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The combined e®ects of di®usion-thermo and radiative absorption on free convective hydro-

magnetic heat-generating chemically reactive °ow of Cu-water nano°uid past an instan-

taneously accelerated unlimited vertical plate nested in a porous medium are investigated. A

comparative analysis is executed for both isothermal and ramped conditions. The set of
transformed domain equations has been obtained using a closed form of the Laplace transform

method with the help of the Heaviside step function. Graphical and tabular explanations are

provided for the physical characteristics of several °ow parameters a®ecting the problem.
Graphs are generated using MATLAB computing software. Findings of the problem manifest

that the di®usion-thermo parameter and the radiation absorption parameter intensify the ve-

locity and °uid temperature in the entire °uid area. This augmentation is most prominent for

copper nanoparticles. Concentration, temperature, and velocity pro¯les in the case of ramped
conditions are less than in isothermal conditions. Furthermore, the ramped parameter ampli¯es

the heat transfer rate while reversing the mass transfer rate. It is also established that the

volume concentration of nanoparticles enhances the heat transfer rate. The present study is of

great interest in numerous ¯elds of industry and machine-building applications.
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1. Introduction

The intensi¯cation of heat transfer in thermal systems is a major obstacle due to the

poor availability of energy sources. In today's high-energy power devices, e±cient

cooling solutions are absolutely needed. The low thermal properties of conventional

°uids such as ethylene glycol, water, and motor oil make them ine±cient heat

transmission mediums. Hence, new technologies capable of improving the heat

transfer properties of cooling °uid are trending among researchers. Nanometer-sized

particles, such as metallic and non-metallic particles, can be used to improve heat

conductivity by dispersing them in the typical °uid. Fluids having nanoparticles

scattered in an ordinary liquid are known as nano°uids, as Choi1 suggested in 1995.

Nano°uids have a good deal of thermal conductivity than other normal °uids, so

they can be used as a much better alternative than any other ordinary °uid. Nu-

merous researchers worked both theoretically and experimentally to intensify the

heat transfer of nano°uids. A few of them are Ahmed et al.,2 Buongiorno,3 Das et al.,4

Liu et al.,5 Eastman et al.,6 Wang et al.,7 and Lee et al.8

In science and technology, interest among researchers in the ¯eld of excitatory

heat transfer of nano°uids is extremely critical. It's because of the wide range of

applications in the replication of cooling equipment for microelectronic and elec-

tronic appliances, solar energy, anthropology, etc. Because of the notable applica-

tions in industrial science and intense thermal property of non°uid °ows, a large

number of researchers have shown their zeal to work on its °ow characteristics over

the last few decades. Some of the relevant works are Wen and Ding,9 Hamad et al.,10

Das and Jana,11 Seth and Mishra,12 Krishna et al.,13 Prasad et al.,14 Mahanthesh

et al.,15 Chamkha and Aly,16 Turkyilmazoglu and Pop,17 Sheikholeslami et al.,18 etc.

When heat and mass are being transported together in °uid motion, then the

relationship between driving potentials and °uxes is of a particularly complicated

nature. Both the temperature gradient and the concentration gradient are seen to

cause energy °ux. The transport of heat through a concentration gradient is known

as the Dufour e®ect. The applications of the Dufour e®ect are momentous in solar

collectors, reactor safety, nuclear waste disposal, petrology, hydrology, etc. Ahamad

et al.,19 Reddy and Chamkha,20 Hayat et al.,21 Singha et al.,22 Waini et al.,23 and Pal

et al.24 are some recent works that show the importance of the Dufour e®ect.

Applications of ramped wall temperature and ramped velocity have become of

great signi¯cance in modern technology. For example, ramped velocity is signi¯cant

in measuring heart function, diagnosis of cardiovascular diseases, determining

treatment, and making prognoses related to treadmill tests and ergometry, etc.

Similarly, the ramped temperature is used in the phenomenon of nuclear-powered

heat transfer control, heat transfer in buildings, heat transfer in turbine blades, and

so on. The idea of working simultaneously with ramped plate velocity and ramped

wall temperature was ¯rst introduced by Ahmed and Dutta25 for Newtonian °uid

over a suddenly started vertical plate. Anwar et al.26 examined the impact of ramped
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velocity and ramped temperature on free convective hydromagnetic °ow for di®erent

nano°uids.

