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In the present study, a hydromagnetic non-Newtonian (dilatant) fluid flow in a convergent conduit, in the presence of a variable
transverse magnetic field, has been investigated. The governing nonlinear partial differential equations are reduced to system of
ordinary differential equations. These equations are solved numerically by the collocation method and implemented in
MATLAB. The study determines the flow profiles and the impact of the flow parameters on the flow variables. Joule heating,
variable viscosity, viscous dissipation, skin friction, the rate of heat transfer, and the induced magnetic field are taken into
account. The obtained results are presented graphically and the impact of varying flow parameters on the skin friction
coefficient and the Nusselt number is presented in tabular form. These results indicate that an increase in the Reynolds
number, Eckert’s number, and the Joule heating parameter increases the fluid’s velocity, while an increase in the Hartmann
number and the unsteadiness parameter decreases the convective heat transfer and the fluid’s velocity. Further, the skin
friction coefficient decreases with increase in the Reynolds number, the Hartmann number, and the Joule heating parameter.
Therefore, a less viscous fluid is appropriate to facilitate the fluid’s motion, but the presence of high magnetic field reduces the
fluid’s motion.

1. Introduction

The study of fluid flow through convergent (or divergent)
conduits was pioneered by [1, 2], hence the name Jeffery-
Hamel flow. This area has received numerous attention
considering its broad application in industrial and biome-
chanical engineering. Some of the remarkable applications
include the flow of liquid metals in the cooling systems of
nuclear reactors, extrusion of molten polymers through con-
verging dies, inlet/outlet fluid flow in dams, the development
of stenosis in the arteries which affect the blood flow, and
fluid flow in the convergent conduit leading to the Pelton
wheel turbine.

In the Pelton turbines, the impulse of the fluid flowing
through the convergent conduit is responsible for rotation

of the Pelton wheel. The turbine is coupled with the electric
generator for production of electricity. Therefore, it is
important to maintain the fluid velocity high and constant
to avoid frequency variation in the generator which would
lead to short circuiting. The viscous flow behaviour of a fluid
flowing through various conduit is either considered con-
stant (Newtonian) or variable (non-Newtonian). However,
the water flowing through the convergent conduit is often
saturated with salt or sand particle; hence, it is non-
Newtonian in nature and exhibits shear-thickening property
(dilatant fluid).

According to the study [3], non-Newtonian fluids are
divided into three categories, i.e., differential, integral, and
rate fluid flows. The differential fluid flows exhibit the nor-
mal stress, shear-thinning, and shear-thickening properties.
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On the other hand, the rate fluid flows explain the impact of
retardation and relaxation times.

In the study [4], a steady mixed convection flow of a
non-Newtonian fluid containing gyrotatic microorganism
along a vertical plate embedded in a saturated non-
Darcy porous medium is considered. The power law
model was used to describe the nature of the non-
Newtonian fluid. The governing ordinary differential
equations are solved numerically by implementation on
MATLAB bvp4c solvers. It is noted that the mixed con-
vection parameter shows a high impact on the Nusselt
number, the Sherwood number, and motile microorgan-
ism density profiles, but these parameters decrease mostly
for pseudoplastic fluid.

[5] carried out a study on a two-dimensional, incom-
pressible, steady, and non-Newtonian (Casson) flowing
fluid over semi-infinite vertical plates taking into account
the chemical reaction. The shear-thinning fluid (Casson
fluid) exhibits an infinite viscosity at low shear rate.
The model equations obtained are solved numerically by
utilizing the Runge-Kutta-Fehlberg method with shooting
technique. The results reveal that an increase in the acti-
vation energy increases the fluid velocity and heat trans-
port in the Casson fluid system due to exothermic heat
reaction.

Nagler [6] examined an unsteady fluid flow through a
convergent conduit neglecting the body forces but consid-
ering the flowing fluid as non-Newtonian and accounting
for the wall friction. In this study, the partial differential
equations governing the flow were solved numerically by
the collocation method. The nonlinear viscosity was based
on the tangential coordinate function due to the radial
geometry shape. He discovered that the Newtonian-
normalized velocity reduces gradually with the tangential
direction progress. The results showed that an increase in
the friction coefficient led to a decrease in velocity values,
but an increase in the Reynolds number increased the
velocity profiles.

