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ABSTRACT
A novel mathematical model for radiative nanoliquid flow is developed as
a result of stretching a sheet with an angled magnetic field that is sub-
merged in nanoparticles. Joule dissipation and exponentially based heat
source/sink effects is employed in the present phenomena under the heat
constraints. The governing equations, which describe the flowing nanofluid
are transformed into invariant dimensionless equations with suitable simi-
larity quantities. With the adoption of a spectral quasi-linearization method,
the resultant equations are numerically simplified. The impact of several
converted dimensionless elements on physically interesting values is
depicted visually. The current analysis is validated through comparison
with some selected related literature, which shows a positive correlation.
Inspired by applications, Advances in nanoscience and technology acquired
the significance of the nanofluid in novel functional polymers like fiber
insulation, geothermal system, and chemical catalytic reactors.
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1. Introduction

A revolutionary heat transfer fluid termed as “nanofluid” has emerged because of scientific and
nanotechnology advancements. Nanofluids are made up of nonmetallic or metallic nanometer
sized particles (less than 100 nanometer) dispersed in various traditional fluids. There has been
an explosion of study and invention utilizing amazing uses of nanofluids in industries including
electrical cooling, solar energy, power generation, water heaters, biomedical, among others, over
the previous few decades. The idea of nanofluids was suggested by Choi [1] at the NAL (National
Argon Laboratory). The effective thermal conductivity of nanotube-in-oil suspensions is measured
and proposes the usual thermal behavior which testifies the highest thermal conductivity [2]. The
nanofluid is a suitable coolant and its excellent thermal properties contribute to the high heat
transfer of the radiator. Arora and Gupta [3] investigated the hydrothermal performance of nano-
fluids in flat tube automobile radiators. Murshed and de Castro [4] evaluated the studies and
improvement of conduction and convection warmth switch traits of ethylene glycol-primarily
based totally nanofluids. The results demonstrated that those nanofluids own significantly better
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thermal conductivity and convective warmth switch traits as compared to their base fluids that is
ethylene glycol and its aqua mixture. Further relevant literature is found in Refs. [5–9].

The notion of Darcy flow is established upon the motion of fluids through a porous medium
with small voids and spaces and low velocity. For the nonlinear velocity of the fluid, the concept
of Darcy flows has transformed to the Darcy–Forchheimer model. Darcy–Forchheimer flows have
numerous applications, for instance, drying of permeable materials in the textile industry, seepage
of water in river beds, and the process of filtration and purification of water. Forchheimer [10]
expanded the concept of Darcy by adding the square of velocity term in the momentum equation
for calculation of inertial force and flow of boundary layer. Muskat [11] has identified the
Forchheimer term. Sadiq and Hayat [12] have investigated Darcy–Forchheimer MHD fluid flow
over a thermally heated surface. It has been concluded by the authors that the thermal relaxation
parameter and Prandtl number are inversely related to the thermal characteristics of the flow sys-
tem. Khan et al. [13] have investigated the irreversibility generation for fluid over a disk by con-
sidering the Darcy–Forchheimer nanofluid and have noticed that flow characteristics have
decayed with augmentation in Forchheimer number and porosity parameter. Similar studies can
be seen in Refs. [14–17].

In recent years, numerous scientists and researchers have been motivated to work on designing
procedures where the impact of thermal radiation plays a critical role. It is acknowledged that the
rate of heat transport is significantly regulated by the impact of thermal radiation. Therefore,
numerous researchers have concentrated on studying and developing the heat transport mechan-
ism in the presence of thermal radiation because the radiative heat transfer process plays vibrant
part in all engineering and manufacturing processes, which includes furnace design, plasma phys-
ics, satellite and space vehicles, nuclear reactors, and designing pertinent equipment. Zhang et al.
[18] studied heat transfer in nanofluids with magnetic strength and radiation through porous
media analytically using differential transformation method. The effect of radiation on MHD
nanofluid due to nonlinear shrinking/stretching plate is discussed by Pal and Mondal [19]. Das
and Jana [20] discussed the impact of magnetized radiation on the convective nanoliquid along
motioning sheet. They noticed high radiation declines fluid velocity and temperature distribution.
Hayat et al. [21] considered radiative flow of Williamson liquid along a stretchy sheet with mag-
netic strength. Hayat et al. [22] examined thermal radiative MHD Maxwell fluid flow over
stretched sheet. Shashikumar et al. [23] stated characteristics of magnetism with radiation on the
flowing Casson liquid along permeable microchannel. Jha and Samalia [24] considered radiative
effect on the fluid flowing in a flat plate boundary layer. Govindarajulu and Reddy [25] presented
radiation impact on MHD pulsatile hybrid nanofluid flow. They concluded inclination in heat
transfer rate for greater viscous dissipation and reverse behavior for higher magnetized radiation.
Further recent applications developed in nanofluids are explored in Refs. [26–31].

