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Riga plate is known to create a crossing electric and magnetic ¯eld to generate a wall-parallel

Lorentz force. The signi¯cance of Casson nano°uid °ow past a Riga plate is observed in the

sphere of engineering, such as polymer extrusion, food manufacturing, plastic ¯lms, oil reserves
and geothermal manufacturing. Researchers are interested in this model because of its potential

use in biological rheological models. As Casson nano°uid °ows are of great interest, this study

aims to investigate the three-dimensional magnetohydrodynamics (MHD) °ow with heat and

mass transport of Casson nano°uid over a °at Riga plate. As a novelty, this study also includes
the e®ectiveness of wall velocity slip, activation energy, nonlinear radiation, and temperature

and space-dependent heat source/sink. Suitable similarity transformations have been employed

to generate the dimensionless ordinary di®erential equations (ODEs) from the partial di®er-
ential equations (PDEs) regulating the °uid °ow problem. The transformed nonlinear boundary

value problem is then solved numerically using the in-built routine \bvp4c" in MATLAB. The

visual demonstrations are provided for the e®ects of various signi¯cant physical factors on the

°ow, heat and mass distributions. On the other hand, wall shear stress and rates of heat and
mass transport at the surface are measured and displayed numerically in tabular form. The

¯ndings indicate that the °uid velocity in both directions slows as the velocity slip parameter

increases. However, the velocity pro¯le is escalated with the boost of modi¯ed Hartmann

number. An increase in heat source parameters leads to decrease the heat transmission rate at
the wall. The higher values of the radiation parameter result in a better wall heat transmission

rate. Further, the rate of mass transport drops when the activation energy parameter is hiked.
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Nomenclature

u; v;w : Velocity components (m � s�1)

x; y; z : Space coordinates (m)

T1 : Ambient temperature (K)

C1 : Ambient concentration (kg �m�3)

n : Fitted rate constant

k 2
r : Chemical reaction coe±cient

uw; vw : Stretching velocities (m � s�1)

M0 : Magnetization in magnets (Tesla)

k : Thermal conductivity (W �m�1 �K�1)

P ;Q : Heat generation parameters

DB : Mass di®usivity (m2 � s�1)

cp : Speci¯c heat

T : Temperature (K)

C : Concentration (kg �m�3)

Tw : Surface temperature (K)

Cw : Surface concentration (kg �m�3)

j0 : Current density (A �m�2)

k� : Mean absorption coe±cient (m�1)

a1 : Spacing between magnets and electrodes (m)

N1;N2 : Slip coe±cients

Ea : Dimensional activation energy

DT : Coe±cient of thermal di®usion (m2 � s�1)

� : Kinematic viscosity (m2 � s�1)

� : Dynamic viscosity (kg �m�1 � s�1)

� : Electrical conductivity (S �m�1)

� : Boltzmann constant (J �K�1)

�� : Stefan–Boltzmann constant (W �m�2 �K�4)

� : Dimensionless temperature

�� : Thermal di®usivity (m2 � s�1)

� : Dimensionless concentration

	 : Density (kg �m�3)


 : Casson parameter

� : Ratio between e®ective heat capacity of nanoparticles and base °uid
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1. Introduction

The modern industrial manufacturing process often involves the use of biological

°uids such as gypsum pastes, printer inks, ceramics, lubricating greases, paints,

multi-grade oils, polymers, fruit juices, blood, liquid detergents, etc.,1–3 which alter

the °ow characteristic when stress is considered during viscosity and thus deviate

from the traditional Newton's law of viscosity. Many researchers have noted this

phenomenon and presented many models of non-Newtonian °uids taking into ac-

count a wide variety of °ow features. Casson °uid is an extremely important non-

Newtonian °uid because it accurately represents the shear-thinning property. Casson

°uid acts similarly to the Newtonian °uid when the shear stress is signi¯cantly larger

than the emitted stress. Casson ¯rst recognized and tallied the slowing down of

printing ink due to its pigment-oil composition. Casson °uid is considered suitable

rheological data, which is more e®ective than the model of generic viscoplasticity for

various °uids. A nano°uid is a °uid in which solid nanometer-sized particles, or

nanoparticles, are suspended in a base °uid with a particle size between one and one

hundred nanometers. Nanoparticles in the °uid are primarily composed of carbon

nanotubes, metals, carbides and oxides. These nanoparticles considerably increase

the primary base °uid's thermal conductivity and convective heat transfer coe±-

cient.4 Metal or glass sheet cooling, thermal radiation, and a nonuniform heat source

or sink all play crucial roles in industrial applications.5 Choi pioneered a revolu-

tionary method for combining nanoparticles with the base liquid, which resulted in

an average two-fold increase in the thermal conductivity of the °uid. The widespread

use of nanotechnology nowadays is a major factor in the industrial revolution. Babu

and Sandeep6 investigated the heat and mass transfer properties of Williamson °uid