Recently, Abdelsalam et al.27 theoretically investigated the physical traits of

electro-magneto-hydrodynamics (EMHD) of blood stream for a hybrid fractional

second-grade nano°uid. They concluded that heat transfer is higher for hybrid

nano°uid than that of nano°uid. Mekheimer et al.28 studied the two-dimensional

°ow of an incompressible °uid induced by a sinusoidal peristaltic wavy moving wall

for a large Reynolds number. Mekheimer et al.29 studied the slip e®ect with Hall

current on the °ow induced by sinusoidal peristaltic wavy wall through a porous

medium. Idrissi et al.30 investigated two-phase water hammer °ows by applying

Godunov methods numerically. Zeidan et al.31 presented a solution to the Reimann

problem for the drift-°ux model with modi¯ed Chaplygin two-phase °ows. Zeidan

et al.32 studied Aerogel numerically using two-phase °ow equations system. Sharma

et al.33 studied the combined e®ect of thermophoresis and Brownian motion on MHD

mixed convective °ow. Shahid et al.34 examined the physical features of magneto-

hydrodynamics (MHD) Carreau nano°uid bi-convection °ow past an upper parab-

oloid porous surface.

Keeping in mind the aforementioned peculiar ¯ndings and applications, the

present study is dedicated to examining the in°uence of the Dufour e®ect and ra-

diation absorption on hydromagnetic convective nano°uid °ow across a suddenly

moving in¯nite upright plate nestled in a porous medium with heat generation and

chemical reaction. As far as the author's knowledge and literature survey, the

ramped parameter has not yet been taken into account when dealing with nano°uids,

but this investigation makes good use of it to scrutinize thermal as well as solutal

convection. At the same time, ramped plate velocity and ramped temperature have

been considered simultaneously. The current problem is unique in that it investigates

the heat and mass transfer behavior of Cu-water nano°uid °ow under the in°uence of

volume concentration of nanoparticles, Dufour e®ect, radiation absorption, and

ramped e®ect using Cogley et al.'s35 model.

2. Basic Equations

Equations which describe the unsteady, incompressible natural MHD convective

°ow in the existence of di®usion-thermo e®ect, heat generation, and radiation ab-

sorption subject to Boussinesq's approximation are given as

Equation of continuity,

r � q ¼ 0: ð1Þ
Momentum equation,

�
@q

@�t
þ ðq �rÞq

� �
¼ �r2qþ J�Bþ �g�ðT � T1Þ þ �g��ðC � C1Þ � �

�k
q: ð2Þ
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Energy equation,

�Cp

@T

@�t
þ ðq �rÞT

� �
¼ �r2T �r � qr þ

�DMKT

Cs

r2C

þ �QðT � T1Þ þQ�
l ðC � C1Þ: ð3Þ

Species continuity equation,

@C

@�t
þ ðq �rÞC ¼ DMr2C �K�ðC � C1Þ: ð4Þ

Ohm's law for moving conductor,

J ¼ �ðEþ q�BÞ: ð5Þ

3. Formulation and Solution

Consider an unsteady, viscous, incompressible, hydromagnetic free convective heat-

generating nano°uid °ow past an in¯nitely long vertical plate nestled in a porous

medium as pictured in Fig. 1. The X-axis runs parallel to the plate through which

°uid °ow is presumed, and the Y-axis is normal to the X-axis. B0 and qr be the

strength of the uniform magnetic ¯eld and radiative heat °ux, respectively, applied

along the Y-direction.

The following assumptions have been considered for the °ow problem,

. Entire °uid properties are constant except for the density in the body force term.

. No electric ¯eld is applied externally.

. The shape and size of the nanoparticles are consistent.

. The base °uid and nanoparticles are in thermal equilibrium.

Hydrodynamic boundary layer

Thermal boundary layer 

Solutal boundary layer 

nanoparticles 

O 

g

X 

Y

B0 

Fig. 1. (Color online) Geometrical layout.
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Under these assumptions and Boussinesq's approximation, the governing equations

for the °ow problem are given by36

�nf
@u0

@�t
¼ �nf

@2u0

@�y2
� �nfB

2
0u

0 þ gð��ÞnfðT � T1Þ þ gð��cÞnfðC � C1Þ � �nf
�K

u0;

ð6Þ

ð�CpÞnf
@T

@�t
¼ �nf

@2T

@�y2
� @qr
@�y

þ DMKT

Cs

@2C

@�y2
þQ0ðT � T1Þ þQ�

l ðC � C1Þ; ð7Þ

@C

@�t
¼ D1

@2C

@�y2
� krðC � C1Þ: ð8Þ

Initially, the °uid was at rest at a constant temperature T1 and ¯xed concentration

C1. Suddenly, the plate starts to move with temporary acceleration U0

t0
and the °uid

temperature rises linearly about the steady mean T1. For �t > t0, the plate starts to

move uniformly and °uid acceleration and concentration attain ¯xed values Tw and

Cw. The °uid far away from the plate is not disturbed due to the sudden motion of

the plate (see Ref. 26).