[7] investigated a two-dimensional, unsteady, incom-
pressible fluid flow through convergent conduits. The study
was applied in geothermal pipes where the fluid is in the gas-
eous and liquid states. The nonlinear partial differential
equations were solved numerically using the collocation
method. The results showed that an increase in the Prandtl
number led to an increase in temperature at constant
thermal conductivity. Similarly, an increase in the Eckert
number increased the radial temperature resulting in an
increased temperature gradient. Further, the results showed
that the inclining of the convergent geothermal pipes would
aid the control of deposition and control of heat in the con-
vergent conduits.

[8] studied an unsteady two-dimensional Jeffery-Hamel
flow of an incompressible non-Newtonian fluid flowing
through a divergent conduit under a constant transverse
magnetic field. The governing equations were solved numer-
ically by the collocation technique and implemented in
MATLAB. It was concluded that the fluid velocity and tem-
perature increased with increasing values of the Reynolds
number and the Hartmann number. Further, the skin fric-

tion coefficient increased with increasing values of the
unsteadiness parameter.

[9] studied the hydromagnetic flow of a nanofluid
through a convergent/divergent conduit with porous media
using the Homotopy perturbation method to obtain a solu-
tion for the governing Naiver-Stokes equations. The results
showed that an increase in the conduit’s angle along the
flow reduced the fluid flow. Consequently, the temperature
is reduced with an increase in the Darcy number

Recently, [10] analysed the Cu-water nanofluid flow in
a convergent-divergent channel where heat transfer and
velocity profiles were examined taking into account the
entropy generation. The nondimensional ordinary differen-
tial equations obtained were computed by the Hermite-
Pade approximation (HPA) method to solve the power
series. The results remarkably imply that entropy genera-
tion increased at the wall bringing a significant effect on
the heat transfer and velocity profiles. Also, [11] investi-
gated the bioconvective MHD Blasius and Sakiadis flow
with the Cattaneo-Christov heat flux model and chemical
reaction. The magnetic field in the study is considered con-
stant. The partial differential equations governing the flow
are transformed into ordinary differential equations and
solved by the Galerkin numerical technique. In the study,
the impact of the flow parameter on the velocity, tempera-
ture, and concentration is examined. It is observed that the
increased magnetic field reduced the velocity in both the
Sakiadis and Blasius flows, and concentration decreases
with increase in the Lewis number and the bioconvective
Peclet number.

However, in accordance with Faraday’s law of induction
[12], the mutual interaction of the magnetic field and the
relative motion of the electrically conducting fluid, e.g.,
plasma, liquid metals, and salt solution, yield an electromo-
tive force that alters the flow profiles. Induced current as
per Ampere’s law [13] induces magnetic field; hence, the
total magnetic field is the imposed plus the induced mag-
netic field.

Further, in real-life problems, the passage of current
through an electrically conducting fluid produces thermal
energy (Joule heating), while a viscous fluid offers resistance
to the motion of the fluid’s layer over the adjacent layer of
the fluid yielding thermal energy (viscous dissipation).

Therefore, in light of the prior studies on flow through
convergent conduits, the Joule heating, viscous dissipation,
and variable magnetic field have been neglected. Similarly,
the rate of heat transfer and skin friction between the fluid
and the conduit’s wall has not been considered. Thus, the
present study is motivated to provide a comprehensive
insight into a hydromagnetic, unsteady, non-Newtonian
(dilatant) fluid flowing through a convergent conduit in
the presence of variable magnetic field. In the study, viscous
dissipation, the Joule heating, skin friction, and the rate of
heat transfer are taken into account.

The present work motivation entails the following novel
aspects: first, the mathematical formulation of an unsteady,
incompressible, non-Newtonian fluid flow through a con-
vergent conduit taking into account the viscous dissipation,
the Joule heating, skin friction, and heat transfer rate. The
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nature of the non-Newtonian fluid is described by the power
law model. Second, the governing PDEs are transformed
into ODEs followed by reduction of the higher-order differ-
ential equations to first-order ODEs. The first-order ODEs
are then solved numerically using the collocation method
and its implementation in MATLAB. Finally, the flow pro-
files are determined, and the impact of the flow parameter
on the flow profiles is examined and presented using graphs
and a data table.