°ow over a stretched sheet with varying thickness while accounting for the Soret and

Dufour in°uences. Kumar et al.7 studied the incompressible, electrically conducting

°uid's mixed convective boundary layer °ow across a plate subjected to heat radi-

ation and an induced magnetic ¯eld. References 8–12 highlight some recent work in

the ¯eld of nano°uids.

Considering several real-world applications, including nuclear reactors, semicon-

ductor wafers, foodstu®s storage, electronic chips, etc., the in°uence of heat source/

sink is crucial.13–18 Many scientists pay close attention to heat, space-dependent, and

continuous heat source/sink e®ects on the temperature of a wide variety of non-

Newtonian liquids because heat energy is dispersed with heat source/sink e®ects.

Di®erent authors in di®erent geometries have published results showing the impor-

tance of temperature and spatial dependence of heat sources and sinks in heat

transference research. Heat and mass transmission properties of a non-Newtonian

nano°uid °owing across a stretched surface with variable viscosity and a nonuniform

heat source/sink were explored by Nagasantoshi et al.19 On the magnetohydrody-

namics (MHD) Casson nano°uid °ow across a semi-in¯nite wavy plate, Prasad

et al.20 examined the impact of a nonuniform heat source/sink and soret. The e®ects

of a nonuniform heat source/sink and an external magnetic ¯eld were modeled using

MHD °ow of Casson nano°uid over a Riga plate
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the semi-analytical approach homotopy analysis method (HAM), which Jakati

et al.21 applied to the °ow of a Maxwell nano°uid across a linearly extending sheet.

With nonuniform heat generation/absorption and motile gyrotactic microorganisms

present, Kotha et al.22 demonstrated the °ow and heat transfer properties of MHD

nano°uid °ow through a vertical plate. Thumma et al.23 investigated the impact of

nonuniform heat source/sink and nonlinear density temperature on MHD three-

dimensional (3D) Maxwell nano°uid °ow across an elongated sheet numerically. The

e®ects of heat source, Newtonian heating, and Hall and ion slip on the oblique

stagnation point °ow of MHD Casson nano°uid over a stretched sheet were studied

by Mahmud et al.24

To initiate a chemical reaction, a little amount of energy, known as activation

energy, is required. There is a direct correlation between the interaction of activation

energy and the enhancement of a chemical phenomenon. Arrhenius's research justi¯es

the determination and examination of the activation energy process. Ea stands for the

Arrhenius activation energy, measured in kJ/mol or kcal/mol. Sometimes, activation

energy is useful in food manufacturing, mechanochemistry, engineering technology, oil

reserves and geothermal manufacturing.25–29 Bestman described the behavior of ac-

tivation energy via binary reactions that took place in a particular convective °ow

inside a porous channel. Hayat et al.30 discussed the role of activation energy and

binary chemical reactions in the hydromagnetic °ow of a third-grade nano°uid over a

nonlinearly stretched surface. Dawar et al.31 examined the characteristic of activation

energy on 2DWilliamson nano°uid °ow across a nonlinear stretching plate. Using the

spectral local linearization approach, Shahid et al.32 provided a numerical simulation of

the e®ect of activation energy and buoyancy on the °ow of MHD nano°uid via a

vertically extended porous sheet. Taking into account viscous dissipation and Joule

heating, Das and Kumbhakar33 studied the e®ects of activation energy and Hall and

ion slip on the bioconvective 3D °ow of Eyring–Powell nano°uid through a con-

vectively heated stretched sheet in a homogeneous porous media.

The Riga plate, consisting of alternating electrodes and permanent magnets

installed on a °at surface, provides an e®ective °ow in an electromagnetic actuator.