The production of heat energy while using various tools and applications reduces a machine’s
efficiency. For the past few decades, scientists and engineers have been using conventional heat
exchangers to solve such problems. Ethylene glycol, water, silicone oil, and other fluids are rou-
tinely utilized to minimize heat energy. Researchers and engineers have taken several different
approaches to improve the thermal properties of these fluids due to their low efficiency. They dis-
covered that adding solid particles to base fluid suspension could improve the ability of fluids to
transmit heat. So, the production/generation of heat phenomenon is influenced much in the area
of dynamics of fluids. Researchers in this direction are keenly interested. Geridonmez and Oztop
[32] presented a numerical study of nanoparticles flow and heat transport in the duct under the
influence of cross-differential magnetic fields. The findings were described by the isotherms,
streamlines, vorticity contours and Nusselt number. The thermal conductivity increased due to an
increase in the size of the heater or the distinct compositions of nanoparticles. Zhang and Zhang
[33] probed the performance of pressure drop and heat transport of magnetic nanofluids with
various varying magnetic fields. The outcomes revealed that varying magnetic fields have a
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stronger effect on local thermal performance rather than nonmagnetic fields. Also, numerical sim-
ulations were performed by Zhang and Zhang [34] to study the thermal transmission and mag-
netic nanofluids flow properties under magnetic field intensities, magnetic field directions and
volume fractions. Ramzan et al. [35] studied magnetic dipole effect for an Oldroyd-B fluid.
According to their findings, the effect of the thermal performance was small in a poor magnetic
field but increased significantly in a powerful magnetic field.

Keeping in view of aforesaid literature the current study is intended to carry out the behavior
of thermophysical properties of silver and Gold nanoparticles on the water-based liquid over an
inclined elongated sheet. The novelty of the study arises due to the Darcy–Forchheimer inertial
drag on the flow through permeable medium. However, the exponential space-based heat source
and thermal radiation also enriches the heat transport phenomenon. Spectral quasi-linearization
method (SQLM) is deployed to solve the proposed designed model and the results are validate
with the earlier investigation in particular cases.

2. Problem formulation analysis

Stretching flow of an incompressible water-based nanofluid consisting of Ag (silver) and Au
(Gold) nanoparticles in an inclined magnetic field imposed elongated sheet of nanofluid boundary
layer flow is considered in the current article. Thermal radiation, Joule heating, and exponentially
space-based thermal generation are investigated in energy equation. The pure liquid and in ther-
mal equilibrium solid volume nanoparticles were considered. The thermophysical attributes of the
nanomaterial were shown in Table 1. Initially, the surface speed is due to u ¼ kuw xð Þ, which
specifies stretchy flow rate with a nonnegative constant k through the horizontal axis x inclined
with inclination c: The stream is taken to be along x-axis and inclined magnetic field with
strength B0 is the introduced perpendicular magnetic field in the flow direction. At c ¼ 90o this
magnetic field acts like a transverse magnetic field. At the sheet surface, the uniform temperature
Tw, which is greater than the T1, denotes fluid ambient heat as depicted in Figure 1. In view of
proposed assumptions, the developed equations from Refs. [36–38].

@u
@x

þ @v
@y

¼ 0, (1)

u
@u
@x

þ v
@u
@y

¼ lnf
qnf

@2u
@y2

� lnf
qnf K�

p
u� Cbffiffiffiffiffiffi

K�
p

p u2 � rnf
qnf

B2
0u sin2c, (2)

u
@T
@x

þ v
@T
@y

¼ knf
qcpð Þnf

þ 16 r�T3
1

3k�

 !
@2T
@y2

þ lnf
qcpð Þnf

@u
@y

� �2

þ rnf
qcpð Þnf

B2
0 u2 sin2c

þ Q▪
e

qcpð Þnf
e
�gy

ffiffiffi
a
vf

p
T � T1ð Þ,

9>>>>=
>>>>;

(3)

Table 1. Following [41] thermodynamic properties of the nanoparticle with working fluid.

Thermodynamic terms
Working fluid

Nanoparticles

H2O (water) Ag (Silver) Au (Gold)

q kg=m3
� �

997.1 10500 19300
cp J=Kg Kð Þ 4179 235 129.1
k W=mKð Þ 0.613 401 318
r S=mð Þ 0.05 6:3� 107 4:52� 107
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The conditions at the boundary are [32, 39]

u ¼ kuw xð Þ þ u�
@u
@y

, v ¼ 0, T ¼ Tw þ T� @T
@y

, at y ¼ 0,

u ! 0, T ! T1, as y ! 1:

�
(4)

Here, u, vð Þ denote velocity componenets. Dynamic viscosity of nanoliquid lnf , density qnf ,
electrical conductivity rnf , thermal conductivity knf , specific heat qcpð Þnf , magnetic field strength

Bo, k�p is the dimenaional permeability term, cb signifies Forchheimer resistance factor, Q▪
e is the

dimensional exponentially space-based heat source/sink coefficient, r� is the Stefan Boltzmann
number and k� is the absorption coefficient

Now, for nanofluids, let us present the following expression for effective nanofluid properties
followed by [40]

lnf ¼ lf 1þ 2:5uþ 4:5
1

h
dp

2þ h
dp

� 	
1þ h

dp

� 	2
8<
:

9=
;

2
64

3
75, qcpð Þnf ¼ qcpð Þf 1� uð Þ þ u

qcpð Þs
qcpð Þf

" #
,

qð Þnf ¼ qð Þf 1� uð Þ þ u
qð Þs
qð Þf

" #
, rð Þnf ¼ rð Þf 1þ

3 rs
rf
� 1

� 	
u

rs
rf
þ 2

� 	
� rs

rf
� 1

� 	
0
B@

1
CA

2
64

3
75,

kð Þnf ¼ kð Þf
ks þ 2kf � 2u kf � ks

� �
ks þ 2kf þ u kf � ks

� �
" #

9>>>>>>>>>>>>>=
>>>>>>>>>>>>>;
(5)

The thermodynamic properties of the considered nanoparticle along with working fluid are
tabulated following [41].