2. Problem Formulation

The present study considers an unsteady non-Newtonian
hydromagnetic fluid flow through a convergent conduit in
presence of a variable magnetic field where viscous dissipa-
tion, the Joule heating, skin friction, and the rate of heat
transfer are taken into account. The non-Newtonian fluid
considered is a shear-thickening fluid (dilatant fluid). The
magnetic field is applied perpendicular to the direction of
flow as shown in Figure 1. The fluid flow is restricted in
the laminar domain, assumed to be in the radial direction,
i.e., V = ðUr , 0, 0Þ, and no chemical reactions take place in
the fluid. Further, the effect of pressure on the fluid’s density
is considered negligible, and the force due to induced electric
field ρE is negligible compared to the Lorentz force F = J × B
due to the magnetic field. A cylindrical coordinate system is
chosen due to the nature of the conduit where the origin lies
at the centre of the conduit, the r direction is measured from
the wedge axis, θ from a convenient meridian plane, and z
along the length of the conduit. The flow field is unbounded
(infinite) in the z direction; thus, the partial derivatives with
respect to z vanishes.

3. The Governing Equations

According to studies done by [7–9, 14] among other
researchers, the fundamental equations governing the flow
problem in cylindrical coordinate system can be expressed as
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where equation (1) is the continuity equation, equations (2)
and (3) are the momentum equation in r and θ directions,
equation (4) is the energy equation, and equation (5) is the
magnetic induction equations in r direction.

From the shear stress matrix presented in [15] and con-
sidering the assumptions that the flow is incompressible,
purely radial, and two-dimensional, the shear matrix is
reduced to
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Therefore, the respective shear stress components in
matrix (6) are substituted into the momentum equations.
However, the fluid exhibits a nonlinear viscosity which is a
function of the tangential direction. Thus, the power law
model, τ = μoðdur/dθÞn, is used to describe the nature of the
non-Newtonian fluid. According to [4], μo is the consistency
index, dur/dθ is the velocity gradient, and n is the power law
index. When n < 1, n = 1, and n > 1, the fluid is referred to
as pseudoplastic, Newtonian, and dilatant fluids, respectively.
The present study is devoted to a dilatant fluid which is non-
Newtonian in nature and exhibits shear-thickening behaviour,
e.g., quicksand. From the power law model,

τ = μo
dur
dθ

� �n

⟹ τ = μo
dur
dθ

� �n−1
:

dur
dθ

� �
: ð7Þ

Hence, the viscosity is expressed as

μ = μog
n−1, ð8Þ

where g = gðθÞ = dur/dθ and the value assigned to n is greater
than one to exhibit the dilatant fluid property.

3.1. Ohm’s Law. The Ohm law establishes the fluid’s ability to
transport electric charges under magnetic field. The fluid’s
motion induces an electric current which exerts a force on
the charged particles giving rise to induced current density J .

J = σ E + V × Bð Þ: ð9Þ

The force is the Lorentz force given by J × B. Therefore,
the total electromagnetic force as per [13] is given as

F = 1
ρ

ρeE + J × Bð Þ: ð10Þ
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The total magnetic field is given by adding the applied and
induced magnetic field, i.e.,

H∗ +Hð Þ = H∗
r +Hrð Þr + H∗

θ +Hθð Þ + H∗
z +Hzð Þz: ð11Þ

However, taking into account, the flow is two-dimen-
sional, the applied magnetic field is in the θ direction and
the direction of the induced magnetic field, and the total mag-
netic field is given as ðH∗ +HÞ =Hrr +H∗

θ ;
Thus,
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The specific equations governing the flow are the
momentum, energy, and magnetic induction equations.
These equations are presented below, taking into account
the Joule heating and viscous dissipation in the energy equa-
tion and the Lorentz force in the momentum equation.

3.1.1. Momentum Equation.
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According to [15], viscous dissipation is given by the
expression
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However, since the fluid flow is considered purely radial,
two-dimensional, and non-Newtonian in nature, then the
viscous dissipation is given as
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Figure 1: Flow geometry for a laminar flow in the radial direction.
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3.1.2. Energy Equation.
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3.1.3. Magnetic Induction Equation.
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The system of partial differential equations (14), (17), and
(18) is conveniently transformed into ordinary differential
equations which enables the nondimensionalization process
hence ensuring that the obtained results are applicable to sim-
ilar geometry configurations under the same conditions.

