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Abstract

This paper investigates the three-dimensional motion of electromagnetic nanofluid under the influence of heat source/sink,
nonlinear heat radiation, magnetic field, and altered Arrhenius equation. Nonlinear stretching in the velocity is considered
in the x-direction. Thermophoresis(N,) and Brownian motion (N,) are also considered in nanoparticle concentration profiles
and temperature analysis. The boundary layer equations are transformed into nonlinear ODEs using suitable similarity
transformations. The coupled nonlinear homogeneous system of ordinary differential equations is tackled by the MAPLE
software. Non-dimensional system of the equation contains fourteen physical parameters F, N, M, y, A, R, 6§, Pr, N, S, E,
Sc, Bi and power index, which are governed by the physical model. Graphs are presented to show the impact of the above-
mentioned parameters on temperature, concentration and velocity profile. The present study contributes by observing how
the aforementioned parameters influence the heat dissipation rate of nanofluids. This study has broad applications in the field
of nanofluids like oil production, metal extrusion, heat exchangers, catalytic reactors etc. Also, results for a particular case

found good concurrence with earlier work.
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1.0 Introduction

Nanofluids are a new class of advanced heat transfer
fluids which draw the consciousness of many researchers
and industrialists in recent years. Base fluids like water,
oil, ethylene glycol, and vegetable oil have less thermal
conductivity, making their uses less for industrial
purposes. So particles of nano size (less than 10nm) are
dispersed in the above base fluids to change their thermal
conductivity. The resulting fluid is called nanofluid, which
has high thermal properties. Nanomaterials generally used
are metal (Al, Cu, Ag, Au, Fe), metal oxide (AL O,, CuO,
TiO,), metal carbide (SiC), Nitride (AIN, SiN), layered
(Al+ ALO,, Cu+C), carbon materials (CNTs, diamond,
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graphite). They increase suspension stability because
of their higher surface area than conventional particles.
Nanofluids has enormous application in the biomedical
industry (sensing and imaging, nano drug delivery,
cancer therapeutics, nano cryosurgery), industrial
cooling, military applications, nuclear reactor, nanofluid
detergent, solar panels, and electronics applications
like cooling of microchips. Research on nanofluids has
accelerated exponentially since the discovery of the term
by Choi'. His investigations show the enhancement of the
thermal conductivity of nanofluids in the development
and applications of Newtonian fluids. Buongiorno’
explored the main factors of Brownian diffusion and
thermophoresis diffusion in the transport of nanofluids.
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Subsequently, this research progressed in other areas
like MHD, porous media, nonlinear thermal radiation,
viscous dissipation, heat generation, chemical reaction,
and Arrhenius energy by various researchers®*°.

Many real-world problems deal with boundary
layer flow caused by stretchable sheets. In many areas,
it has applications like hot rolling, paper production,
condensation process, artificial fibres, etc. The stretching
surface may be linear or nonlinear. The linear stretching
surface was first studied by Crane'' and nonlinear by
Khan & Pop'2. Makinde & Aziz' extend this work on the
convective boundary condition. The boundary layer flow
by a nonlinearly stretching sheet in the presence of thermal
radiation and viscous dissipation was first researched by
Cortell". Prasad et al.'> and Mukhopadhyay' studied
heat transfer in a non-isothermal stretching sheet. Vijaya
Kumara et al."” studied convection with porosity in wall
heating. Srinvasulu & Bandari'® examined Arrhenius
equation and heat source through a nonlinearly
stretching plate. Flows over an unsteady stretching surface
considering heat source/sink in an inclined magnetic
field was inspected by Elgazery". Jafar et al.*® looked at
nonlinear stretching sheets in porous media. Saeed et al.*!
examined thin film nanofluid on an inclined stretching
surface. Rasool ef al.** numerically investigated nanofluid
flow with convective boundary conditions by nonlinear
stretching surface. Abbas et al.” explored the heat transfer
properties and the thermal slip of hybrid nanofluid over
permeable, nonlinear, curved surfaces.