For the current model simplification, the defined subsequent similarity quantities are utilized

g ¼ y
ffiffiffiffi
a
vf

r
, u ¼ a x f 0, v ¼ � ffiffiffiffiffiffiffiffiffi

a vf
p

f , h ¼ T � T1
Tw � T1

: (6)

The mutated momentum and heat mathematical equations associated with the boundary con-
ditions expressed by Eqs. (2)–(6) may be stated as

A1

A1
f 00

0 � f 02 þ f f 00 � A1

A1
Da f 0 � Ir f 02� A3

A2
M sin2c f 0 ¼ 0, (7)

Figure 1. Geometry of the nanofluid flow for proposed problem.
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A4 þ Rdð Þh00 þ Pr f h0 þ A1

A5
Ec f 002 þ A3

A5
Ec M sin2c f 02 þ 1

A5
Q e�gn


 �
¼ 0, (8)

With the transformed boundary conditions,

f 0ð Þ ¼ 0, f 0 0ð Þ ¼ kþ a f 00 0ð Þ, h 0ð Þ ¼ 1þ b h0ð0Þ, at g ¼ 0,
f 0 1ð Þ ! 1, hð1Þ ! 0, as g ! 1:

�
(9)

Where the primes refer to differentiation regard to similarity variable g and M ¼ rf B2
0=aqf

gives a factor that indicates the magnetic parameter, Da ¼ vf =aK�
p is Porosity parameter, Ir ¼

x cb=
ffiffiffiffiffiffi
K�
p

p
denotes local inertia, Rd ¼ 16r�T3

1=3k�kf indicates the radiation factor, Pr ¼
vf qcpð Þf =kf points out Prandtl number, Ec ¼ u2w= cpð ÞfDT represents Eckert number, Q ¼
Q▪

e=a qcpð Þf stands for heat source/sink. Furthermore, the parameter arised in the boundary condi-

tions are expressed as a ¼ u�
ffiffiffiffiffiffiffiffiffi
a=vf

p
momentum slip parameter, b ¼ T� ffiffiffiffiffiffiffiffiffi

a=vf
p

is thermal slip
parameter and n denotes exponential index. Additionally, the nano-fluid constants arised in Eqs.
(8)–(10) are respectively, are expressed as follows

A1 ¼
lnf
lf

, A2 ¼
qnf
qf

, A3 ¼
rnf
rf

, A4 ¼
knf
kf

, A5 ¼
qcpð Þnf
qcpð Þf

(10)

2.1. Physical technological quantities of curiosity

To expression for skin friction factor and thermal transmission charecteristics of the model of
current fluid movement, the quantities of physical important were pointed as skin friction factor
and heat trnasmission factor expressed as

Cfx ¼ sw
qf u2w

, Nux ¼ xqw
kf Tw � T1ð Þ

����
y¼0

(11)

The dimensional thermal flux and solutal flux take the form:

sw ¼ lnf
@u
@y

����
y¼0

, qw ¼ � knf
@T
@y

þ 16r�

3k�
@T4

@y

( )�����
y¼0

(12)

Invoking the nondimensional transformations, we getffiffiffiffiffiffiffi
Rex

p
Cfx ¼ A1 f 00 0ð Þ,

Nuxffiffiffiffiffiffiffi
Rex

p ¼ � A4 þ Rdð Þh0 0ð Þ

9=
; (13)

3. Methodology

In this part, the ordinary differential equations (ODEs) described in Eqs. (7) through (8) are
numerically solved via the SQLM. To linearize the governing nonlinear equations, the SQLM is a
numerical approach that utilizes the Newton–Raphson predicated on quasi-linearisation method
(QLM), which was originally conceived by Bellman and Kalaba [42]. Using the Chebyshev spec-
tral technique (CSA), integrate the linearized equations. The QLM system utilizes the Taylor ser-
ies transformation to linearize nonlinear (ODEs) or partial differential equations under the
implication that the disparity between the significance of the arbitrary function at the current
iteration threshold signified by sþ 1 and the value at the previous iteration stage s is small. For a
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thorough explanation of the procedure, read here (See Motsa [43]). Using the QLM on Eqs. (7)
through (8) yields,

a0, s f 000sþ1 þ a1, sf
00
sþ1 þ a2, sf

0
sþ1 þ a3, sfsþ1 ¼ H1, (14)

b0, sh
00
sþ1 þ b1, sh

0
sþ1 þ b2, sf

00
sþ1 þ b3, sf

0
sþ1 þ b4, sfsþ1 ¼ H2, (15)

where the variable coefficients ai, s, and bi, s i ¼ 1, 2, 3, :::ð Þ derived from prior computations
and characterized as:

a0, s ¼ A1

A2
, a1, s ¼ fs, a2, s ¼ �2fs

0 � A1

A2
Daþ 2Irfs

0 � A3

A2
Msin2c, a3, s ¼ fs

00,

b0, s ¼ A4 þ Rd, b1, s ¼ Prfs, b2, s ¼ 2EcPr
A1

A5
fs
00, b3, s ¼ 2MEcPr

A3

A5
sin2cfs

0,

b4, s ¼ Prhs
0

9>>>=
>>>;

