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(MHD) flow of a Williamson nanofluid over an inclinable stretched sheet and the
impact of thermal radiation, heat source, and chemical processes. The outcomes of the
generation of heat or absorption, as well as thermal radiation, are all factored into
account in the energy equation. On the other hand, the mass transport equation also
takes into account chemical interactions.The similarity substitution serves to turn the
governed partial differential equations for velocity, temperature, and concentration
into ordinary differential equations, which are then numerically resolved with
Mathematica's NDSolve program. Changes in temperature, concentration, and
dimensionless velocity as a function of various factors are graphically touched upon.
The temperature diminishes while the Prandtl number accelerates as the thermal
boundary layer thins and the viscosity enrichment. The temperature contour develops
along with the magnetic field strength. When all the parameters were compared for a
particular case, a very good association was discovered. Depending on the precise
conclusions and understandings drawn from the investigation of chemically radiative

Keywords: MHD nanofluid flow over inclined surfaces with a heat source, the applications may
Williamson nanofluid; Inclined surface; range greatly. It's important to remember that such research often aids in the creation
Thermal radiation; NDSolve of more effective and environmentally friendly solutions in a variety of sectors.

1. Introduction

In recognition of their remarkable physical and chemical properties, nanofluids find widespread
use in industry. The vastly improved thermal characteristics of nanofluids have garnered a lot of
scientific interest recently. In addition to their use in electronics, suspensions of metal nanoparticles
are being produced for medical applications like cancer therapy. In the late 1990s, Choi and Eastman
[1] developed nanofluid with the aim of enhancing heat transmission when incorporated into a base
fluid such as water, ethylene glycol, or oil. There has been an additional explosion of embryonic
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development beneath these fluids. For instance, the exceptional thermal conductivity of nanoliquids
affords a tremendous possibility for boosting the effectiveness of solar systems. Hayat et al., [2]
simulated nanofluid collisions as they rotated across a Riga plate using computer simulations. In the
evaluation of the expanding sheet for the flow of nanofluid, Hayat et al., [3] also considered
consequences of Joule heating and Brownian motion. Nanoparticles and Nanofluids are of great
importance and so many researchers have done a lot of work in this field [4-10]

Scholars of hydrodynamics from all over the world have lately shifted their gaze to the immense
technical breakthroughs in the usage of non-Newtonian fluids. One of the most fundamental non-
Newtonian fluids, the Williamson fluid, shares many characteristics with polymeric solutions,
including a drop in viscosity due to rising shear stress rates. That also necessitates that the effective
viscosity of a Williamson fluid, which is simply infinite at rest and zero as the shear rate arrives at
infinity, should fall endlessly as the shear rate grows. Williamson created the Williamson model [11]
in 1929, and Subbarayudu et al, [12] explored time-dependent flow characterization of the
Williamson fluid with radiative blood flow against a wedge. In lieu of the work of Lyubimova et al.,
[13], which emphasised the stability of quasi-equilibrium states and supercritical regimes of thermal
vibrational convection of Williamson fluid in zero gravity, the work of Hamid et al., [14] looked at
multiple types of solutions for MHD transient flow of Williamson nanofluids with convective heat
transport. Lot of work has been done involving Williamson fluid [15-17]

Thermal radiation is ubiquitous in the natural world. All things with finite temperatures emit
thermal radiation because of the thermally induced motion of particles and quasiparticles. Several
of these items are highlighted here because of their importance to the field of energy. Sunlight from
the 6000 K surface of the sun is the most important renewable energy source. Whether it's an
incandescent light bulb with filaments heated to 3000 K or our own body at roughly 310 K, everything
we come into contact with in our daily lives produces thermal radiation. As a result, thermal radiation
provides access to any heat source. For energy conversion, a low-temperature heat sink is as crucial
as a high-temperature heat source from a thermodynamic point of view. Thermal radiation is a
measurable heat transfer mechanism in nature. There has been remarkable development as seen in
[18-24] in the study of the fundamental theory and applications of thermal radiation since the turn
of the 20th century, owing to the activities of thermo science and thermal engineering. A majority of
these endeavours have emphasised on the macroscopic level; however, with the rapid advancement
of nanoscience and technology, electromagnetic radiation on the micro- and nano-levels has
emerged as a new frontier. Lee et al., [25] studied synthesis of coherent heat from monolithic
photonic crystals.