The corresponding initial and boundary conditions are given by,26

u0 ¼ 0; T ¼ T1; C ¼ C1; 8 �y � 0; �t � 0;

u0 ¼ U0

�t

t0
; T ¼ T1 þ ðTw � T1Þ

�t

t0
; C ¼ Cw; 0 < �t � t0 for �y ¼ 0;

u0 ¼ U0; T ¼ Tw; C ¼ Cw; �t > t0; for �y ¼ 0;

u0 ! 0; T ! T1; C ! C1; as �y ! 1; 8�t � 0:

9>>>>>>=
>>>>>>;

ð9Þ

By Cogley's model,35 the radiative heat °ux qr for an optically thin non-gray gas is

de¯ned by the relation,

@qr
@�y

¼ 4ðT � T1Þ
Z 1

0

ðK�Þ0
@e�h
@T

� �
0

d�;

¼ 4IðT � T1Þ; where; I ¼
Z 1

0

ðK�Þ0
@e�h
@T

� �
0

d�; ð10Þ

where K�, e�h, and � are absorption coe±cient, Planck's function, and wavelength,

respectively.

Utilizing the Eqs. (10) and (7) reduces to

ð�CpÞnf
@T

@�t
¼ �nf

@2T

@�y2
� 4IðT � T1Þ þ DMKT

Cs

@2C

@�y2

þQ0ðT � T1Þ þQ�
l ðC � C1Þ: ð11Þ

The expressions for various thermo-physical features of nano°uids are given by

�nf ¼ �f

ð1� ’Þ2:5 ; �nf ¼ �f 1� ’þ ’
�np
�f

� �
; � ¼ �np

�f
;
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ð�CpÞnf ¼ ð�CpÞf 1� ’þ ’
ð�CpÞnp
ð�CpÞf

� �
; �nf ¼ �f 1þ 3ð�� 1Þ’

�þ 2� ð�� 1Þ’
� �

;

ð��Þnf ¼ ð��Þf 1� ’þ ’
��np
ð��Þf

� �
; ð��cÞnf ¼ ð��cÞf 1� ’þ ’

ð��cÞnp
ð��cÞf

� �
:

ð12Þ
Hamilton and Crosser's model is used in this study to e±ciently predict the thermal

conductivity of nanoparticles.

�nf
�f

¼ �np þ 2�f � 2ð�f � �npÞ’
�np þ 2�f þ ’ð�f � �npÞ

: ð13Þ

We introduce some dimensionless variables and parameters:

y ¼ U0�y

�f
; u ¼ u0

U0

; t ¼
�t

t0
; Ra ¼ U 2

0 t0
�f

; 	 ¼ T � T1
Tw � T1

; 
 ¼ C � C1
Cw � C1

;

M ¼ �fB
2
0�f

�fU
2
0

; N ¼ 4I�f
U 2

0 ð�CpÞf
; Pr ¼ ð�CpÞf

�f
; Q ¼ Q0�f

U 2
0 ð�CpÞf

;

Gr ¼ gð��ÞfðTw � T1Þ
U 3

0

; Gm ¼ gð��cÞfðCw � C1Þ
U 3

0

; Ql ¼
Q�

l �fðCw � C1Þ
U 2

0 ð�CpÞfðTw � T1Þ ;

K ¼
�KU 2

0

� 2
f

; k ¼ kr�f
U 2

0

; Sc ¼ �f
D1

; Du ¼ DMKT ðCw � C1Þ
�fCsðTw � T1Þ :

Employing above non-dimensional variables and parameters together with Eqs. (12)

and (13), Eqs. (6), (11) and (8) gets transformed into the following dimensionless

form:

@2u

@y2
� �1

@u

@t
� �4u ¼ ��2Gr	� �3Gm
; ð14Þ

@2	

@y2
� �1

@	

@t
þ ð�4 � �2Þ	 ¼ ��3

@2


@y2
� �5
; ð15Þ

@2


@y2
� �1

@


@t
� �2
 ¼ 0; ð16Þ

where

’1 ¼
1

ð1� ’Þ2:5 ; ’2 ¼ 1� ’þ ’
ð�CpÞnp
ð�CpÞf

; ’4 ¼ 1� ’þ ’
ð��cÞnp
ð��cÞf

;