Riga has a span-wise replaceable structure and is regulated by electromagnetic ¯elds

to maintain a permanent magnetism. As a result of the design of Riga plate, the

Lorentz force that pushes the stream over the plate decreases exponentially. The

Riga plate is an invaluable tool when it comes to minimizing the detrimental e®ects

of turbulence and avoiding boundary layer separation. Submarines may also bene¯t

from its ability to lessen pressure drag and friction. Gailitis and Lielausis were the

¯rst to create it. Iqbal et al.34 investigated the e®ects of viscous dissipation and

thermal radiation on Casson °uid °ow past a Riga plate. From a theoretical per-

spective, Loganathan35 conducted an in-depth study of the boundary layer °ow of

Casson °uid across a porous Riga plate, which is driven by buoyancy force. Vaidya

et al.36 investigated the e®ects of viscous dissipation and chemical reaction on mixed

convective nano°uid °ow across a thin Riga plate. Obalalu et al.37 discussed Casson

nano°uid °ow caused by a stretched Riga plate under the impact of melting heat

M. Das, B. Kumbhakar & A. J. Chamkha

2450233-4

In
t. 

J.
 M

od
. P

hy
s.

 B
 2

02
4.

38
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.w
or

ld
sc

ie
nt

if
ic

.c
om

by
 Z

H
E

JI
A

N
G

 U
N

IV
E

R
SI

T
Y

 o
n 

05
/1

5/
24

. R
e-

us
e 

an
d 

di
st

ri
bu

tio
n 

is
 s

tr
ic

tly
 n

ot
 p

er
m

itt
ed

, e
xc

ep
t f

or
 O

pe
n 

A
cc

es
s 

ar
tic

le
s.



transfer, Arrhenius activation energy, internal energy change and chemical reaction.

Hussain et al.38 demonstrated how Navier's slip condition a®ects the convection of a

Casson-nano°uid through a vertically heated Riga plate in a mixed convection

scenario. Abbas and Shatanawi39 examined the cumulative e®ects of the Casson

micropolar °uid model across a vertically variable stretched Riga sheet, taking into

account Brownian motion, thermophoresis, and thermal and velocity slip impacts.

Some remarkable studies in Riga plate are noted in Refs. 40–43.
From the aforementioned research studies, it is seen that no work has been

reported with the e®ect of velocity slip and activation energy on Casson nano°uid

°ow past a Riga plate. This research gap led us to study how e®ective factors a®ect

the °ow of Casson nano°uid on the Riga plate with the help of a \bvp4c" solver in

MATLAB. So, the following are the main goals of the current investigation:

. To provide a mathematical model for Casson nano°uid °ow past a Riga plate.

. To analyze the impact of velocity slip and a nonuniform heat source/sink on

Casson nano°uid.

. To examine the e®ect of activation energy for concentration in Casson nano°uid

°ow.

. To visualize the e®ects of the relevant factors on the velocity, temperature and

concentration pro¯les in the Casson model.

Many industrial and technical sectors, including polymer extrusion, food production,

plastic ¯lms, engineering technologies, oil reserves and geothermal manufacturing,

bene¯t more from Casson °uid models. This study becomes more bene¯cial and

substantial when used to biomedical science, sustainable petroleum cell talents,

pharmaceutical commerce, biosensors, biological polymer amalgamation, environment

responsive presentations, microbial enhanced lubricant retrieval, and biotechnology.

2. Mathematical Formulation of the Problem

2.1. Description of physical geometry

We consider a 3D steady Casson nano°uid °ow with heat and mass transport over a

stretching Riga plate consisting of alternating electrodes and permanent magnets.

The plate is positioned in the Cartesian coordinates ðX;Y ;ZÞ in such a manner that

the surface of the plate coincides with the XY -plane and the Z-axis is normal to the

plate. The °uid °ow is con¯ned within the region Z � 0. In order to induce the °uid

°ow, the surface of the Riga plate is stretched with velocities uw ¼ ax and vw ¼ by

(a; b being positive constants) along X and Y -directions, respectively. The presence

of thermal radiation (in nonlinear form), Arrhenius activation energy function

(exponential form) and nonuniform heat sources/sinks (space and time-dependent)

are also incorporated into the analysis. The magnetic force, according to Grinberg's

hypothesis, is expressed as F ¼ �J0MðxÞ
8	 e

� �
a1
z
: Also, the modi¯ed magnetic ¯eld is

considered asMðxÞ ¼ M0x. Further, Navier's slip condition at the interface between

MHD °ow of Casson nano°uid over a Riga plate
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°uid and plate is imposed. An overall physical con¯guration of the present °uid °ow

problem is depicted in Fig. 1.