Radiation's impact on boundary layer flow is significant in many fields of engineering and physics,
including furnace aspiration, polymer processing, and space gas cooled nuclear reactors, glass
production, and transportation technologies. Backwash from linear and nonlinear radiation deposits
on a stagnancy point on a stretching surface was studied by Hussain et al., [26]. The effect of thermal
radiation afterglow on heat transfer on a pad sheet was studied by Cortell [27]. Many researchers
have studied thermal radiation and heat transfer in fluids as seen in Ref. [28-32].

Extraction of crude oil, production of polymers, and food processing are just a few examples of
the many engineering and industrial operations that rely on non-Newtonian fluids. The Casson fluid,
the Jeffrey fluid, the Maxwell fluid, the Johnson-Segalman fluid, the Ostwald-Waele Power Law fluid,
and the micropolar fluid are only a few of the many non-Newtonian fluid models categorised by
different physical characteristics. Any fluid that, under different circumstances, changes
microscopically from its original structure with micromotion, whether or not there is an external
impact force, is the subject of the study of micropolar fluid dynamics. As a baseline of a non-
Newtonian liquid, the pseudoplastic liquid is the more intriguing fluids owing to all the ways it may
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be used in construction and manufacturing. The challenge, though, lies in understanding how such
liguids behave.The Williamson liquid model was developed for this situation in order to effectively
capture the intended behaviour. In-depth analyses of the Williamson nanofluid's flow properties
when taking into account modified geometries have been provided by Hayat et al., [33]. Numerous
researchers investigated numerous facets of Newtonian fluid under diverse conditions as can be
observed in Ref. [34-45].

This paper is organized into five sections: (i) introduction (ii) mathematical formulation (iii)
methodology for the solution (iv) results and discussions and (v) conclusions. As far as we are aware,
relatively little research has been undertaken to explore how chemical reaction and Brownian motion
affect the flow of a Williamson nanofluid towards an angled stretching surface. Therefore, we
undertook our research with a view to fill this void in the literature; our findings may potentially
prove useful in the investigation of brain and breast cancer malignancies. Four novel aspects served
as the basis for our current effort. The primary goal of this study was to simulate and analyse the
two-dimensional Williamson nanofluid flow along an inclined stretched surface. The second objective
is to examine the dynamics of this flow over an inclined surface. The third step is to examine
characteristics of the chemical reaction, Brownian motion, and thermophoresis. As a fourth goal, we
intend to use the NDSolve method to generate numerical solutions for the velocity, temperature,
and concentration fields. The impact among various physically relevant parameters on the
distributions of temperature, velocity, and concentration, as computed numerically and portrayed
graphically.

2. Mathematical Formulation

The flow characteristics of a Williamson nanofluid on an inclined surface will be investigated in
this section. When stretching a sheet in a vertical direction, the angle Q is taken into account. The
fluid flows as a result of an additional sheet being stretched at a rate of'c'. The effects of thermal
radiation, heat generation or absorption and chemical reaction are being considered. T, and C,, are

used to represent the concentration and wall temperature, respectively, while u,, stands for the wall
velocity. Additionally, as y approaches infinityT_, C_ exhibits temperature and concentration of

nanoparticles, as depicted in Figure 1. Further, the flow simulation as well as the coordinate scheme
may be perceived in Figure 1. The mathematical formulation for the Cauchy stress tensor has been
provided in Nadeem and Hussian [46] for the Williamson fluid, and it reads as follows:

Concentration boundary layer

/ /
[/

%

Thermal boundary laver

3

Momentum boundary layer

lg

y

Fig. 1. Physical structure with coordinates
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s=-pl+7 (1)
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Where 7 denote the extra stress tensor, A stands for the first Rivlin-Erickson tensor, 1, stands for
the limiting viscosity at zero shear rate, and x stands for the limiting viscosity at infinite shear rate.
From [46] we have;

r=mll+ Ty 1A e

The mathematical formulation of the flow for this model is [46]

& 5:0 (4)
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Let us consider the conditions as

u=u,(x)=cx,v=0,T=T,C=C, at y=0,
u—-u (x)=0,v—>0T—>T_,C—>C_ asy—wx.

(8)

The stream function is given as

0 0
Pl o)

oy OX

Using appropriate similarity transformations such as

= oxf (). v =—ev (). = y\f 00 = 1=, §l) = == (10)

W w o0

The solution to the system of Eq. (4) - Eq. (7) was obtained after switching Eq. (10) as
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fy ff " £ 24 A" f "4 (Gr,0+GC,f)cosQ— Mf '=0 (11)
(%)(H?JG'# f0'+Q0+Nbg'6'+ Ntd”? =0, (12)
$"+ LePr f¢'+%9"— LePrC,¢=0 (13)
Where
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M is the magnetic parameter, Q is heat constraint climb, Nt is the thermophoresis parameter, Le is

Lewis number, Cr is chemical reaction parameter

To find similarity solution, Gr, and Gc, should be independent of X. Hence, suppose that [47,
48].

p.=nx", B, =nx" (15)
Where n, and ndenote constants, replacing Eq. (15) into the parameter Gr, and, Gc, we obtain

GC: gnl(CW_Coo), GI’= gn(Tw_Too) (16)
a’ a’

Gr is thermal Grashof number, Gc is solutal buoyancy factor.

Eq. (8) is converted to

f(7)=0,f'(n)=16(1)=1¢(n)=1 at n=0,

(17)
f'(n) > 0,6(n) > 0,¢4(n) >0, at n — .

The physical parameters are defined as:

T
C; =—"; isthe skin-friction;

pu,,

XOw

N, = ————— is the Nusselt number;
k(TW _Too)
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X0

Sh=—""_  jsthe Sherwood number,
D (C, -C.)

Where;
oC
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The related expressions of —6'(0), —¢'(0) and C,, are defined as

3 Re

X

_(1+Bj9'(o): Nu, 1_¢'(0):ST\/h_;,CfX Re, = f "(O)+§[f "(0)]2.

3. Methodology for Solution

Mathematica’s NDSolve package was used to find a solution to the system of non-dimensional
standard differential Eq. (11) - Eq. (13) subject to boundary conditions in Eq. (14).For evidence of the

numerical scheme's preciseness, the latest results of —0’(0) and —¢’(0) are assessed against Khan
and Pop [47] and Rafique and Alotaibi [49] outcomes in Table 1 and Table 2.

Table 1
Contrast of —0'(0)and —¢'(0) for different values of Nb and Nt with Pr=Le =10, Q =% and

in the absence of remaining parameters

Rafique and Alotaibi [49] Khan and Pop [47] Current outcomes
Nb Nt 1 1 1 1 1 1

-0'0)  -¢'(0)  -0'(0) —¢'(0) -0'(0)  —¢'(0)
01 0.1 0.9524 2.1294 0.9524 2.1294 0.952363 2.129288
0.2 0.2 0.3654 2.5152 0.3654 2.5152 0.365358 2.515103
03 03 0.1355 2.6088 0.1355 2.6088 0.135517 2.608694
04 04 0.0495 2.6038 0.0495 2.6038 0.049467 2.603719
05 0.5 0.0179 2.5731 0.0179 2.5731 0.017924 2.572978
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Table 2
Contrast of C,(0), —6'(0)and  —¢'(0) for different values of Nb,Nt,Q &C, when
M =0.3We=0.,Pr=65R=0.0Q=0.1& Le=5
c Rafique and Alotaibi [49] Current outcomes
Nb N 1 1 1 1
t 2 = c,(0) -0(0) —¢'(0) C,(0) -6(0) —¢'(0)
0.1 0.1 1.0 0.7823 0.9850 0.7456 0.782317 0.984991 0.745588