’5 ¼ 1� ’þ ’
�np
�f

; ’6 ¼ 1þ 3ð�� 1Þ’
�þ 2� ð�� 1Þ’ ; ’7 ¼

�np þ 2�f � 2ð�f � �npÞ’
�np þ 2�f þ ’ð�f � �npÞ

;

�1 ¼
’5

’1Ra
; �2 ¼

’3

’1

; �3 ¼
’4

’1

; �4 ¼
’6

’1

M þ 1

K
; �1 ¼

’2

’7

Pr

Ra
; �2 ¼

N Pr

’7

;

�3 ¼
Du

’7

; �4 ¼
QPr

’7

; �5 ¼
Ql Pr

’7

; �1 ¼
Sc

Ra
; �2 ¼ kSc:
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Non-dimensional form of the boundary conditions (9) is

u ¼ 0; 	 ¼ 0; 
 ¼ 0; 8 y � 0; t � 0;

u ¼ t; 	 ¼ t; 
 ¼ 1; at 0 < t � 1 for y ¼ 0;

u ¼ 1; 	 ¼ 1; 
 ¼ 1; at t > 1 for y ¼ 0;

u ! 0; 	! 0; 
! 0; as y ! 1; 8 t � 0:

ð17Þ

4. Solution Procedure

After implementing the Laplace transform technique, Eqs. (14)–(16) and boundary

conditions (17) are transformed to

d2�u

dy2
� �1ðsþ �5Þ�u ¼ ��2Gr �	 � �3Gm �
; ð18Þ

d2�	

dy2
� �1ðsþ �3Þ�	 ¼ ��3

d2 �


dy2
� �5

�
; ð19Þ

d2 �


dy2
� �1ðsþ �2Þ �
 ¼ 0: ð20Þ

The relevant boundary conditions are

�u ¼ �	 ¼ 1� e�s

s2
; �
 ¼ 1

s
at y ¼ 0;

�u ! 0; �	 ! 0; �
 ! 0 as y ! 1;

ð21Þ

where,

�5 ¼
�4
�1
; �3 ¼

�2 � �4

�1

:

The solutions of the Eqs. (18)–(20) under the condition (21) are obtained as follows:

�
 ¼ 1

s
e�y

ffiffiffi
�1

p ffiffiffiffiffiffiffiffi
sþ�2

p
; ð22Þ

�	 ¼ 1� e�s

s2
e�y

ffiffiffiffi
�1

p ffiffiffiffiffiffiffiffi
sþ�3

p
þ �2

ðsþ �2Þ
sðsþ �1Þ

e�y
ffiffiffiffi
�1

p ffiffiffiffiffiffiffiffi
sþ�3

p
þ �3

sðsþ �1Þ
e�y

ffiffiffiffi
�1

p ffiffiffiffiffiffiffiffi
sþ�3

p

� �2

ðsþ �2Þ
sðsþ �1Þ

e�y
ffiffiffi
�1

p ffiffiffiffiffiffiffiffi
sþ�2

p
� �3

sðsþ �1Þ
e�y

ffiffiffi
�1

p ffiffiffiffiffiffiffiffi
sþ�2

p
; ð23Þ

�u ¼ �0e
�y

ffiffiffiffi
�1

p ffiffiffiffiffiffiffiffi
sþ�5

p
þ �5

1� e�s

s2ðsþ �4Þ
e�y

ffiffiffiffi
�1

p ffiffiffiffiffiffiffiffi
sþ�3

p

þ�6

sþ �2
sðsþ �1Þðsþ �4Þ

e�y
ffiffiffiffi
�1

p ffiffiffiffiffiffiffiffi
sþ�3

p
þ �7

1

sðsþ �1Þðsþ �4Þ
e�y

ffiffiffiffi
�1

p ffiffiffiffiffiffiffiffi
sþ�3

p

þ�8

sþ �2
sðsþ �1Þðsþ �9Þ

e�y
ffiffiffi
�1

p ffiffiffiffiffiffiffiffi
sþ�2

p
þ �10

1

sðsþ �1Þðsþ �9Þ
e�y

ffiffiffi
�1

p ffiffiffiffiffiffiffiffi
sþ�2

p

þ�11

1

sðsþ �9Þ
e�y

ffiffiffi
�1

p ffiffiffiffiffiffiffiffi
sþ�2

p
; ð24Þ
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where,

�0 ¼
ð1� e�sÞ

s2
1� �5

sþ�4

� �
��6

sþ �2
sðsþ�1Þðsþ�4Þ

��7

1

sðsþ�1Þðsþ�4Þ
��8

sþ �2
sðsþ�1Þðsþ�9Þ

��10

1

sðsþ�1Þðsþ�9Þ
��11

1

sðsþ�9Þ
;