2.2. Governing equations and boundary conditions

Under the aforementioned assumptions and following Buongiorno's nano°uid model,

the governing equations for velocity, temperature and concentration may be

reconstructed as44,45,47

@u

@x
þ @v

@y
þ @w

@z
¼ 0; ð1Þ

u
@u

@x
þ v

@u

@y
þ w

@u

@z
¼ � 1þ 1




� �
@2u

@z2
þ �J0MðxÞ

8	
e
� �

a1
z
; ð2Þ

u
@v

@x
þ v

@v

@y
þ w

@v

@z
¼ � 1þ 1




� �
@2v

@z2
; ð3Þ

u
@T

@x
þ v

@T

@y
þ w

@T

@z
¼ �

@2T

@z2
þ � DB

@T

@z

@C

@z
þ DT

T1

@T

@z

� �
2

� �

� 1

ð	cpÞf
@qr
@z

þ q 00

ð	cpÞf
; ð4Þ

u
@C

@x
þ v

@C

@y
þ w

@C

@z
¼ DB

@2C

@z2
þ DT

T1

@2T

@z2
� k 2

rðC � C1Þ T

T1

� �
n

e�
Ea
�T : ð5Þ

Fig. 1. (Color online) Geometry of the °ow problem.
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The following are the physical boundary conditions for the present °ow problem14,45:

u ¼ uwðxÞ þ 1þ 1




� �
N1�

@u

@z
; v ¼ vwðxÞ þ 1þ 1




� �
N2�

@v

@z
; w ¼ 0;

T ¼ Tw; C ¼ Cw; at z ¼ 0;

u ! 0; v ! 0; T ! T1; C ! C1 as z ! 1:

9>>=
>>;

ð6Þ

Here, Eq. (1) is the continuity equation, whereas the principle of momentum

conservation is demonstrated by Eqs. (2) and (3), known as the Navier–Stokes
equations. The terms appearing on the left-hand side of Eqs. (2) and (3) are the

advective terms, while the ¯rst and second term terms on the right-hand side of

Eq. (2) are caused by the Casson °uid and the Riga plate, respectively. The in°uence

of thermophoresis and Brownian motion is added by the second term on the right-

hand side of the energy Eq. (4). The third and fourth components emerge as a

result of the inclusion of nonlinear thermal radiation and nonuniform heat source/

sink e®ects. Equation (5) is used to explain the concentration of nanoparticles.

In this equation, the third component on the right-hand side imposes the

impact of chemical reaction in addition to Arrhenius activation energy. The terms

ð1þ 1

ÞN1�

@u
@z and ð1þ 1


ÞN2�
@v
@z in Eq. (6) indicate the existence of velocity slips at

the surface.

The following Rosseland's estimate for an optically thick °uid is used to

approximate the radiative heat °ux qr (Ref. 46):

qr ¼ � 16��T 3

3k�
@T

@z
: ð7Þ

The expression of space and temperature-dependent heat source/sink q00 is

de¯ned as47

q00 ¼ kuw

�x

P ðTw � T1Þ
ax

uþQðT � T1Þ
� �

: ð8Þ

The energy equation has the form after applying expressions (7) and (8) to Eq. (4)

u
@T

@x
þ v

@T

@y
þ w

@T

@z
¼ �

@2T

@z2
þ � DB

@T

@z

@C

@z
þ DT

T1

@T

@z

� �
2

� �

þ kuw

ð	cpÞf�x
P ðTw � T1Þ

ax
uþQðT � T1Þ

� �

þ 16��T 2

ð3	cpÞfk�
T
@2T

@Z2
þ 3

@T

@Z

� �
2

� �
: ð9Þ
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2.3. Similarity transformations

To obtain similar solutions of Eqs. (2), (3), (9) and (5) subject to the boundary

conditions (6), the following similarity variables are introduced23:

u ¼ axf 0ð
Þ; v ¼ ayg0ð
Þ; w ¼ � ffiffiffiffiffiffi
a�

p ðfð
Þ þ gð
ÞÞ; �ð
Þ ¼ T � T1
Tw � T1

;

�ð
Þ ¼ C � C1
Cw � C1

; 
 ¼ z

ffiffiffiffi
a

�

r
:

9>>=
>>;

ð10Þ

2.4. Dimensionless equations and boundary conditions

Substitution of the above similarity variables in Eqs. (2), (3), (9) and (5) yields the

following ordinary di®erential equations:

1þ 1




� �
f 000 þ ðf þ gÞf 00 � f 02 þ Hae�B
 ¼ 0; ð11Þ

1þ 1




� �
g000 þ ðf þ gÞg00 � g02 ¼ 0; ð12Þ

�00 þ Prðf þ gÞ�0 þ PrNb�0�0 þ PrNtð�0Þ2 þ ðPf 0 þQ�Þ
þ Rdf1þ �ð�w � 1Þg2½3ð�0Þ2ð�w � 1Þ þ f1þ �ð�w � 1Þg�00� ¼ 0; ð13Þ

�00 þ PrLeðf þ gÞ�0 þ Nt

Nb
�00 � PrLeK1f1þ ð�w � 1Þ�gne� E

1þð�w�1Þ�� ¼ 0: ð14Þ

The dimensionless boundary conditions are stated as

f 0ð0Þ ¼ 1þ 1þ 1




� �
�1f

00ð0Þ; g0ð0Þ ¼ cþ 1þ 1




� �
�2g

00ð0Þ;
fð0Þ ¼ 0; gð0Þ ¼ 0; �ð0Þ ¼ 1; �ð0Þ ¼ 1;

f 0ð1Þ ! 0; g0ð1Þ ! 0; �ð1Þ ! 0; �ð1Þ ! 0;

9>>>=
>>>;

ð15Þ

where

Pr ¼ �

�
; Ha ¼ �J0M0

8	a2
; Nb ¼ �DBðCw � C1Þ

�
; Nt ¼ �DT ðTw � T1Þ

�T1
;

�1 ¼ N1�

ffiffiffiffi
a

�

r
; �2 ¼ N2�

ffiffiffiffi
a

�

r
; K1 ¼

k 2
r

a
; �w ¼ Tw

T1
; E ¼ Ea

�T1
;

Rd ¼ 4��T 31
k�K

; B ¼ �

a1

ffiffiffiffi
�

a

r
; Le ¼ �

DB

; c ¼ b

a

are Prandtl number, modi¯ed Hartmann number, Brownian motion parameter,

thermophoresis parameter, velocity slip parameters, chemical reaction parameter,

temperature ratio parameter, activation energy parameter, thermal radiation

parameter, dimensionless parameter, Lewis number, and velocity ratio parameter,

respectively.
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3. Signi¯cant Physical Quantities

The signi¯cant physical quantities of interest for the present °uid °ow problem are

the local skin-friction coe±cient (Cfx), Nusselt number (Nux), and Sherwood number

(Shx) which signify, respectively, the shear stress, rate of heat transport and rate of

mass transport at the surface of the Riga plate and are de¯ned as14

Cfx ¼ �

u 2
w

1þ 1




� �
@u

@z

� �
z¼0

; ð16Þ

Cfy ¼
�

v2
w

1þ 1




� �
@v

@z

� �
z¼0

; ð17Þ

Nux ¼ � x

kðTw � T1Þ kþ 16��T 3

3k�

� �
@T

@z

� �
z¼0

; ð18Þ

Shx ¼ � xDB

DBðCw � C1Þ
@C

@z

� �
z¼0

: ð19Þ

Making use of the similarity transformations speci¯ed in Eq. (9), the aforementioned

physical quantities are expressed in nondimensional form as

Cfx

ffiffiffiffiffiffiffiffi
Rex

p
¼ 1þ 1




� �
f 00ð0Þ; ð20Þ

Cfy

ffiffiffiffiffiffiffiffi
Rey

q
¼ 1þ 1




� �
c�

3
2g00ð0Þ; ð21Þ

Nuxffiffiffiffiffiffiffiffi
Rex

p ¼ �½1þ Rdf1þ ð�w � 1Þ�ð0Þg3��0ð0Þ; ð22Þ

Shxffiffiffiffiffiffiffiffi
Rex

p ¼ ��0ð0Þ; ð23Þ

where Rex ¼ uwx
� and Rey ¼ vwy

� are the local Reynolds numbers.

4. Numerical Solution Using \bvp4c"

The dimensionless ordinary di®erential equations of higher order (10)–(13) with

relative boundary constraints 14 are reduced to the ¯rst-order boundary value

problem. The well-known MATLAB's bvp4c built-in function is used to numerically

integrate the dimensionless ordinary di®erential equations using a shooting tech-

nique. The bvp4c solver is developed based on the Lobattao-IIIa formula, a ¯nite

di®erence scheme. One of the most consistent approaches is the bvp4c technique,

which is superior than some of the other methods, such as the Homotopy

Analysis Method, Adomian decomposition, etc. Moreover, the bvp4c has the toler-

ance of 10�6, which is good enough to get better accuracy in the results. Therefore,

we prefer it over the other approaches to solve the current nonlinear boundary

value problem.