(16)

The appropriate right part Hi 1, 2, 3, :::ð Þ Eqs. (14) through (15) are outlined as follows:

H1 ¼ a0, sf 000sþ1 þ a1, sf 00sþ1 þ a2, rf 0sþ1 þ a3, sfsþ1 � R1,
H2 ¼ b0, sh

00
sþ1 þ b1, sh

0
sþ1 þ b2, sf 00sþ1 þ b3, sf 0sþ1 þ b4, sfsþ1 � R2,

�
(17)

and Ri 1, 2, 3, :::ð Þ are defined as:

R1 ¼ A1

A2
f 000s � fs

0� �2 þ fsfs
00 � A3

A2
Msin2cfs

0 � A1

A2
Dafs

0 þ Ir fs
0� �2

,

R2 ¼ A4 þ Rdð Þhs00 þ Pr fshs
0 þ A1

A5
Ec fs

00� �2 þ A3

A5
MEcsin2c fs

0� �2 þ 1
A5

Qe�ng

� �
:

9>>=
>>; (18)

The CSA is chosen to repeatedly solve Eqs. (14) and (15), beginning with a suitable initial
guess provided as:

f0 gð Þ ¼ k
1þ a

� k
1þ a

e�g, h0 gð Þ ¼ 1
1þ b

e�g: (19)

The starting guesses supplied in Eq. (19) are selected to satisfy the boundary-condition of (9).
Using the domain truncation technique, it is practical to convert the domain from 0,1½ � to

�1, 1½ �: The subject is, therefore, addressed in the domain 0, L½ � instead of 0,1½ �, where L is a
positive integer sufficiently large to indicate the criterion at maximum. To transform the interval

0, L½ � to �1, 1½ �, the linear transformation g ¼ L xþ1ð Þ
2 , g 2 0,1½ � and x 2 �1, 1½ �, is used. To

approximate the derivatives of the not known variables f gð Þ, and h gð Þ, the differentiation matrix
D is introduced at the collocation point.

The SQLM technique for Eqs. (14) and (15) is expressed in matrix notation as:

A11 A12

A21 A22

� 

fsþ1

hsþ1

� 

¼ H1

H2

� 

, (20)

where

A11 ¼ a0, sD3 þ diag a1, s½ �D2 þ diag a2, s½ �Dþ diag a3, s½ �,
A12 ¼ 0,

A21 ¼ diag b2, s½ �D2 þ diag b3, s½ �Dþ diag b4, s½ �,
A22 ¼ b0, sD2 þ diag b1, s½ �D

9>>=
>>; (21)

with diag indicate the diagonal matrix of size Nx þ 1ð Þ � Nx þ 1ð Þ and D signifies the differenti-
ation with respect to g:
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3.1. Results validation

In this study, the modeled equations were computed through spectral quasi-linearisation
approach. To demonstrate the convergence of the SQLM numerical scheme, solution mistakes
have been taken into account. The infinity norms are utilized to demonstrate the SQLM’s conver-
gence. The infinity norms are established by the following:

Ef ¼ max
0�j�Nx

kfsþ1, j � fs, jk1, Eh ¼ max
0�j�Nx

khsþ1, j � hs, jk1g (22)

Again, we evaluate the SQLM’s precision by calculating the residual error norm at infinity for
each function. The infinity norm is calculated by substituting approximate solutions into differen-
tial Eqs. (7) and (8). The standards are described as:

kRes fð Þk1 ¼
����A1

A2
f 000s� fs

0� �2 þ fsfs
00 � A3

A2
Msin2cfs

0� A1

A2
Dafs

0 þ Ir fs
0� �2����

1

 !
,

kRes hð Þk1 ¼
k A4 þ Rdð Þhs00þ

Pr fshs
0 þ A1

A5
Ec fs

00� �2 þ A3

A5
M Ec sin2c fs

0� �2 þ 1
A5

Qe�ng


 �
k1

0
B@

1
CA

9>>>>>>=
>>>>>>;
(23)

Table 2 illustrate the solution errors of Ef , and Eh calculated with the SQLM at various repeti-
tion settings. As the number of iterations rises, the error norm in each of the functions decreases.
This demonstrates that the SQLM numerical approach converges swiftly, as the error is detected
to decline as the number of repetitions grows.

The residual error is depicted in Table 3 as a function of the number of repetitions. As the
number of repetitions improves, the residual error diminishes, as seen in the table. The norm of
the residual lowering indicates that the validity of the approximate solutions generated via SQLM
improves as the number of iterations climbs. As the residual mean lowers, convergence is recog-
nized to have occurred. The table’s results imply that the SQLM is a reliable and accurate numer-
ical method for solving nonlinear differential equations.