�1 ¼
�1�2 � �3�1

�1 ��1

; �2 ¼
�1�3

�1 ��1

; �3 ¼
�5

�1 ��1

; �4 ¼
�1�3 � �1�5
�1 � �1

;

�5 ¼� �2Gr

�1 � �1
; �6 ¼� �2Gr�2

�1 � �1
; �7 ¼� �2Gr�3

�1 � �1
; �8 ¼

�2Gr�2

�1 � �1
;

�9 ¼
�1�2 � �1�5
�1 � �1

; �10 ¼
�2Gr�3

�1 � �1
; �11 ¼� �3Gm

�1 � �1
; A1 ¼

�2
�1

; A2 ¼
�1 � �2
�1

;

A3 ¼
1

�1

; A4 ¼� 1

�1

; A5 ¼� 1

�2
4

; A6 ¼�A5; A7 ¼
1

�4

; A8 ¼
�2

�1�4

;

A9 ¼
�2 ��1

�1ð�1 ��4Þ
; A10 ¼

�2 ��4

�4ð�4 ��1Þ
; A11 ¼

1

�1�4

; A12 ¼
1

�1ð�1 ��4Þ
;

A13 ¼
1

�4ð�4 ��1Þ
; A14 ¼

�2
�1�9

; A15 ¼
�2 ��1

�1ð�1 ��9Þ
; A16 ¼

�2 ��9

�9ð�9 ��1Þ
;

A17 ¼
1

�1�9

; A18 ¼
1

�1ð�1 ��9Þ
; A19 ¼

1

�9ð�9 ��1Þ
; A20 ¼

1

�9

; A21 ¼� 1

�9

:

Now, employing inverse Laplace transformation on Eqs. (22)–(24), we get the

following expressions for concentration, temperature pro¯le, and velocity ¯eld:


 ¼  1; ð25Þ
	 ¼ 	1 þ 	2 þ 	3 � 	4 � 	5; ð26Þ

u ¼
X7
i¼1

ui; ð27Þ

where

	1 ¼ f1 � �f 1; 	2 ¼ �2½A1 2 þ A2 3�; 	3 ¼ �3½A3 2 þ A4 3�;
	4 ¼ �2½A1 1 þA2 4�; 	5 ¼ �3½A3 1 þ A4 4�;
u1 ¼ u1;1 � u1;2 � u1;3 � u1;4 � u1;5 � u1;6 � u1;7; u1;1 ¼ f2 � �f 2;

u1;2 ¼ �5½A5ð 5 � � 5Þ þ A6ð 6 � � 6Þ þ A7ðf2 � �f 2Þ�;
u1;3 ¼ �6½A8 5 þ A9 7 þ A10 6�; u1;4 ¼ �7½A11 5 þ A12 7 þ A13 6�;
u1;5 ¼ �8½A14 5 þA15 7 þA16 8�; u1;6 ¼ �10½A17 5 þA18 7 þA19 8�;
u1;7 ¼ �11½A20 5 þ A21 8�; u2 ¼ �5½A5ð 2 � � 2Þ þ A6ð 9 � � 9Þ þ A7ðf1 � �f 1Þ�;
u3 ¼ �6½A8 2 þ A9 3 þ A10 9�; u4 ¼ �7½A11 2 þ A12 3 þ A13 9�;
u5 ¼ �8½A14 1 þA15 4 þA16 10�; u6 ¼ �10½A17 1 þ A18 4 þ A19 10�;
u7 ¼ �11½A20 1 þ A21 10�; f1 ¼ fð�1; �3; y; tÞ; f2 ¼ fð�1; �5; y; tÞ;

R. Bordoloi et al.
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 1 ¼  ð�1; �2; y; tÞ;  2 ¼  ð�1; �3; y; tÞ;  3 ¼ e��1t ð�1; �3 � �1; y; tÞ;
 4 ¼ e��1t ð�1; �2 � �1; y; tÞ;  5 ¼  ð�1; �5; y; tÞ;
 6 ¼ e��4t ð�1; �5 � �4; y; tÞ;  7 ¼ e��1t ð�1; �5 � �1; y; tÞ;
 8 ¼ e��9t ð�1; �5 � �9; y; tÞ;  9 ¼ e��4t ð�1; �3 � �4; y; tÞ;
 10 ¼ e��9t ð�1; �2 � �9; y; tÞ:

The engineering quantities like drag force or skin friction coe±cient ð
Þ, Nusselt

number/rate of heat transfer (Nu), and mass transfer/Sherwood number (Sh) at the

plate in non-dimension form are derived as


 ¼ �’1

@u

@y

����
y¼0

; Nu ¼ �’7

@	

@y

����
y¼0

and Sh ¼ �@

@y

����
y¼0

: ð28Þ

5. Parametric Study

Radiation absorption, as well as the di®usion-thermo e®ect on unsteady viscous in-

compressible MHD free convective heat-generating °ow of nano°uid nested in a po-

rous medium, is explored in the present study. To understand the physics behind the

present problem, a parametric investigation is executed, and enumerated solutions

are exposed with the help of graphs and tables. Impact of various physical parameters

like absorption radiation parameter (Ql), Dufour number (Du), Magnetic parameter

(M), the volume fraction of nanoparticles (’), chemical reaction (k), the permeability

of porous media (K), Ramped parameter (Ra), and heat source (Q) on °uid velocity,

concentration, and temperature together with Sherwood and Nusselt number are

depicted graphically. It has been chosen that Pr ¼ 6:2 (water) and Sc ¼ 0:6 (for water

vapor di®used in dry air) throughout the study. For graphical interpretation, water is

considered as a base °uid and Cu (copper) as a nanoparticle. The thermophysical

properties of water and copper are given in Table 1.

From Fig. 2, it is remarked that the °uid motion falls due to the enhanced volume

concentration of nanoparticles (’) for both isothermal ðt > 1Þ and ramped ðt < 1Þ
cases. This is due to the frictional force created by the entrapment of nanoparticles in

the base liquid, making the liquid denser and impeding its movement through the

Table 1. Thermophysical belongings of H2O (Water) and

Cu (Copper)(See Ref. 15).

Thermophysical features Water Copper

� (kg/m3) 997.1 8933

Cp (J/kg .K) 4179 385

� (W/mK) 0.613 401

� � 105 (1/K) 21 1.67

�c � 106 (1/K) 298.2 3.05

� (S/m) 5:5� 10�6 59:6� 106

An exact analysis of radiation absorption and Dufour e®ect on MHD
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porous medium. Figure 3 illustrates the impact of the di®usion-thermo parameter

(Du) in the velocity ¯eld. It is seen that the Dufour parameter increases and so does

the velocity distribution. It can be perceived that boundary layer thicknesses increase

with an enhancement in Du.

A rise in the Dufour parameter improves the rate of transport through the

boundary layer, thereby increasing the velocity in the °uid region. Figure 4 illus-

trates that °uid motion decelerates for an increased e®ect of magnetic ¯eld (M). The

magnetic ¯eld creates a force named Lorentz force. This force is resistive in nature

and also has a tendency to delay the °uid movement. This result perfectly follows the

Fig. 2. (Color online) Velocity layout for ’.

Fig. 3. (Color online) Velocity layout for Du.

R. Bordoloi et al.
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nature of the Lorentz force and also con¯rms that our solution is true. It is deter-

mined from Fig. 5 that velocity boosts up with the expansion of Ql.

It can be ¯gured out from Fig. 6 that the hydrodynamic boundary layer rises for

increasing permeability parameter (K) for both the thermal conditions. Since higher

permeability reduces the resistivity of the porous medium and henceforth hydro-

dynamic boundary layer increases. The consequence of ramped e®ect (Ra) on °uid

motion is visualized in Fig. 7. Here the graph indicates that there is a proportional

relationship between °uid velocity and ramped parameter (Ra). Increasing Ra means

Fig. 4. (Color online) Velocity layout for M.

Fig. 5. (Color online) Velocity layout for Ql.
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2450371-11

In
t. 

J.
 M

od
. P

hy
s.

 B
 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.



reducing the viscosity. That is °uid moves faster for small viscosity, which is phys-

ically true in nature.

Figure 8 shows that the di®usion-thermo e®ect enlarges the thermal frontier layer

thickness. Reducing in Du retards the in°uences of the concentration gradients on

the temperature distributions. Thus, the magnitude of the temperature is reduced,

which leads to a cooling of the frontier layer. Figure 9 elucidates that temperature

enhances with increasing heat source (Q). It is because energy is lost for greater

exposure to heat and thus temperature layer is lifted. The enlargement of temper-

ature distribution under the consequence of the absorption radiation parameter (Ql)

Fig. 6. (Color online) Velocity layout for K.

Fig. 7. (Color online) Velocity layout for Ra.