MHD °ow of Casson nano°uid over a Riga plate

2450233-9

In
t. 

J.
 M

od
. P

hy
s.

 B
 2

02
4.

38
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.w
or

ld
sc

ie
nt

if
ic

.c
om

by
 Z

H
E

JI
A

N
G

 U
N

IV
E

R
SI

T
Y

 o
n 

05
/1

5/
24

. R
e-

us
e 

an
d 

di
st

ri
bu

tio
n 

is
 s

tr
ic

tly
 n

ot
 p

er
m

itt
ed

, e
xc

ep
t f

or
 O

pe
n 

A
cc

es
s 

ar
tic

le
s.



5. Comparison of Results

In this study, the numerical ¯ndings are veri¯ed by comparing those with previously

reported results by Wang,48 Kumar et al.49 and Ragupathi et al.50 for a limiting case

of the ongoing problem. The comparison is depicted in Tables 1 and 2 which provide

the values of�f 00ð0Þ and�g00ð0Þ whenHa ¼ �1 ¼ �2 ¼ 0 and 
 ! 1. One can easily

note that our results are in close agreement with those of Wang,48 Kumar et al.49 and

Ragupathi et al.50 This justi¯es the correctness and accuracy of the results reported

in this study.

6. Results and Discussion

This investigation involves a variety of relevant °ow parameters, each of which

exhibits speci¯c features depending on the °uid velocity, temperature and concen-

tration pro¯les. The purpose of this part is primarily to investigate the e®ects of these

controlling factors on the °ow regime. Tabular representation is also used to examine

the attributes of the decreased skin friction coe±cient, Nusselt and Sherwood

numbers. In light of the relevant research publications, the default values for the

parameters 
 ¼ �1 ¼ �2 ¼ E ¼ n ¼ 0:5, P ¼ Q ¼ 0:2, Nb ¼ Nt ¼ 0:1, Ha ¼ 2,

K1 ¼ 1:2, Rd ¼ c ¼ 0:7, Le ¼ 1, Pr ¼ �w ¼ 1:5 and B ¼ 4 are used to generate a

numerical solution.

The in°uence ofHa on f 0ð
Þ and g0ð
Þ is seen in Figs. 2 and 3. Because the velocity

pro¯le rises with increasing Ha as seen in Fig. 2, the momentum boundary layer

grows in thickness. Typically, the Hartmann number corresponds inversely to the

Table 1. Comparison of �f 00ð0Þ's numerical ¯ndings with previously

published data.

Wang48 Kumar et al.49 Ragupathi et al.50 This study

c �f 00ð0Þ �f 00ð0Þ �f 00ð0Þ �f 00ð0Þ
0 1 1 1 1

0.25 1.0488 1.04906 1.04881108 1.048813
0.50 1.0930 1.09324 1.09309502 1.093096

0.75 1.1344 1.13458 1.13448575 1.134485

1.00 1.1737 1.17378 1.173720 1.173720

Table 2. Comparison of �g00ð0Þ's numerical ¯ndings with previously

published data.

Wang48 Kumar et al.49 Ragupathi et al.50 This study

c �g00ð0Þ �g00ð0Þ �g00ð0Þ �g00ð0Þ
0 0 0 0 0

0.25 0.1945 0.19457 0.19456383 0.194565
0.50 0.4652 0.46532 0.46520485 0.465206

0.75 0.7946 0.79470 0.79461826 0.794618

1.00 1.1737 1.17378 1.17372074 1.173720
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velocity pro¯le. Lorentz force, generated by an array of magnets and electrodes

running perpendicular to the Riga plate's surface, boosts the velocity pro¯les in this

scenario. The typical nature is seen for g0ð
Þ with growing Ha in Fig. 3. The sway of 


on the velocity distribution is visible in Figs. 4 and 5. When 
 is ampli¯ed, the

velocity ¯eld exhibits a deceleration. When the value of 
 is increased, the viscosity of

the nano°uid increases, causing the yield stress and velocity pro¯le to decrease sig-

ni¯cantly. From the velocity curves in Figs. 6 and 7, we may infer that the greater

values of the slip parameters �1 and �2 result in a slower °uid motion. An increase in