Table 4 presents the validation of computational results. The is demonstrate the accuracy of
the adopted computational method and established the correctness of all presented results in this
study through SQLM. As illustrated in Table 3, the SQLM outcomes show quantitative agreement
with the existing computed outcomes (Gorla and Sidawi [44]; Khan and Pop [45]; Shah et al.
[46]; and Hamad [40]). Which ensure us to impliment this new numerical algorithm in this
article.

Table 2. Convergence of fðgÞ, and hðgÞ obtained when L ¼ 30, Nx ¼ 60, Q ¼ 0:1, Pr ¼ 6:2, n ¼ 1, Rd ¼ 1, M ¼ 1, Ec ¼
0:5, u ¼ 0:3, n ¼ 1, a ¼ 0:5, b ¼ 0:5, Ir ¼ 0:5, k ¼ 0:5, and c ¼ : p

4

Iterations Ef Eh
1 1:080� 10�1 4:274� 10�1

2 1:268� 10�2 1:199� 10�2

3 1:640� 10�4 5:432� 10�3

4 2:547� 10�8 3:374� 10�6

5 8:574� 10�13 3:017� 10�13

6 2:137� 10�13 3:897� 10�13

7 6:531� 10�13 6:128� 10�13

8 7:894� 10�13 9:099� 10�13

9 9:032� 10�13 1:454� 10�13

10 4:876� 10�13 5:208� 10�13
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4. Results and discussion of graphical interpretation

To find the numerical (SQLM) solution of transmutted ordinary differential Eqs. (7)–(9) for the
(Ag=Au) nanofluid flow in a Darcy–Forchhmeir porous media upon a stretching surface with
various novel effects. During the process, many parameters have emerged, which are discussed in

Table 3. Residual error for Eqs. (7) and (8) when L ¼ 30, Nx ¼ 60, Q ¼ 0:1, Pr ¼ 6:2, n ¼ 1, Rd ¼ 1, M ¼ 1, Ec ¼ 0:5,
u ¼ 0:3, n ¼ 1, a ¼ 0:5, b ¼ 0:5, Ir ¼ 0:5, k ¼ 0:5, and c ¼ : p

4

Iterations kRes ðfÞk1 kRes ðhÞk1
1 2:074� 10�3 5:667� 10�2

2 1:703� 10�5 1:141� 10�3

3 2:073� 10�9 5:270� 10�7

4 3:476� 10�13 1:028 � 10�11

5 3:216� 10�13 1:724� 10�12

6 1:436� 10�13 1:447� 10�12

7 1:667� 10�13 2:832� 10�12

8 3:496� 10�13 4:193� 10�12

9 2:404� 10�13 2:884� 10�12

10 3:141� 10�13 3:116� 10�12

Table 4. Comparison of �h0 0ð Þ, for different values of Pr when A1 ¼ 1, A2 ¼ 1, A3 ¼ 1, A4 ¼ 1, A5 ¼ 1, Ir ¼ 0, b ¼
0, Da ¼ 0, M ¼ 0, Ec ¼ 0, Q ¼ 0, Rd ¼ 0, k ¼ 1, and a ¼ 0:

Pr Gorla and Sidawi [44] Khan and Pop [45] Shah et al. [46] Hamad [40] Present

0.07 0.06562 0.0663 0.06562258312843 0.06556 0.06562
0.2 0.16562 0.1691 0.169088618141040 0.16909 0.16912
0.7 0.53488 0.4539 0.453916816202306 0.45391 0.53488
2.0 0.91142 0.9113 0.911361392450143 0.91136 0.91142
3.0 1.15970 – – – 1.15970
7.0 1.89046 1.8954 1.895420199527724 1.89540 1.89046
10.0 2.30350 – – – 2.30350
20.0 3.35391 3.3539 3.353934997970873 3.35390 3.35391
50.0 5.42474 – – – 5.42474
70.0 6.46221 6.4621 6.462312632472948 6.46220 6.46221

Table 5. Numerical values of
ffiffiffiffiffiffiffi
Rex

p
Cfx for different values of u, M, Da, Ir, k, and a obtained when L ¼ 30, Nx ¼ 60,

Pr ¼ 6:2, Ec ¼ 0:5, Rd ¼ 1, Q ¼ 0:1, n ¼ 1, c ¼ p
4 , and b ¼ 0:5:

u M Da Ir k a
ffiffiffiffiffiffiffi
Rex

p
Cfx

0 1 0.5 0.5 0.5 0.5 �0.35541
0.1 �0.37272
0.2 �0.38747
0.3 �0.40031
0.3 0 0.5 0.5 0.5 0.5 �0.36594

0.5 �0.38410
1.0 �0.40031
1.5 �0.41493

0.3 1 0.01 0.5 0.5 0.5 �0.36671
0.10 �0.37346
1 �0.42821
2 �0.47153

0.3 1 0.5 0 0.5 0.5 �0.42113
1 �0.37418
1.5 �0.33927
2 �0.28711

0.3 1 0.5 0.5 0.1 0.5 �0.07016
0.2 �0.14626
0.3 �0.22715
0.4 �0.31203

0.3 1 0.5 0.5 0.5 0 �0.75997
0.2 �0.55315
0.4 �0.44012
0.6 �0.36750
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detail. The effects of various dimension-free parameters are measured for various types of nano-
particles, which are Ag (silver) and Au (gold) with water as base fluid.