The following similarity transformations for velocity,
viscosity, temperature, and magnetic field are used as pre-
sented in [14];
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Therefore, the final set of the dimensionless ordinary dif-
ferential equations governing the flow problem is as follows:
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3.2. Dimensionless Parameters. The dimensionless parame-
ters appearing in the above equations are defined as follows:
the unsteadiness parameter λ = ððρδmÞ/ðμorm−1ÞÞðdδ/dtÞ

takes into account the time factor for an unsteady flow.
The Prandtl number Pr = μo/ρα where α = k/ðρCp Þ con-
siders the relation between the thermal and momentum dif-
fusivity. The Eckert number Ec = ðQ2/r2Þ ð1/ðCpðT∞−TwÞÞÞ
gives the relation of the fluid’s kinetic energy and the bound-
ary layer enthalpy difference. The Joule heating parameter
J = ðσμ2eH∗2

θQ
2Þ/ðμoCpðT∞ − TwÞÞ describes the physical

phenomenon, where the passage of current through an elec-
trically conducting fluid produces thermal energy. The
Reynolds number Re =Qρ/rμo describes the flow behaviour
as laminar or turbulent. The magnetic Prandtl number P
rðmÞ = μeσμo/ρ explains themomentum diffusivity to themag-
netic diffusivity in the fluid. The magnetic Reynolds number
Rm = μeσðQ/rÞ estimates the effects of the induced magnetic
field due to the motion of the conducting fluid to the magnetic
diffusion. The Hartmann numberHa = Borðσ/μo Þ1/2 gives the
relation between electromagnetic forces to the viscous force
due to the presence of the magnetic field.

3.3. Parameters of Practical Interest

3.3.1. Wedge Angle Parameters. According to [16], the wedge
angle parameter is expressed as Ω = ð2m/ðm + 1ÞÞπ. How-
ever, in the present study, the wedge angle is 2α, hence the
relation Ω = 2α = ð2m/ðm + 1ÞÞπ⟹ α = ðm/ðm + 1ÞÞπ.

The wedge angle parameter provides the relationship
between the angle α and the arbitrary constant m.

The velocity, temperature, and magnetic induction pro-
files are evaluated by taking different values for the wedge
angle parameter, considering the fact that the flow takes
place in a convergent conduit, α = ½0, 45∘� which is equiva-
lent to ½0,0:7854rad�. For instance,

m = 1
3 = 0:3333:;α = π

4 = 45∘,m = 1
4 = 0:25 ; α = π

5 = 36∘,

m = 1
5 = 0:2 ; α = π

6 = 30∘,m = 1
6 = 0:1667:;α = π

7 = 25:7∘:

ð23Þ

3.3.2. Skin Friction Coefficient. According to [17], skin fric-
tion coefficient is a significant dimensionless parameter in
boundary layer flows which is obtained from the expression

Cf =
2ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Re 2 − εð Þp F ′ θð Þ, ð24Þ

where ε = 2m/ðm + 1Þ.
The skin friction coefficient provides information on the

maximum possible friction force that exists between the
fluid in motion and wall surface.

3.3.3. Nusselt Number. According to [17], the Nusselt num-
ber provides a significant relationship between the heat
transfer due to convection and heat transfer due to
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conduction. The Nusselt number is obtained from the
expression

Nu = −
ffiffiffiffiffiffiffiffiffi
Re
2 − ε

r
ω′ θð Þ: ð25Þ

Further, the Nusselt number is directly proportional to
the negative temperature gradient.

3.4. Boundary Condition. The following boundary condi-
tions were applied as presented in [8, 9, 14], where the no-
slip condition on the conduit’s wall was considered.

At the centreline, Ur =U∞, ð∂UrÞ/∂θ = 0, T = T∞, and
∂T/∂θ = 0 at θ = 0.

On the conduit’s wall, ð∂UrÞ/∂θ = −βFðθÞ and T = Tw at
θ = α.

On applying the similarity transformation technique on
the boundary condition yields

At the centreline, θ = 0 ; F 0ð Þ = 1, F ′ 0ð Þ = 0, ω 0ð Þ = δm+1,
On the conduit′s wall, θ = α F ′ αð Þ = −βF αð Þ, ω αð Þ = 0:

ð26Þ

3.5. Method of Solution. The differential equations governing
the flow are essentially nonlinear. Considering the nature of
the flow geometry and the nonlinearity of the governing
equations, the finite methods are less accurate and difficult
to employ since much computational is required. Therefore,
the collocation method is more appropriate for solving a
two-point boundary value problem (BVP).