0 1 2 3 4 5 6 7 8 9 10
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

f
(

)

Ha = 2, 4, 6

Fig. 2. (Color online) f 0ð
Þ under the dominance of Ha.
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(

)

Ha = 2, 4, 6

Fig. 3. (Color online) g0ð
Þ under the dominance of Ha.
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the velocity slip parameters implies more slippage between the plate's surface and the

°uid. So, only a part of the stretching velocity is passed on to the °uid, which slows it

down. Figure 8 illustrates that when Ha increases, the °uid temperature drops. A

higher Lorentz force is created when the magnetic parameter rises. This force is

responsible for the cooling of a °uid. Figure 9 depicts the in°uence of Rd on thermal

pro¯le. Raising Rd values results in an improvement to the thermal pro¯le. This is

because when Rd grows, the mean absorption coe±cient decreases and this decrease

0 1 2 3 4 5 6 7 8 9 10
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

f
(

)

 = 0.5, 1.0, 1.5

Fig. 4. (Color online) f 0ð
Þ under the dominance of 
.
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0.25

0.3

0.35
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0.5

g
(

)

 = 0.5, 1.0, 1.5

Fig. 5. (Color online) g0ð
Þ under the dominance of 
.
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is inversely proportional to Rd. The buoyant force is decreased due to the ine±ciency

of radiative heat transmission compared to the e±ciency of conductive heat transfer.

A higher thermal pro¯le is the consequence of high Rd since it transmits more heat to

the working °uids. A greater value of Rd causes the °uid to become more heated.

Because of this, there is a clear increase in heat transfer.

The in°uence of P andQ on °uid temperature is portrayed in Figs. 10 and 11. It is

observed that the thermal ¯eld produced by the nano°uid °ow becomes stronger as

0 1 2 3 4 5 6 7 8 9 10
0

0.1

0.2

0.3

0.4

0.5
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0.7

f
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1
 = 0.5, 0.7, 0.9

Fig. 6. (Color online) f 0ð
Þ under the dominance of �1.
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Fig. 7. (Color online) g0ð
Þ under the dominance of �2.
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the values of P and Q increase. Both A and B function as heat generators. The °uid

°ow temperature goes up when P and Q are estimated to be higher. As a result, the

thermal ¯eld becomes more intense as the values of A and B continue to rise. The

e®ect of Nb on thermal and concentration pro¯les is illustrated in Figs. 12 and 13,

respectively. Figure 12 makes it clear that there is a direct link between �ð
Þ and Nb.

For increasing levels of Nb, there is a corresponding rise in the collision rate between

the °uid molecules. So, �ð
Þ has been enhanced. Figure 13 shows the change in �ð
Þ

0 1 2 3 4 5 6 7 8
0

0.1
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0.3

0.4

0.5

0.6
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0.9

1
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)

Ha = 2, 4, 6

Fig. 8. (Color online) �ð
Þ under the dominance of Z.
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Rd = 0.7, 1.0, 1.3

Fig. 9. (Color online) �ð
Þ under the dominance of Rd.
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as a function of Nb. The analysis reveals that there has been a decrease in �ð
Þ as a
result of the increase in Nb. Physically speaking, when Nb increases, species con-

centration falls, and the number of collisions between °uid particles goes up. Fig-

ure 14 addresses the properties of Nt in relation to °uid temperature. There is a

proportionate relationship between Nt and �ð
Þ. Thermophoresis is the movement of

warm particles from the region of the highest °ow temperature to the area of the

lowest °ow temperature. As a result, a better °uid temperature pro¯le can be
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Fig. 10. (Color online) �ð
Þ under the dominance of P .
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Fig. 11. (Color online) �ð
Þ under the dominance of Q.
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achieved with increased values for the thermophoresis parameter. Figure 15 depicts

the upshot of Nt on the concentration pro¯le. It is obvious from the graph that there

is a direct relationship between Nt and �ð
Þ. Particles in a °uid are physically pushed

from a hotter surface to a colder one by an enhanced thermophoretic force as Nt rises.