Porous media improves convective heat transfer, so
it is used widely in many applications like enhancement
of heat transfer in heat exchangers, water pollution, grain
storage, etc. Darcy’s theory Darcy* is used mathematically
with porous media. By Darcy’s law, volume flux is directly
proportional to the pressure gradient. This law is valid
at low flow velocity and weal porosity. Forchheimer®
extended this law by observing the physical phenomenon.
The author included the additional term square velocity
to the existing Darcy equation; the final expression is
called Darcy- Forchheimer equation. In nanofluids,
Darcy- Forchheimer flow is used to analyse the properties
of heat transfer. Various studies on Darcy- Forchheimer
are pointed out in ®*”. Along with flow through Darcy-
Forchheimer porous media, the following effects are
studied convective conditions Muhammad et al?,
ohmic heating and heat source(sink) Upreti et al.??, slip
condition Mishra et al.*®, electromagnetic field Eid et
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al**, thermal radiation and activation energy Sajid et al.*,
suction/blowing Alotaibi & Eid,*. Radiative heat transfer
is used in equipment designing, solar farms, imagining
techniques, etc. Shobha et al.¥’, using the ADI method,
tested the influence of nonlinear thermal radiation
on Williamson nanofluid. They concluded radiation
parameters lower both velocity and temperature. Patil et
al.*, checked the impact of radiation parameters on mixed
convective hybrid nanofluid through a rotating sphere.
They addressed temperature is directly proportional
to nonlinear thermal radiation parameters. In ®*40 the
nonlinear thermal radiation effect is considered with
different physical conditions.

Understanding the importance of work on nanofluids
and boundary layer flow caused by stretching sheets
carried out by the above-mentioned authors motivates
us to extend their research work. This work aims to
study the 3-dimensional motion of the electromagnetic
fluid through porous extending sheets along nonlinear
heat radiation, heat source/sink magnetic field, and
altered Arrhenius equation contingent on convective
surface boundary Using appropriate
similarity transformation nonlinear system of equations
is gained. The numerical solution is determined using
MAPLE software. Graphs and tables are constructed for
different parameters together with physical justification.
The outcomes of this work can be used to improve oil

conditions.

productivity”, drug delivery*, radiotherapy, treatment of
cancer®, etc.

2.0 Formulation of Flow Problem

Consider the 3-dimensional motion of nanofluid through
Darcy-Forchheimer porous medium accompanying heat
radiation, reaction,  heat
thermophoresis, magnetic field and Brownian motion.
Magnetic field and fluid motion make an angle of 90°. The
induced magnetic field is inconsiderable. Quadratic
stretching in velocity is considered in the x direction and

chemical source/sink,

linear stretching in velocity is considered in the y

direction. Suction/blowing W, is considered on the
surface.

Governing equations for the above physical
configuration are:
v du  ow _

CACNA
8y+8x+az ’ @
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Geometrical model of the nonlinear stretching sheet
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(5)

Considering the geometry of model boundary
conditions are given as:
D,
v=by, u=ax’ +x, w=wo,a—cDB a—T——O ka—T—(T T)h atz=0
oz oz T,
vo0,C>C,u—>0,T>T, asz—> oo,

(5A)

where v - velocity component in the y-direction,
-Velocity component in the x-direction and w -velocity
component in the z-direction, C - concentration,
T - temperature, a” - thermal diffusivity, v- kinematic
viscosity, F - porous medium inertia, Q -heat absorption
coefficient, D, - thermophoresis, K- penetrability of the
porous medium, p - density, o - electrical conductivity,
pc,- nanoparticle heat capacity, pc, - fluid heat capacity,

D, - Brownian motion, C_ - ambient concentration,

B
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m

. EYrT .
T_ - ambient temperature, exp(—KT T R(C-C.)" is

Arrhenius equation for a chemical reaction where R
-reaction rate, k -Boltzmann constant, E - activation

energy, n- chemical reaction order, m - rate constant.