According to [18], the bvp4c function is implemented in
MATLAB to solve a large class of two-point BVPs of the
form below using the collocation method.

y′ θð Þ = f θ, y θð Þð Þ ; θ ∈ a, b½ �, ð27Þ

subject to general nonlinear, two-point boundary conditions
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Therefore, the higher-order ODEs (20)–(22) are reduced
to first-order ODEs using the definitions in equation (29).
These definitions are obtained from the basic idea of intro-
duction of new variables, where each variable and its deriv-
atives in the equations is assigned a new variable up to one
less the highest derivative.
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Substituting the respective definitions in equation (29)
into equations (20)–(22), i.e., the momentum, energy, and
magnetic induction equations, respectively, we obtain
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where

y1′ = F ′ = y2,

y2′ = F ′′ = y3,
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+ 2Re r/δm+1À ÁÀ Á
y1y2 + Ha2y2 + Rm Ha/r ffiffiffiffiffiffiffiffi

σμo
pÀ ÁÀ Á

1/δm+1À Á
y6y1 − m + 1ð Þ rm+1À Á

/ δm+1À ÁÀ Á
λy2

θc n−1ð Þ

− 4y2 Að Þ,
y4′ = ω′ = y5,

y5′ = ω″ = Pr − m + 1ð Þ r
m+1

δm+1 λy4 − θc n−1ð Þ Ec
δm+1 4y21 + y22

Â Ã
−

J

δm+1 y
2
1

� �
Bð Þ,y6′ = γ′ = y7,

y7′ = γ″ = − m + 1ð Þ rm+1

δ2m+2 λy6 + Re μe
r

δ2m+m y1y6

� �
Pr mð Þδ

m+1 − y6 Cð Þ: ð31Þ

6 Journal of Applied Mathematics



In matrix form,

y =

y1

y2

y3

y4

y5

y6

y7

0
BBBBBBBBBBBBBB@

1
CCCCCCCCCCCCCCA

f = y′ =

y2

y3

A

y5

B

y7

C

0
BBBBBBBBBBBBBB@

1
CCCCCCCCCCCCCCA

: ð32Þ

The bvp4c function mainly introduces a residual
control-based adaptive mesh solver. The adaptive solver
adjusts the mesh points in an iterative procedure hence gain-
ing control over the grid resolution. This is advantageous in
terms that it is easy to program, provides highly accurate
solution, has a high convergence since the solution tends
to the exact values on reduction of the stepsize ðh⟶ 0Þ,
and utilizes low computational memory.

Further, reducing the order of the boundary conditions
in equation (26) using the respective definitions in equation
(29) gives

At the centreline, θ = 0 ; y1 0ð Þ = 1, y2 0ð Þ = 0, y4 0ð Þ = δm+1,
On the conduit′s wall, θ = α ; y2 αð Þ = −βy1 αð Þ, y4 αð Þ = 0:

ð33Þ

4. Results and Discussion

The results obtained are presented using graphs and a data
table which is followed by a discussion. The velocity, tem-
perature, and magnetic induction profiles are determined
followed by the effect of varying flow parameters on the
profiles.

From Figure 2, it is observed that velocity increases with
decrease in the wedge angle. This implies that the velocity is
high at the centreline and decreases towards the conduit’s
wall. This is due to the fact that the viscous forces at the wall
are high which tend to resist the fluid’s motion.

In Figure 3, it is observed that the fluid temperature
decreases with increase in the wedge angle. This is because
viscosity is inversely proportional to temperature in liquids.
Thus, as the fluid viscosity increases the fluid’s temperatures
reduces. Further, this is justified by the reduced velocity
towards the wall which leads to less conversion of the kinetic
energy into thermal energy leading to the decrease in
temperature.

From Figure 4, it is observed that magnetic induction
increases with decrease in the wedge angle. This is because
the fluid’s velocity increases with decrease in the wedge
angle. Therefore, at the centreline of the conduit, there is a
high interaction between the applied magnetic field and
the fluid velocity. This increases the induced electric current,
which in turn increases the induced magnetic field.

From Figure 5, it is observed that an increase in the
Reynolds number increases the fluid’s velocity. An increase
in the Reynolds number implies that the viscous forces are
minimal and the inertia forces predominate. Therefore,
there is minimal retardation of the fluid’s motion since the
boundary layer formed does not extend extremely into the
flow region. This explains the increase in velocity with
increase in the Reynolds number.

From Figure 6, it is observed that temperature increases
with increase in the Reynolds number. An increase in the
Reynolds number implies that the viscosity is minimal.
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However, viscosity is inversely proportional to temperature
in liquids. Therefore, the fluid temperature increases at min-
imal viscosity.