So, �ð
Þ is stepped up. The variation in concentration ¯eld for di®erent K1 values is

noticed in Fig. 16. Insight into the relationship between K1 and �ð
Þ may be gleaned

from the graph shown in the ¯gure. The physical reason for this is that asK1 goes up,
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0.6

0.7

0.8
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Nb = 0.1, 0.3, 0.5

Fig. 12. (Color online) �ð
Þ under the dominance of Nb.
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Fig. 13. (Color online) �ð
Þ under the dominance of Nb.
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the rate of chemical reactions that cause damage goes up. As a result, �ð
Þ goes

down. Concentration pro¯le for amplifying values of the activation energy parameter

E is observed in Fig. 17. Here, we see that �ð
Þ and E are directly connected. From a

purely physical perspective, higher values of E emphasize the pace of chemical re-

action, which in turn increases �ð
Þ.
The coe±cients of skin friction, Nusselt number and Sherwood number are de-

termined numerically and presented in Tables 3 and 4. As Ha, 
 and �1 grow, the
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Fig. 14. (Color online) �ð
Þ under the dominance of Nt.
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Fig. 15. (Color online) �ð
Þ under the dominance of Nt.
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coe±cient of skin friction � ffiffiffiffiffiffiffiffi
Rex

p
Cfx goes down. In contrast, � ffiffiffiffiffiffiffiffi

Rey
p

Cfy rises with

increasingHa but falls for 
 and �2. Increases in Ha and Rd result in a larger Nusselt

number Nuxffiffiffiffiffiffi
Rex

p , whereas increases in Nb, Nt, P and Q result in a smaller Nuxffiffiffiffiffiffi
Rex

p . The

Sherwood number Shxffiffiffiffiffiffi
Rex

p signi¯cantly rises when Nt andK1 are increased, but Nb and

E strongly suggest the opposite trend.

0 1 2 3 4 5 6 7
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

(
)

K
1
 = 0.8, 1.2, 1.6

Fig. 16. (Color online) �ð
Þ under the dominance of K1.

0 1 2 3 4 5 6 7
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

(
)

E = 0.5, 1.0, 1.5

Fig. 17. (Color online) �ð
Þ under the dominance of E.
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7. Conclusion

This study investigates the °ow of a Casson nano°uid over a Riga plate. The e®ects

of velocity slip, activation energy, and a nonuniform heat source/sink on heat and

mass transfer are also considered. It is analyzed how di®erent in°uencing parameters

may a®ect the °ow as well as the heat and mass transport phenomena of the Casson

nano°uid. The following are the key ¯ndings from this study:

. With increasing velocity slip parameter values, the °uid °ow is retarded in both

directions.

. Fluid temperature can be enhanced by strengthening the thermal radiation and

heat generation processes.

. Increasing the activation energy parameter leads to a higher concentration.

Table 3. Numerical values of the local skin friction

coe±cient when B ¼ 4.

Ha 
 �1 �2 � ffiffiffiffiffiffiffiffi
Rex

p
Cfx � ffiffiffiffiffiffiffiffi

Rey
p

Cfy

2 0.5 0.5 0.5 0.645323 0.992126

4 0.449852 1.008754

6 0.263408 1.023944

2 1 0.553238 0.896296
1.5 0.513051 0.854109

0.5 0.7 0.533080 ���
0.9 0.454887 ���
0.5 0.7 ��� 0.833797

0.9 ��� 0.721130

Table 4. Numerical values of the local Nusselt and Sherwood numbers

when Pr ¼ �w ¼ 1:5, Le ¼ 1 and n ¼ 0:5:

Ha Rd P Q Nb Nt K1 E Nuxffiffiffiffiffiffi
Rex

p Shxffiffiffiffiffiffi
Rex

p

2 0.7 0.2 0.2 0.1 0.1 1.2 0.5 0.998989 1.556807

4 1.067195 ���
6 1.128348 ���
2 1.0 1.095581 ���

1.3 1.163228 ���
0.7 0.4 0.816263 ���

0.6 0.632328 ���
0.2 0.4 0.690805 ���

0.6 0.265353 ���
0.2 0.3 0.927356 1.542879

0.5 0.860370 1.540355

0.1 0.5 0.896642 1.702286

0.9 0.803919 1.893581
0.1 0.8 ��� 1.367507

1.6 ��� 1.723470

1.2 1 ��� 1.390568

1.5 ��� 1.257272
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. Raising the modi¯ed Hartmann number improves the shear stress at the wall.

. The heat transfer rate may be accelerated by uplifting the thermal radiation and

modi¯ed Hartmann number.

. Activation energy and chemical reaction are found to reduce the mass transfer rate

at the surface.

This study could be expanded to examine e®ects of entropy generation and radiation

absorption on Casson nano°uid °ow over a Riga plate.
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