T
4

04 01 r 10 09576 02400 12491  0.957486  0.239911  1.249125
4

01 04 o 10 08236 05099 08885  0.82241 0.509874  0.888563
4

01 01 - 10 07619 1.0211 04417  0.761903  1.021062  0.441687
3

01 01 - 15 10816 09610 07143  1.081584 0.961012  0.714286
4

4. Results and Discussion

In this part, mathematical models of Williamson nano fluid, a non-Newtonian fluid, will be
demonstrated during which it flows over an inclined surface. The outcomes of the generation of heat
or absorption, as well as thermal radiation, are all factored into account in the energy equation. On
the other hand, the mass transport equation also takes into account chemical interactions. The
supported similarity transformation-converted differential equations are numerically resolved in
Mathematica using NDSolve. While most of the figures become available by running through a set of
values for a specific parameter, others remain fixed at a single value during the whole simulation
such as:

M =03Nb=05Q=Gr=Nt=4=R=0.1,C, =0.5Gc=0.9,Le=5.0,Q=45°,Pr=6.5.

A strong magnetic field can suppress fluid motion and reduce turbulence, which can have a
damping effect on the flow. The implications of magnetic parameter M on the profiles are apparent
in Figure 2 and Figure 3. In contrast to temperature, which goes up as M expands, velocity lowers.
In reality, transport rates diminish according to rising M because the Lorentz force, which resists
fluid motion, grows in magnitude with higher M .

1 “ | L
——M=0.
et N m=io|
A
N e M=1.0
0.6~
< “.\\
= N
Y— .
04r- - "N |
"*.\s
BN
0.2 DO '
..... :7~~
o r -;....7.7.7.?.7-'!-1-.“T
0 1 ; 3 4

Fig. 2. Effect of M on velocity profile
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Fig. 3. Effect of M on temperature profile

The Grashof number may significantly affect the flow and heat transfer properties of a Williamson
nanofluid, which is a nanofluid made up of solid nanoparticles scattered in a base fluid.The
consequences of the thermal Grashof number Gr on velocity is seen in Figure 4. The velocity exactly
improves when the number Gr is raised. This is because buoyancy influences the fluid particles as a
result of gravitational force, which increases the fluid's velocity.

1 T T T T
Gr=01
08y |- Gr=05
---------- Gr = 1.0
__06F %
< ".‘
~~— \-\
= 04* \'\"\.‘ 7
0.2r -
0 r r r
0 1 2 3 4 5

n
Fig. 4. Effect of Gr on velocity profile

The velocity profile is enhanced by raising the solutal buoyancy factor G, which is visible in
Figure 5. In a physical sense, the buoyancy parameter Gc reduces the viscous forces that cause the
velocity to increase.

1 T 13 T
Gc=09
o8-\ |- Ge=15 ||
----------- GC = 2.0
_ 06"
=
S~
T 04F ’
021 ’
1.73 1.735 1.74
0 r r
0 1 2 3 4

Fig. 5. Effect of GC on velocity profile
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Figure 6, clarifies and demonstrates the consequences of the inclination parameter QQ on the
velocity outline. Looking at the figure makes it obvious that the velocity profile gets smaller as the
values of y increase. The constraints also suggest that the gravitational force acting on flow will be at
its strongest when Q = 0°. The sheet will be vertical at this time, explaining why. On the other hand,
ifQ=90°, the sheet will be horizontal, which will cause the bouncing forces to be less powerful,
causing a drop in the velocity profile.