R. Bordoloi et al.
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is delineated in Fig. 10. This is because as heat is absorbed, buoyant force stimulates

the °ow temperature all over the °uid domain. It is clear that non-dimensional

temperature is an expanding function of radiation absorption. This is because once

heat is absorbed, buoyant force rushes the °ow. In contrast, for thermal radiation

(N), Fig. 11 demonstrates the opposite phenomenon. It is because the heat from the

°uid region is radiated outward in the form of thermal radiation, which lowers the

temperature pro¯le. In the actual world, this is exactly how things work.

Figures 12 and 13 highlight the behavior of concentration pro¯les for isothermal

and ramped cases, respectively, with dissimilar values of chemical reaction

Fig. 8. (Color online) Temperature layout for Du.

Fig. 9. (Color online) Temperature layout for Q.
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parameter (k). It can be spotted that increasing chemical reactions drastically

diminishes the concentration pro¯le. The basis of this change is that the number of

dissolved particles exposed to the action of the chemical reaction e®ect expands as

chemical reaction parameter increases, causing a reduction in the thickness of the

concentration boundary layer. This result is consistent with physical realities and

also agrees excellently with the investigation of Kataria and Patel.37

Computational outcomes of the shear stress 
 at the plate y ¼ 0 for multiple

values of Du,Ql, Ra,Q,M ,K and ’ are presented in Table 2. Table 2 manifests that

due to the °uid movement, frictional resistance at the plate increases with an

Fig. 10. (Color online) Temperature layout for Ql.

Fig. 11. (Color online) Temperature layout for N.

R. Bordoloi et al.
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increment in Du, Ql, Q and K whereas a converse phenomenon is perceived for Ra,

M and ’ as visible in Table 2. Table 3 is drawn to scrutinize the behavior of heat

transfer rate under the impact of Du, Ra, Q, Ql and k. It is evident that the rate of

heat transfer is enhanced due to an augmentation in all these parameters.

Surface plots are a type of three-dimensional data visualization. Instead of dis-

playing individual data points, surface plots show the functional relation between a

dependent variable and two independent variables. Figures 14–16 represent surface

plots for Nusselt number and Sherwood number for di®erent °ow parameters. It is

apparent from Fig. 14 that the Nusselt number gets enhanced for higher values of

Fig. 12. (Color online) Concentration layout for k (t > 1).

Fig. 13. (Color online) Concentration layout for k (t < 1).
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Table 2. Skin friction (shear stress) when Pr ¼ 6:2, Sc ¼ 0:6,

N ¼ 5, Gm ¼ 5, Gr ¼ 5, k ¼ 1.


 


Du Ql Ra Q M K ’ (t ¼ 0:5) (t ¼ 1:5)

1 5 5 1 5 5 0.01 2.0021 1.1919

2 ��� ��� ��� ��� ��� ��� 2.0259 1.2152
3 2.0496 1.2384

4 2.0734 1.2616

5 1 ��� ��� ��� ��� ��� 1.1156 0.3248
| 2 ��� ��� ��� ��� ��� 1.3610 0.5648

3 1.6064 0.8048

4 1.8518 1.0448

5 1 ��� ��� ��� ��� 2.3208 1.4421
| ��� 2 ��� ��� ��� ��� 2.2447 1.3130

3 2.1684 1.2900

4 2.1214 1.2857

5 0.5 ��� ��� ��� 1.9667 1.1421
1.5 ��� ��� ��� 2.2569 1.4588

2.5 ��� 2.7188 1.9589

3.5 3.5549 2.9076

| ��� ��� 1 1 ��� ��� 4.9661 4.9285
| ��� ��� ��� 2 ��� ��� 3.8588 3.4513

3 3.0753 2.5199

4 2.5221 1.8330
| ��� ��� ��� 5 1 ��� 1.8174 0.9138

| ��� ��� ��� ��� 2 ��� 1.9872 1.1400

3 2.0475 1.2196

4 2.0784 1.2602
| ��� ��� ��� ��� 5 0.1 1.4853 0.3997

| ��� ��� ��� ��� ��� 0.2 0.7387 �0.7776

0.3 �0.1724 �2.3256

0.4 �1.4050 �4.5425

Table 3. Nusselt number (rate of heat transfer)

when Pr ¼ 6:2, Sc ¼ 0:6, ’ ¼ 0:01, N ¼ 2.