From Figure 7, it is observed that magnetic induction
increases with the increase in the Reynolds number. An
increase in the Reynolds number implies that the inertia forces
dominate; hence, the fluid’s motion is accelerated. Therefore,
as per equation (12), an increase in the velocity leads to an
increase in the induced current. However, as per Ampere’s
law [13], the induced electric current also produces induced

magnetic field. Thus, the increase in the induced electric cur-
rent increases the induced magnetic field.

From Figure 8, it is observed that an increase in the
Hartmann number decreases the fluid’s velocity. An increase
in the Hartmann number implies that the electromagnetic
force dominates; hence, the effect of viscous drag is minimal.
Further, the present magnetic field interacts with the fluid
velocity, yielding the Lorentz force that acts against the
direction of flow. Thus, an increase in the Hartmann
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number leads to an increase in the Lorentz force which in
turn retards the fluid’s motion.

From Figure 9, it is observed that increase in the
Hartmann number increases the fluid’s temperature. The
presence of magnetic field yield the Lorentz force that acts
against the fluid flow. This increases the resistance to the
fluid motion which in turn increases the fluid’s temperature.
Further, an increase in the Hartmann number implies that
the viscous forces decreases; hence, the temperature of the
fluid increases, since viscosity and temperature are inversely
proportional in liquids.

From Figure 10, it is observed that magnetic induction
decreases with increase in the Hartmann number. An
increase in the Hartmann number implies that viscous
forces are minimal; hence, the Lorentz force predominates.
However, the Lorentz force retards the fluid’s motion hence
decreasing the fluid’s velocity. This leads to less interaction
between the applied magnetic field and the fluid velocity.
This implies that less electric current is induced in the elec-
trically conducting fluid, which in turn decreases the
induced magnetic field.

From Figure 11, the velocity increases with increase in the
Joule heating parameter. An increase in the Joule heating
parameter implies that the amount of heat energy emitted as
electric current passing through the electrically conducting fluid
increases. Therefore, an increase in the Joule heating parameter
increases the fluid’s temperature, which leads to a decrease in
the fluid’s viscosity. Thus, the fluid’s velocity increases.

From Figure 12, it is observed that an increase in the
Joule heating parameter increases fluid temperature. The
increase in the Joule heating parameter implies that the
amount of electric current passing through the electrically
conducting fluid increases hence increasing the amount of
heat energy released. This leads to an increase in the fluid’s
temperature due to heating of the fluid’s particles.

From Figure 13, the magnetic induction increases with
increase in the Joule heating parameter. According to
Ampere’s law, the induced electric current induces magnetic
field. Therefore, an increase in the Joule heating parameter
implies that the amount of electric current passing through
the fluid increases. Hence, with the increase in the electric
current in the flow, the induced magnetic field increases.
Further, increasing the Joule heating parameter increases
the fluid’s velocity, which increases the interaction between
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the applied magnetic field and velocity; hence, the induced
magnetic field increases.

From Figure 14, it is observed that velocity decreases
with increase in the unsteadiness parameter. The unsteadi-
ness parameter caters for the time factor. In the present
study, the unsteadiness parameter and time dependent
length scale δ are directly proportional. However, from the
equation v = d/t, velocity and time are inversely propor-
tional. Therefore, an increase in unsteadiness parameter

decreases the velocity. Further, an increase in the unsteadi-
ness parameter implies that the boundary layer extends into
the flow region which increases the viscous drag forces,
hence reducing the fluid’s velocity.

From Figure 15, it is observed that temperature increases
with increase in the unsteadiness parameter. An increase in
the unsteadiness parameter implies that the boundary layer
tends towards the centreline of the conduit. This increases
the fluid resistance to motion, due to the increase in viscous
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forces. Hence, the resistance to motion between one layer
over the adjacent layer produces thermal energy which
increases the fluid’s temperature.

From Figure 16, magnetic induction decreases with
increase in the unsteadiness parameter. An increase in the
unsteadiness parameter increases the viscous force due to
the extension of the boundary layer into the flow region.
This reduces the fluid’s velocity, which consequently reduces
the induced electric current. Thus, with less induced current,
the induced magnetic field is minimal.