Figures 2–16 and Tables 5 and 6 discuss the physical chareacteristics of flow in terms of f 0ðgÞ
(velocity), hðgÞ (temperature) profiles, skin friction, and Nusselt number coefficients as well as to
explain the physical interpretations induced by the dominant dimensionless components.

The impact of the magnetic field parameter (M) on f 0ðgÞ for ðAgÞ silver nanofluid and ðAuÞ gold
nanofluid is shown in Figure 2. Comparatively, for both gold and silver nanofluids with an enhanced

Table 6. Numerical values of Nuxffiffiffiffiffi
Rex

p for different values of u, M, Rd, Ec, n, and b obtained when L ¼ 30, Nx ¼ 60, Pr ¼
6:2, Ir ¼ 0:5, Da ¼ 0:5, Q ¼ 0:1, a ¼ 0:5, c ¼ p

4 , and k ¼ 0:5:

u M Rd Ec n b Q Nuxffiffiffiffiffi
Rex

p

0 1 1 0.5 1 0.5 0.1 0.321940
0.1 0.60472
0.2 0.73334
0.3 0.82738
0.3 0 1 0.5 1 0.5 0.1 0.97395

0.5 0.89608
1.0 0.82738
1.5 0.76650

0.3 1 0 0.5 1 0.5 0.5 0.78079
0.5 0.80588
2 0.86272
4 0.91653

0.3 1 1 0 1 0.5 0.1 0.88105
0.05 0.87569
1.0 0.77370
3 0.55899

0.3 1 1 0.5 1 0.5 0.1 0.82738
2 0.89141
3 0.91328
4 0.92439

0.3 1 1 0.5 1 0 0.1 0.92132
0.5 0.82738
1 0.75082
1.5 0.68723

0.3 1 1 0.5 1 0.5 �0.4 1.48549
�0.2 1.2225
0 0.95900
0.4 0.43251

Figure 2. Effect of M on f 0ðgÞ L ¼ 30, Nx ¼ 60, Q ¼ 0:1, Pr ¼ 6:2, n ¼ 1, Rd ¼ 1, Ec ¼ 0:5, u ¼ 0:3, n ¼ 1, Ir ¼ 0:5,
a ¼ 0:5, b ¼ 0:5, k ¼ 0:5, and c ¼ p

4.
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magnetic parameter, the velocity distribution depletes. In comparison to gold nanoparticles, silver
nanoparticles deteriorate more quickly. Physically, the magnetic field parameter creates the Lorentz
force, which reduces the fluid’s nanoparticles’ downward motion velocity. Figure 3 demonstrates the
influence of momentum slip parameter ða ¼ 0, 0:2, 0:4, 0:6Þ on f 0ðgÞ for silver nanofluid and gold
nanofluid. With the thermal effect, less speed is achieved at the momentum boundary layer for both
cases of nanoparticles as the momentum slip parameter rises with a dispersed effect.

The effect of the angle of inclination ðcÞ on f 0ðgÞ de-escalate for water conveying silver and
gold nanoparticles are displayed in Figure 4. Due to heat diffusion, the angle of inclination seems
to lessen the magnetic field’s impact. As a result, the fluid’s driving magnetic field loses some of
its strength, and its velocity ultimately decreases. Figure 5 shows the implication of the local iner-
tia parameter ðIrÞ on f 0ðgÞ for combined gold and silver nanofluids. The growing values of the
local inertia parameter ðIrÞ accelerate the fluid velocity for both nanoparticles. Physically, the sev-
eral atomic structures of the nanofluid under consideration uplift the migration of nanoparticles,
improving the mobility of nanofluid despite the fluid resistance. Consequently, the velocity distri-
bution of ðAgÞ silver nanofluid and ðAuÞ gold nanofluid augment rapidly.

Figure 3. Effect of a on f 0ðgÞ L ¼ 30, Nx ¼ 60, Q ¼ 0:1, Pr ¼ 6:2, n ¼ 1, Rd ¼ 1, Ec ¼ 0:5, u ¼ 0:3, n ¼ 1, M ¼ 1,
b ¼ 0:5, Ir ¼ 0:5, k ¼ 0:5, and c ¼ p

4.

Figure 4. Effect of c on f 0ðgÞ L ¼ 30, Nx ¼ 60, Q ¼ 0:1, Pr ¼ 6:2, n ¼ 1, Rd ¼ 1, Ec ¼ 0:5, u ¼ 0:3, n ¼ 1, M ¼ 1, b ¼
0:5, Ir ¼ 0:5, and k ¼ 0:5.