Radiative thermal flux given by Roseland

approximation is

__4o or"
LAV
where o° - Stefan-Boltzmann constant and k'-

absorption coeflicient. Using Taylor’s series around and
T _Roseland approximation, we have

dq, _ 160°T. 9°T

oz % oz’ (6)
Applying equation (6), the reduced form of equation
(4) is
or dT BC BT BT
Ut V—t L
ox  dy 82 9z oz . pc,

_[a*+ 160°T2 ] T, O p
3k (pe,) pe, (6A)

Consider the subsequent similarity transformation

6= [Frv=arg (@ u=ay @) w=—/©+e@Wu , .0(c) = C;C”
Vi o
—TN
,0(5) = -

(7)
The nonlinear system of equations for the partial
differential equations (2), (3), (5) and (6A) is given by

0, (8)

P (- f - f 21+ F)
g +g (f+e)-(MP+2)g -g " (1+F) =0, (9)

[1+:Rd }9 + [( f+g)0 +N,p6 +N6" +S0]Pr =0,(10)

9+ x; o' +[(f+ )¢ —(1+80)" + ?’e"p(_ 59E+1 )W}SC -

(11)
Applying equation (7), boundary conditions become
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g(0)=58u, g () =a, f(0)=0, f (0)=L (N,¢ +N,8)(0)=0,

60 (0)==Bi[1=6(0)],& (=) = 0, 1" (c0) 0, 6(0) = 0,8(cs) = 0,

(11A)
where F - Forchheimer number, N_t- thermophoresis
parameter, A - permeability parameter, E - activation
energy, R, - radiation parameter, Sc-the Schmidt
number, M - magnetic parameter, Nb - Brownian motion
parameter, y - chemical reaction parameter, Pr - Prandtl
number, S - the heat absorption/generation parameter

and § - temperature relative parameter. Mathematically,

fic)

the above parameters are described as follows:

Non-dimensional coeflicient of skin friction and Figure 1. Effect of F, (Darcy-Forchheimer number) on

Nusselt number are characterized as f ().
o |
G Mz By B _v,N _p, C. (pc)p,RA:4a‘Tm’a:g’ .30
\F ap,” @ v, (pe), Kk
.25
- T,-T, h
AU o), Lt CTR w>,E=5,l=L,Bi=\ﬁ4,
T v (po), D, a T, kT, aK ak 020
T dv S om
C, = = Ty =Myl = s
! Uffpf f(az l—o Bt -
C =T B Jdu
f_U:/pf’Tw_ﬂf g z=0, (12) "
__ xq, 0.00 —
(Tw -T. )k/ ' o ) 5
Using equation (7), equation (12) reduces to
3 Figure 2. Effect of F (Darcy-Forchheimer number) on
C,Rel =a?g(0), '
L g (o).
Cﬁc Rei = _f (0), i,
1
Nu_ Re? = -6'(0), 14
u.L 1.2
where R€= is Reynolds number, L is o

Vy

characteristic length.

3.0 Numerical Method and Graphs o

For solving highly nonlinear coupled homogeneous
differential equations, MAPLE software is used.

Figure 3. Effect of F (Darcy-Forchheimer number) on
0(5)-
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Figure 6. Effect of NV, (thermophoresis parameter) on Figure9. Effect of A (permeability parameter) on f’ '(g )
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Figure 23. Effect of S (heat generation/absorption
parameter) on 8(g).

4.0 Discussion on Graphs

Figure 1 and 2 manifest the effect of the Forchheimer
number on velocities. Velocity reduces with the rise in
Forchheimer number as the permeability of the porous
medium increases, thus flow rate decreases. Figure 3
shows temperature variation under the impact of the
Forchheimer number. It increases as the value of the
Forchheimer number rises. Temperature enhances with
the developing value of the Forchheimer number since
fluid flow is hampered due to the porous medium. Figure
4 shows the variation in temperature for the Prandtl
number. Temperature decreases with the growing value
of the Prandtl number. Prandtl number relates kinematic
viscosity with thermal diffusivity, which connects the
velocity boundary layer to the thermal boundary layer. The

Vol 71 (10) | October 2023 | http://www.informaticsjournals.com/index.php/jmmf

smaller the Prandtl number, the more thermal diffusivity.
Figure 5 shows variation in temperature concerning
radiation parameter. The temperature rises with a rise in
radiation parameter value as the coefficient of absorption
coefficient decreases. Thus, there is an increase in radiative
heat flux, which shows an increase in thermal radiation
parameter. Figure 6 shows temperature variation
concerning thermophoresis. Temperature declines as
thermophoresis parameter decline. Temperature gradient
increases; hence, the difference between ambient and
surface temperature increases due to which nanoparticles
are suspended in fluid.