1 T T T

0.8

0.6

f{(n)

0.4}

1.05 1.1

0O 1 2 3 4

Fig. 6. Effect of () on velocity profile

Figure 7 displays the slowed velocity profile for Williamson parameterWe . The reason for this is
that the thickness of the boundary layer drops as the non-Newtonian Williamson parameter We
grows.

1 T T T
We =0.1
o8-\ | eme—-—- We = 0.2 [
----------- We — 0 3
. 0.6+
= 0.5
~ 04r ) i
0.2 0.45 s -
0.5 0.6 0.7
O r r r s
0] 1 2 3 4

Fig. 7. Effect of We on velocity profile

The temperature distribution enlarges as the values of the heat generation Q constraint climb,
reflected in Figure 8. As Q accelerates then the temperature of the thermal boundary layer raises
and allowing heat to accumulate in the flow region.
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Fig. 8. Effect of Q on temperature profile

The temperature increases as the radiation parameter R does, as seen in Figure 9. A faster
growth in fluid temperature comes from increases in surface heat transfer based on by greater
radiation consumption.

l £ T T T
R=0.1
08 N | R=05
'0\,.. ........... R = 10
0.6~ NS>
—_ Ne
< NN
04 [ \\;"... 7
RN
S,
0 2 r \‘\ ..... -
. Sl
=<l
0 L . . ~
0 0.5 1 15 2
n

Fig. 9. Effect R on temperature profile

The Prandtl number affects fluid temperature near the stretched sheet. Different Prandtl
numbers may change temperature profiles and flow thermal properties. The consequences of the
Prandtl number Pr on the temperature and concentration profile are illustrated in Figure 10 and
Figure 11 for a variety of Pr values. Working with larger amounts of Pr should have less thermal
diffusion, so temperature and concentration profiles flatten out as the Pr value increases.

1+ T T T
Pr=6.0
o8- AN == Pr=7.0
‘0“ ------------ Pr — 9.0
0.6 - A
= =0
= DO
0.4+ RN N
0.2~ "0.:7.\\\ -
0" r r ..."T'T:--. F
o 0.5 1 1.5 2

Fig. 10. Effect of Pr on temperature profile
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“‘\
0 RO
0 0.5 1 15 2
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Fig. 11. Effect of Pr on concentration profile

Brownian motion is the random motion of dispersed particles in a fluid caused by thermal
fluctuations. The Brownian factor influences the dispersion and motion of nanoparticles within the
nanofluid. It influences the nanofluid's effective thermal conductivity and viscosity. Higher Brownian
factors promote the dispersion of nanoparticles by enhancing their random motion. Figure 12 and
Figure 13 exhibit the impact of Brownian motion’s (Nb) on the temperature and concentration
profiles. The temperature sketch for Nb develops along with it, but the concentration distribution
shows an alternate style. The physical reason for the boundary layer heating up is the emerging
Brownian motion, which is anticipated to transport nanoparticles from the expanding sheet to the
stagnant liquid. There are therefore fewer nanoparticles to absorb as a result.

1
=0.1
0.8 =0.3
=05
__ 06
=
T
0.4 -
0.2 -
O In
0 0.5 1 1.5 2
n
Fig. 12. Effect Nb on temperature profile
——Nb=0.1
L N Nb=03 [
---------- Nb ey 0.5
__ 06
S
S04k 1
0.2 '
N,
0 SoseasRREEs - '
0 0.5 1 15 2

Fig. 13. Effect Nb on concentration profile
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Thermophoresis refers to the movement of particles in response to temperature gradients. The
thermophoresis factor quantifies this phenomenon in nanofluids. The thermophoresis factor plays a
role in determining the movement of nanoparticles within the fluid. It can impact the concentration
distribution of nanoparticles in the flow. Thermophoresis can lead to non-uniform particle
distributions, which can affect heat transfer. Figure 14 and Figure 15 demonstrate how the
thermophoresis parameter (Nt) influences the concentration and temperature profile. When Nt
expands, a stronger thermophoretic force leads nanoparticles to migrate from warmer to cooler
places as their concentration and temperature increase.