168 MD. SHAMSHUDDIN ET AL.



Figure 6 illustrates the pattern of f 0ðgÞ for silver and gold nanofluids with increasing stretching
constant ðkÞ: As the fluid thermal efficiency is increased, the mean movements of the silver and
gold nanofluids are boosted, resulting in an expanding velocity field as the values of the stretch-
ing constant progress. The impact of silver and gold nanoparticle volume fraction ð/Þ on f 0ðgÞ
distribution is shown in Figure 7. The thermal conductivity of silver nanofluid is demonstrated to
be higher than that of gold nanofluid. The reason for this is that silver has a stronger thermal
coefficient and heat capacity than gold nanoparticles. As a measure, the velocity distribution is
subdued, increasing the rate at which the nanostructures with thermal diffusion. The effect of the
thermal slip parameter ðbÞ on hðgÞ for ðAgÞ silver nanofluid and ðAuÞ gold nanofluid is demon-
strated in Figure 8. A boost in the thermal slip parameter of the system’s thermal diffusion inhib-
its the heat content in the nanofluid flow environment, resulting in a decrease in the nanoparticle
interface. Consequently, increasing thermal slip parameter values depletes the temperature distri-
bution along the flow pattern.

Figure 5. Effect of a on f 0ðgÞ L ¼ 30, Nx ¼ 60, Q ¼ 0:1, Pr ¼ 6:2, n ¼ 1, Rd ¼ 1, Ec ¼ 0:5, Ir ¼ 0:5, u ¼ 0:3, n ¼ 1,
M ¼ 1, b ¼ 0:5, k ¼ 0:5, and c ¼ p

4.

Figure 6. Effect of k on f 0ðgÞ L ¼ 30, Nx ¼ 60, Q ¼ 0:1, Pr ¼ 6:2, n ¼ 1, Rd ¼ 1, Ec ¼ 0:5, u ¼ 0:3, n ¼ 1, M ¼ 1, b ¼
0:5, a ¼ 0:5, Ir ¼ 0:5, and c ¼ p

4.
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Figure 9 shows the effect of the Eckert number ðEcÞ on hðgÞ for ðAgÞ silver nanofluid and
ðAuÞ gold nanofluids. The Eckert number depicts the connection between the kinetic energy of
the flow and the enthalpy. It incorporates the transformation of kinetic energy into internal
energy through the work performed against viscous fluid forces. The positive Eckert number indi-
cates sheet cooling. Consequently, increased viscous dissipative heat causes a temperature increase
in the nanofluids. The angle of inclination ðcÞ on hðgÞ accelerates the nanofluids as displayed in
Figure 10. Moreso, the influence of magnetic parameter on hðgÞ as depicted in Figure 11 boost
the temperature distribution of the nanofluids. Physically, thermal conductivity improves as the
magnetic parameter increases; hence, the temperature rises.

In Figure 12, nonetheless, a large reduction in the temperature distribution is noted as the
exponential index (n) approaches its maximum value. The effect of the nanoparticle volume frac-
tion ð/Þ on hðgÞ for ðAgÞ silver nanofluid and ðAuÞ gold nanofluid is demonstrated in Figure 13.
The volume percentage of nanoparticles increases as heat transmission increases. Since this dem-
onstrates the actual influence of nanoparticles scattered in a liquid-based fluid boosting the ther-
mal conductivities of silver and gold nanofluids.

Figure 7. Effect of u on f 0ðgÞ when L ¼ 30, Nx ¼ 60, Q ¼ 0:1, Pr ¼ 6:2, n ¼ 1, Rd ¼ 1, Ec ¼ 0:5, Ir ¼ 0:5, a ¼ 0:5, n ¼
1, M ¼ 1, b ¼ 0:5, k ¼ 0:5, and c ¼ p

4.

Figure 8. Effect of b on hðgÞ when L ¼ 30, Nx ¼ 60, Q ¼ 0:1, Pr ¼ 6:2, n ¼ 1, Rd ¼ 1, Ec ¼ 0:5, Ir ¼ 0:5, a ¼ 0:5, n ¼
1, M ¼ 1, u ¼ 0:3, k ¼ 0:5, and c ¼ p

4.
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Figure 9. Effect of Ec on hðgÞ when L ¼ 30, Nx ¼ 60, Q ¼ 0:1, Pr ¼ 6:2, n ¼ 1, Rd ¼ 1, u ¼ 0:3, Ir ¼ 0:5, a ¼ 0:5, M ¼
1, b ¼ 0:5, k ¼ 0:5, and c ¼ p

4.

Figure 10. Effect of c on hðgÞ when L ¼ 30, Nx ¼ 60, Q ¼ 0:1, Pr ¼ 6:2, Rd ¼ 1, Ec ¼ 0:5, Ir ¼ 0:5, a ¼ 0:5, n ¼ 1, M ¼
1, b ¼ 0:5, k ¼ 0:5, and u ¼ 0:3.

Figure 11. Effect of M on hðgÞ when L ¼ 30, Nx ¼ 60, Q ¼ 0:1, Pr ¼ 6:2, n ¼ 1, Rd ¼ 1, Ir ¼ 0:5, Ec ¼ 0:5, a ¼ 0:5, u ¼
0:3, b ¼ 0:5, k ¼ 0:5, and c ¼ p

4.
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Figure 12. Effect of n on hðgÞ when L ¼ 30, Nx ¼ 60, Q ¼ 0:1, Pr ¼ 6:2, n ¼ 1, Rd ¼ 1, Ir ¼ 0:5, Ec ¼ 0:5, a ¼ 0:5, u ¼
0:3, M ¼ 1, b ¼ 0:5, k ¼ 0:5, and c ¼ p

4.

