid —Mg')cosa—k,g' =0,

0" +Pr(f + g)@ + N,®'®" + N.(0')? =0,
n Nt n !/
®" +—0" 4+ Sc(f +g)?' =0.
Np
and the dimensionless form of the boundary conditions (3.2)

atn=0; f'=1,9'=1 f+g=0,0=1, &=1

asn—-»>o; f'=0;, g=0 0=0; P=0;

where

( * T _Too * % C _Coo 0'B2
GT}ZM, GT‘SIZgﬁ(;V )' M=220
a“x asx ap
v v BTy — T *L(Cy — Coo

lp =Y se= L Grtzzgﬁ(w )' Grg:gﬁ(w )

aKy Dg a’y aZy

_ VpCp _ TDBpCp . pCpTDT
\ Pr = k Nb - k ’ Nt - kToo (TW Too)
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)

(3.6a)
(3.6b)

(3.6¢)

(3.6d)

(3.7a)

(3.7b)

(3.8a)

(3.8b)

(3.8¢)



3.3 Numerical Method

The dimensionless form (3.6) and (3.8) are converted to a system of first order ordinary differential

equations by setting

X1=f, X2=f,, X3=f”, X4 =9, X5=g',

x6 = g”, x7 = @, x8 = E'),, xg == CD, xlo = CD,,
and we have
!
(xl = xz
X; = X3
x5 = —(=x% + (x1 + x4)x5 + (Gr} x7 + Grd xg — Mx;) cos a — k,x,),
Xy = Xs
X5 = Xg
$xp = —(—xZ + (xq + x4)x¢ + (GTPx; + Gr¥xg — Mxg) cos a — k,xs)
x-’7 - x8
xg = —(Pr(x; + x4)xg + Npxgxio + Nexs),
I
X9 = X10
N¢
X190 = — (—xé + Sc(x, + x4)x10>
\ Ny

with the boundary conditions

x2(0) =1, x5(0) =1, %,(0) +x,(0) =0, x,(0) =1, x9(0) =1,

XZ(OO) = 0: xS(OO) = 0' x7(0) = O, XQ(O) =0.

The coefficient of skin friction is given as

1
Re2C; = £"(0),

3.9

(3.10a)

(3.10b)

where Re is the Reynold’s number. The MATLAB solver bvp4c is adopted to obtain the solution

to the system of equations.
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CHAPTER 4

Analysis and Discussion of Results

The dimensionless form of the governing system of partial differential equations (3.1) and BCs
(3.2) are formulated into a system of ordinary differential equations (ODE) (3.6) and (3.7)
respectively. The resulting system (3.6) is further rewritten as a system of first order ODE given
in (3.9) with the corresponding boundary conditions (3.10). The Implicit centre difference scheme
is used to solve the system of first order ODEs (3.9) numerically and the results are displayed as

graphs. The default values of the parameters used are
Gri=Gr2=Grl=Gr2=1, M=1, k,=1, Pr=7, Ny=N,=1, Sc=1.

In what follows, the primary velocity represents the dimensionless velocity in the x-direction and

the secondary velocity represents the velocity in the y-direction.

The effects of inclination angle on the magnetohydrodynamic flow about an inclined porous plate
are highlighted in figures (4.1) — (4.4). From figures (4.1) and (4.2), both the secondary velocity

and the primary velocity are reduced as the inclination angle increases. It is to be noted that the
surface is a flat horizontal surface when @ = 0, inclined surface when 0 < a < gand vertical when
a= % Hence, increasing the inclination angle means that more kinetic energy will be converted

to heat energy, hence reducing the velocity in all directions. The heat energy generated from the
kinetic energy increases the temperature of the flow. This is shown in figure 4.3 where temperature

profile increases with increasing inclination angle. The maximum temperature profile is obtained

at an inclination angle g Figures (4.5) — (4.8) depict the variation of velocities, temperature and

concentration with increasing porosity. Porosity ratio of empty spaces (or pores) to the volume of

16



the plate. Increasing porosity has a consequence of increasing viscosity of the fluid which in turn
reduces the flow velocities. This is shown in Figures (4.5) and (4.6) where velocities decrease with
porosity. Increasing porosity allows settlement of molecules at the wall of the plate and causes a
surge in the concentration at the wall. Figure (4.7) shows the increase in the concentration at the
wall as porosity increases. Transfer of heat from the wall to the free stream is slow and thereby
enhances temperature profile. Thus, increasing porosity enhances temperature profile (Figure 4.8).
Figures (4.9) — (4.12) show the effects of increasing MF on the flow properties. With magnetic
field, the Lorentz force is generated. The Lorentz force resists motion and thereby reduces primary
and secondary velocity. Hence, Figures (4.9) and (4.10) show that increasing MF strength causes
a decrease in the flow velocities. Also, the resistance offered by Lorentz force generates more heat
and thereby increases the flow temperature (see Figure (4.11) for the variation of temperature with

MF parameter). Figure (4.12) shows that concentration increases with increasing MF strength.

Table 4.1 shows the variation of coefficient of skin friction with increasing magnetic field, porosity
and inclination angle. The table shows that the skin friction increases with increasing magnetic
field, porosity and inclination angle. Increase in the MF strength increases the viscous boundary
layer and thereby raising the skin friction. The increase in the porosity enhances the migration of
the fluid particles towards the boundary layer and thereby gives rise to an increase in the coefficient
of skin friction. Also, as the angle of inclination increases from 0° through 90°, fluid particles are
more attracted to the boundary layer. Hence, the skin friction is boosted as inclination angle

increases.

17
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M k. a |Skin Friction|

0.00 1.1233
1.00 1.2897
2.00 1.4434
3.00 1.00 1.5865
4.00 R 1.7208
5.00 60 1.8476
0.30 1.0525

0.90 1.2575

1.20 1.3525

1.50 1.4434

1.00 0° 1.0916
30° 1.1417

1.00 45° 1.2037

90° 1.5357

Table 4.1: Variation of coefficient of Skin Friction with magnetic field, porosity and inclination
angle
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CHAPTER 5

Conclusion

The heat and mass transfer of the magnetohydrodynamics flow of a fluid across an inclined porous
plate is modelled in this study. The governing equations comes out as a system of nonlinear PDEs.
Similarity variables are used to transform the PDEs into a system of ODEs which are later solved
using the Finite Difference method. The effects of inclination angle and porosity on the flow about
an inclined porous plate are analysed and discussed. Increasing inclination angles reduces both the

secondary velocity and the primary velocity and increases skin friction, temperature and

concentration. The maximum temperature profile is obtained at an inclination angle g Increasing

porosity reduces both primary and secondary velocities but increases the concentration, skin
friction and temperature at the wall. Raising the strength of the MF reduces primary and secondary

velocity and increases the flow temperature. Also, Skin friction rises with magnetic field
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