Figures 7 and 8 show alterations in velocities f' '(g )
and g (&) with the magnetic parameter. It decreases
with a rise in magnetic parameter value due to the
presence of Lorentz force. The density of fluid decreases,
due to which the clash between nanoparticles reduces.
Hence, velocity decreases in both directions. Figures 9
and 10 manifest the effect of the permeability parameter
on velocities. Velocities show opposite behaviour with
permeability parameter since fluid-particle interaction is
less. Figure 11 shows the impact of the permeability
parameter on temperature. Temperature grows with
permeability parameter development, since slow motion
leads to temperature improvement and hence the thermal
boundary film. Figure 12 exhibits the behaviour of the A,
permeability parameter on concentration. At a distance of
two units from the origin, concentration reduces and
accelerates as increased permeability parameter allow
fluids to pass quickly.

Figure 13 shows the variation in concentration for
the Brownian motion parameter. First concentration
profile rises to two units from the origin, then declines.
Nanofluid particles experience more force hence, travel
in the reverse direction due to an increase in Brownian
motion parameter. Figure 14 depicts concentration
variation with chemical reaction parameter. First
concentration profile expands up to some distance, then
shows the opposite behaviour and contracts. Figures 15
and 16 demonstrate the impression of the temperature
ratio parameter and activation energy on concentration.
Up to a certain distance from the origin, it rises and
then the behaviour of the concentration profile changes
and shows a downfall. Figures 17 and 18 illustrate the
consequences of the rate constant and chemical reaction
order onto concentration. Up to some distance from
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Table 1. The skin friction coeflicient for the different parameter value

1 1

A F, @ C,, Ref C,, Ref
0.5 0.3 1.372592 1.674593

0.4 1.367893 1.845679
0.6 1.389997 1.954328
0.2 0 1.413457 1.457689
0.5 1.394214 1.954468

1 1.409648 1.964458

2 1.378946 2.548743

0.4 0.5 0.1 1.378884 1.969966
0.3 1.392228 1.85675

0.5 1.4 1.745679

0.6 0.5 0.1 1.360045 1.945222
0.3 1.385378 1.758883

Table 2. Nusselt number corresponding to different parameter values for linearly stretching sheet

Hagat s etal Haromad et Present Resuli

mT Bk ] when a={

» Fr . 1 Nt No o B % Ra i R NuxReVivux
00 0.1 02 03 02 05 10 10 02048 0204481 0204484
22 02048 0202481 0202489
05 01997 0180702  0.19970¢
02 00 02 03 02 0s 10 10 02007 0202782 0202786
02 0202 0202200  020220¢
04 02016: 0201644 0201644
02 0.1 00 03 02 0s 10 10 019458 0104583 0194563
03 0205 020501 0205607
05 02108 0210802 0210308
02 0.1 02 02 02 0s 10 10 01548 0151482 0151485
05 02696 0276963 0276965
10 038194 0381839 0331941
02 0.4 02 03 00 05 10 10 02306 0203058 0203060
0s 02015 0201581 0201568
10 020004 0200038 0200040
02 01 02 03 02 0s 10 10 08 0202481 0202480
10 02048 0202481 0202485
15 02048 020282 0202485
02 01 02 03 02 0s 05 10 01665  016585¢  0.166880
10 020248 0202682 0202459
15 0214 0219403 0219499
10 05 020071 0200712 0202715