From Table 1, variation of various flow parameters on
skin friction and the Nusselt number provided the following
deductions. The skin friction coefficient provides informa-
tion on the maximum friction force that exists between the
fluid in motion and the conduit’s wall. An increase in the
Reynolds number decreased the skin friction coefficient.
This is because an increase in the Reynolds number implies
that the viscous forces are minimal; hence, the inertia force
facilitates the fluid’s motion thus minimizing the friction
forces. Further, an increase in the Hartman number leads
to a decrease in the skin friction coefficient. The Hartman
number shows the relation between the drag due to mag-
netic induction and the viscous force. Therefore, the increase
in Hartmann number implies that the viscous forces are
minimal hence less formation and extension of the boundary
layer into the flow region.

Similarly, an increase in the Joule heating parameter
decreases the skin friction coefficient. An increase in the
Joule heating parameter implies that the heat energy emitted
increases hence an increase in temperature which minimizes
the viscous and friction forces. However, an increase in
unsteadiness parameter led to an increase in skin friction
coefficient. The unsteadiness parameter caters for the time
factor. Therefore, as time elapses, the boundary layer formed

extends into the flow region hence retarding the fluid in
motion due to increased viscosity and friction force.

The rate of heat transfer in the study is taken into
account by incorporating the Nusselt number. The Nusselt
number increases at the increased Reynolds number and
the Joule heating parameter. Increased Nusselt number
implies that the heat transfer by convection is greater than
the rate of heat transfer by conduction. This implies that a
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Table 1: Skin friction coefficient and the Nusselt number values on
variation of the flow parameters, i.e., the Reynolds number, the
Hartmann number, the Joule heating parameter, and the
unsteadiness parameter.

Skin friction coefficient Nusselt number Re Ha J λ

0.0710 0.0062 3 4 6 1.5

0.0587 0.0163 7 4 6 1.5

0.0515 0.0208 11 4 6 1.5

0.0466 0.0316 15 4 6 1.5

0.1559 1.0519 25 10 6 1.5

0.1308 0.1251 25 20 6 1.5

0.0970 0.0207 25 30 6 1.5

0.0569 0.0118 25 40 6 1.5

-0.1559 0.0040 25 4 4 1.5

-0.6380 0.0240 25 4 7 1.5

-0.6025 0.0475 25 4 10 1.5

-0.9751 0.0623 25 4 13 1.5

0.1559 0.0189 25 4 6 0.5

0.5261 0.0156 25 4 6 1

1.2960 0.0027 25 4 6 1.5

7.4444 0.0016 25 4 6 2
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significant amount of heat is generated internally which
enhances the convection heat transfer in the fluid. Further,
an increase in the Hartmann number and the unsteadiness
parameter leads to the decrease in the Nusselt number. This
implies that the rate of heat transfer by convection is
minimal, while a high rate of heat transfer by conduction
is experienced. This shows that a lot of heat is lost into the
atmosphere through the conduit’s walls by conduction.

5. Conclusion

In this paper, an unsteady, incompressible hydromagnetic
flow through a convergent conduit in the presence of vari-
able magnetic field was investigated. The results showed that
velocity, temperature, and magnetic induction profiles are
high at the centreline which is due to minimal viscosity. Fur-
ther, the fluid temperature is observed to increase with the
increased Reynolds number, Hartmann number, Eckert’s
number, and Joule heating parameter. On the other hand,
the fluid velocity and magnetic induction increase with
increase in the Reynolds number, the Eckert number and
the Joule heating parameter.

This has remarkable applications in the Pelton turbines,
where the end of a pipe is fitted with a convergent nozzle to
increase the velocity of the moving water since the Pelton
wheel extracts energy from the impulse of the moving water.
Therefore, to maintain a high fluid velocity in the conduit, a
less viscous fluid should be considered. Similarly, the heat
loss at the conduit’s wall can be minimized by using appro-
priate insulators at the wall. This will maximize the rate of
heat transfer by convection which consequently increases
the fluid velocity. Further, facilitating the Joule heating pro-
cess by increasing the amount of electric current passing
through the conducting fluid will minimize the skin friction
coefficient hence increasing the fluid’s velocity. The induced
magnetic field decreases with an increase in time (unsteadi-
ness parameter). This implies that as time elapses, the reduc-
tion of the magnetic field would relatively minimize the
retardation of fluid flow due to the Lorentz force.

Further research can be done on hydromagnetic non-
Newtonian fluid flow in a convergent conduit taking into
account the fluid’s chemical reaction, varying pressure gradi-
ent, turbulence, and backflow near the conduit’s wall.
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