Nu Nu

Du Ra Q Ql k (t ¼ 0:5) (t ¼ 1:5)

1 0.5 1 3 1 0.1814 1.6905

2 ��� ��� ��� ��� 0.4416 1.8926
3 0.7019 2.0947

4 0.9621 2.2968

| 0.5 ��� ��� ��� 0.9621 2.2968

| 0.8 ��� ��� ��� 1.9981 3.0722
1.2 2.8414 3.5450

1.5 3.2736 3.7201

| 0.5 0.2 ��� ��� 0.8353 1.2689

| ��� 0.4 ��� ��� 0.9089 1.5526
0.8 0.9898 2.0882

1.2 1.0721 2.6585

R. Bordoloi et al.
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Table 3. (Continued )

Nu Nu

Du Ra Q Ql k (t ¼ 0:5) (t ¼ 1:5)

| ��� 1 4 ��� 1.9629 3.7949

| ��� ��� 5 ��� 2.9638 5.2929
6 3.9646 6.7910

7 4.9654 8.2890

| ��� ��� 3 2 1.2426 2.5888
| ��� ��� ��� 3 1.5198 2.8861

4 1.7925 3.1838

5 2.0607 3.4799

Fig. 14. (Color online) Surface plot of the rate of heat transfer for ’.

Fig. 15. (Color online) Surface plot of the rate of mass transfer for Ra.

An exact analysis of radiation absorption and Dufour e®ect on MHD
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volume concentration of nanoparticles ’. So, it can be concluded that the rate of heat

transfer is an increasing function of ’. The behavior of mass transfer rate for ramped

parameter Ra and chemical reaction k has been plotted in Figs. 15 and 16. These

¯gures reveal that the mass transfer coe±cient for ramped parameter Ra decreases

while it hikes upon increment of chemical reaction e®ect k.

6. Comparison and Validation of Results

One of the present outcomes for a particular case is compared with the work of

Krishna et al.38 to check the accuracy of our ¯ndings. Concentration pro¯les with

k ¼ 0, Ra ¼ 1 are displayed in Figs. 17 and 18. Figures 17 and 18 have been com-

pared with Figs. 14(a) and 14(b) of Krishna et al.,38 respectively. Both ¯gures

Fig. 16. (Color online) Surface plot of the rate of mass transfer for k.

Fig. 17. (Color online) Comparison of concentration pro¯le with Veera Krishna et al.38 for Sc.

R. Bordoloi et al.
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uniquely establish the fact that the Sherwood number lessens with growing Sc and

enlarges with escalating time throughout the °uid region. Further, the authors cal-

culated the numerical values for the concentration pro¯le of the work of Krishna

et al.38 for di®erent parameters and compared it with the present work with k ¼ 0

and Ra ¼ 1, which is presented in Table 4. It is observed that the numerical values

for the two models are exactly identical. It is clear from these comparisons that there

is excellent agreement among the numerical and graphical solutions, which validates

the accuracy and validity of the solution obtained using the present method.

7. Conclusions

The core interest of this scrutiny is on the convective hydromagnetic °ow of

Cu-water nano°uid with di®usion-thermo e®ect, radiative absorption, and heat

generation when ramping wall velocity and temperature are applied simultaneously.

Fig. 18. (Color online) Comparison of concentration pro¯le with Veera Krishna et al.38 for t.

Table 4. Comparison of results for concentration.


 


y t Sc Previous work of Veera Krishna et al.38 Present work with k ¼ 0, Ra ¼ 1.

0.2 0.2 0.22 0.8821 0.8821

0.4 0.7667 0.7667

0.6 0.6563 0.6563

0.8 0.5530 0.5530
| 0.4 ��� 0.6748 0.6748

0.6 0.7319 0.7319

0.8 0.7667 0.7667

| ��� 0.30 0.7290 0.7290
0.60 0.6242 0.6242

0.78 0.5765 0.5765

An exact analysis of radiation absorption and Dufour e®ect on MHD
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Some remarkable ¯ndings are summarized as follows:

. Concentration, temperature and velocity pro¯les in case of ramped conditions are

less than in isothermal conditions.

. Velocity and temperature pro¯le enhance due to the ampli¯cation of Dufour as

well as radiation absorption parameter.

. Fluid becomes hot for increasing heat source parameter.

. Chemical reaction parameter declines the solutal boundary layer drastically.

. Intensi¯cation of the Dufour parameter and radiation absorption leads to an in-

crease in the resistive force at the plate.

. Heat transfer rate is ampli¯ed by the ramped parameter, whereas the mass

transfer rate is a®ected in the opposite way.

. Volume concentration of nanoparticles has a tendency to augment the heat

transmission rate.
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Appendix B

The \bar" function that is used in Sec. 3 is de¯ned as follows: for any function

hða; b; y; tÞ, h ¼ hða; b; y; t� 1ÞHðt� 1Þ.

Hðt� 1Þ ¼ heavisideðt� 1Þ ¼
0; t < 1;

1

2
; t ¼ 0;

1; t > 1:

8>><
>>:
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