1.0 020248 0. 202483 0202490

the origin, there is growth in the concentration profile, Figures 19 and 20 show alterations in velocities with the
then decay. As concentration decreases, the number of ratio parameter and temperature with suction parameter.
molecules participating in chemical reactions decreases. Ratio parameter and velocity show opposite behaviour.
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Table 3. Nusselt number corresponding to different parameter values for quadratically stretching

sheet

1

| & F. o v N, N, e Se —MNu, Re_
0.2 0.1 0.2 0.5 0.5 2 1 0.501256
0.4 0.499124
0.6 0.453782
0.2 0.5 0.1 0.2 0.5 0.5 2 1 0.519863
1 0.468882
2 0.484456
0.2 0.5 0.1 0.2 0.5 0.5 z 1 0.492226
0.3 0.478893
0.5 0.503378
0.2 0.5 0.3 0.2 0.5 0.5 2 1 0.502217
0.4 0.516689
0.6 0.499994
0.2 0.5 0.3 0.2 0.4 0.5 2 1 0.487745
0.5 0.492658
0.6 0.508769
0.2 0.5 0.3 0.2 0.5 0.4 2 1 0.503368
0.5 0.487659
0.7 0.475996
0.2 0.5 0.3 0.2 0.5 0.5 2 1 0.486665
a 0.502235
a4 0.525678
0.2 0.5 0.3 0.2 0.5 0.5 z 1 0.478944
3 0.489955
7 0.500032

Reverse behaviour is observed in both directions as the
ratio parameter is b/a. If the denominator increases,
then the numerator decreases and vice-versa. Figures 21
and 22 depict the effect of Biot number Bi and Schmidt
number Sc on temperature. The temperature rises with
a higher value of the Biot number and Schmidt number.
Schmidt number is the ratio of thermal diffusivity to
mass diffusion. The higher the Schmidt number more
thermal diffusivity, hence the increase in the temperature
profile. Figure 23 presents the effect of heat generation/
absorption parameter on temperature. The temperature
expands with an increase in heat generation/absorption
parameter. Nanofluid can retain temperature for a long
time, hence slighter heat transfer.

The skin friction coeflicient is calculated for different
values of , A and a and shown in Table 1. Nusselt number
for a linearly stretching sheet is compared with previous
work done by Hayat et al.”” and Alotaibi & Eid* and
presented in Table 2. Result holds good for present work.
Nusselt number for a quadratically stretching sheet is
calculated corresponding to different parameters values
and shown in Table 3
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5.0 Conclusions

This work is dedicated to examining the 3-dimensional
motion of nanofluid through Darcy -Forchheimer porous
medium accompanying heat radiation, chemical reaction,
thermal source/sink and magnetic field. The effect of the
thermophoresis parameter (N) and Brownian motion
(N,) parameter is also considered in examining
temperature and concentration profiles. A nonlinear
system of differential equations is solved using MAPLE
software. The following are the significant findings:

o« Velocity f '(g ) and g'(g ) decreases with a rise
in the magnetic parameter, Darcy-Forchheimer

number and permeability parameter value. In
contrast, an increment in the ratio parameter leads
to a decay in velocity f (¢) and an increment in

velocity g (S) .

o The temperature grows with an increment of
radiation parameter R), Darcy-Forchheimer
number F_r, thermophoresis parameter N,

permeability parameter A, Biot number Bi, Schmidt

number Sc and heat generation/absorption

Journal of Mines, Metals and Fuels | 1451 -
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parameter S value. In contrast, a rise in the Prandtl
number Pr shows decrement in temperature

o The concentration profile first reduces and then
accelerates for the permeability parameter,
Brownian motion parameter, chemical reaction
parameter, temperature ratio parameter, fitted
rate constant and order of the chemical reaction,
whereas behaviour is opposite with activation
energy.

o Theresearch reveals some insight on nanomaterials
flow like Al, Cu, Ag, Au, Fe, metal oxide (Alea,
CuO, TiO,), metal carbide (SiC), Nitride (AIN,
SiN), layered (Al+ ALO,, Cu + C), carbon
materials (CNTs, diamond, graphite) and also
thermal variations for forced convection.
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