Figure 13. Effect of u on hðgÞ when L ¼ 30, Nx ¼ 60, Q ¼ 0:1, Pr ¼ 6:2, n ¼ 1, Rd ¼ 1, Ir ¼ 0:5, Ec ¼ 0:5, a ¼ 0:5, n ¼
1, M ¼ 1, b ¼ 0:5, k ¼ 0:5, and c ¼ p

4.

Figure 14. Effect of Pr on hðgÞ when L ¼ 30, Nx ¼ 60, Q ¼ 0:1, u ¼ 0:3, n ¼ 1, Rd ¼ 1, Ir ¼ 0:5, Ec ¼ 0:5, a ¼ 0:5, n ¼
1, M ¼ 1, b ¼ 0:5, k ¼ 0:5, and c ¼ p

4.
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Figure 14 portrays the effect of the Prandtl number ðPrÞ on hðgÞ for ðAgÞ silver nanofluid and
ðAuÞ gold nanofluid. The Prandtl number is the ratio of momentum diffusion to thermal diffu-
sion and theory impact on temperature field are examined for different nanoparticles considered.
It is recognized that the temperature of nanofluids decreases as the Prandtl number rises. Where
gold nanoparticles exhibit a starting larger decrease than silver nanoparticles on the thermal
boundary layer thickness for the temperature field as the Prandtl number increases. Since nano-
fluids have greater thermal conductivities as a result of a decrease in Prandtl numeric values,
Asogwa et al. [47, 48].

It is shown in Figures 15 and 16 that uplifting heat source/sink and radiation parameters on
hðgÞ for ðAgÞ silver nanofluid and ðAuÞ gold nanofluid boost temperature distribution as expected.
Comparatively, it is observed that for both nanofluids that silver nanofluid shows a higher impact
over gold nanofluid due to the stronger thermal conductivity of silver nanoparticles.

The measured numerical approximation for the coefficients of skin friction
ffiffiffiffiffiffiffi
Rex

p
Cf

� �
and

Nusselt number Nux=
ffiffiffiffiffiffiffi
Rex

p
are presented in Tables 5 and 6, respectively, for the nanofluids. For

Figure 15. Effect of Q on hðgÞ when L ¼ 30, Nx ¼ 60, u ¼ 0:3, Pr ¼ 6:2, n ¼ 1, Rd ¼ 1, Ir ¼ 0:5, Ec ¼ 0:5, a ¼ 0:5, n ¼
1, M ¼ 1, b ¼ 0:5, k ¼ 0:5, and c ¼ p

4.

Figure 16. Effect of Rd on hðgÞ when L ¼ 30, Nx ¼ 60, Q ¼ 0:1, Pr ¼ 6:2, n ¼ 1, u ¼ 0:3, Ir ¼ 0:5, Ec ¼ 0:5, a ¼ 0:5,
n ¼ 1, M ¼ 1, b ¼ 0:5, k ¼ 0:5, and c ¼ p

4.

NUMERICAL HEAT TRANSFER, PART B: FUNDAMENTALS 173



silver and gold nanofluids, it is obvious from Table 5 that the
ffiffiffiffiffiffiffi
Rex

p
Cf

� �
amplifies as local inertia

and momentum slip parameters become stronger with a rapid reduction considering nanoparticle
volume fraction, magnetic parameter and porosity parameter. In Table 6, the Nux=

ffiffiffiffiffiffiffi
Rex

p
depletes

by growing values of Eckert number, magnetic field, thermal slip, and heat source/sink parame-
ters while heat transmission is noticed for progressive values of nanoparticle volume fraction,
radiation parameter, and exponential index.

5. Conclusion

This article develops a numerically reduced model with the application of the spectral quasi-linear-
ization technique to the associated equations for the flow of MHD nanofluids across an elongated
sheet. Consideration is given to the scattering of silver and gold nanoparticles in water as a base
fluid in the presence of heat generation and absorption. The impact of the thermophysical attributes
is quantified and reported for the velocity flow and temperature distribution in graphs and tables.
As a result of the investigation, the following are the important conclusions of this examination:

� The velocity distribution of nanofluids depletes with the upsurge of magnetic parameter,
momentum slip parameter, and angle of inclination with a significant decline of silver nano-
particles over gold nanoparticles.

� The local inertia escalates the momentum distribution of the nanofluids with silver nanofluid
having a greater effect over gold nanofluid.

� The heat source, radiation, magnetic, viscous dissipative parameters, and nanoparticles boost
temperature distribution while thermal slip, exponential index, and Prandtl number degrade
thermal profiles for the nanofluids.

� The thermal transfer decreases as the Eckert number, magnetic field, thermal slip, and heat
source/sink parameters increase, while heat transmission increases as the nanoparticle volume
percentage, radiation parameter, and exponential index increase for the nanofluids.
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