1 £ T T T
%
3 ——Nt=01
L \ee -
0.8 N Nt =0.2
\,
A [PPSR Nt — 0 3
\ e,
0.6 ",
= X
= \NK
N
L N, N
0.4 o,
\\;~. .
AN
02" o ]
S,
.;‘:.'2"-_-.
0 £ r r —
0 0.5 1 15 2
n

Fig. 14. Effect Nt on temperature profile
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= 04k 0.03t i
' 0.02rmrmeomeeeee
02 001 |
0.720.740.76
S — :
0 0.5 1 1.5 2
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Fig. 15. Effect Nt on concentration profile

In nanofluids the Lewis number plays a role in characterizing the relative rates of heat transfer
and mass transfer (diffusion) within the nanofluid. The Lewis number quantifies how readily heat is
transported through the nanofluid compared to the diffusion of mass (typically the mass of the
nanoparticles) within the fluid. The Lewis number can influence the distribution of nanoparticles
within the fluid, which, in turn, affects mass transfer and particle dispersion. The thickness of the
thermal boundary layer improves as the value of Lewis number Le gets higher, but it additionally
results in a drop in the thickness of the concentration boundary layer. This is depicted in Figure 16.
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Fig. 16. Effect Le on concentration profile

Figure 17 demonstrates how a chemical reaction parameter (C,) affects concentration profiles.
It is understood that the concentration drops as the chemical reaction parameter improves.

1 13 T T
C =01
o8y C =05 |
AO.G*?_‘ ........... cr=1_or
<
= E
0.4 -
A\
N
021 ) 1
N
*N)
O .
0 0.5 1 15 2

n
Fig. 17. Effect C, on concentration profile

Clearly, when Q and Nb go up, the heat transfer rate falls (see Figure 18).

0.8

0.6

>

= 04

0.2

2.

Fig. 18. Effect of O and Nb on Nu,

5. Conclusions

Understanding nanofluid behaviour may improve aircraft engineering, notably heat shields for
re-entry vehicles and spacecraft. Spacecraft design requires knowledge of magnetic field heat
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transfer and fluid movement. This study improves spaceship heat management and propulsion
systems. MHD flows with heat sources may reveal magnetohydrodynamic generator performance.
These generators may generate electricity from nanofluid kinetic energy. This study may affect
renewable energy. In this study, the flow of a Williamson nanofluid on an inclined surface was
examined. The ND Solve, a numerical method, was used to achieve the numerical results. The
magnetic field is considered in this investigation to be parallel to the sheet. By taking into account
inclined geometry, this article seeks to advance and explores the examination of the Williamson nano
fluid flow. The following are significant results of the current analysis:

i. The fluid's velocity in the flow field is reduced by the Williamson parameter.
ii. The concentration profile falls as the potency of the chemical reaction develops.
iii. The velocity profile drops due to the inclination effect rise.
iv. Asthe buoyancy force effect becomes stronger, the velocity profile rises.
v. Arapid rise in the Prandtl number causes a flattening of the temperature and concentration
profiles.
vi. Asthe heat generating constraint values grow, so does the spread of temperatures.
vii. The rate of heat flux lessens as the angle of inclination climbs.

Future guidance outcomes of the current study can help in future improvements where the heat
effect of the heating system may be assessed by taking into account different non-Newtonian hybrid
nanofuids (i.e., Carreau, second-grade, Casson, Maxwell, micro polar nanofuids, etc.). Additionally,
impacts of porosity, as well as viscosity that is dependent on temperature together with magneto-
slip flow, can be represented.

References

[1]  Choi, S. US, and Jeffrey A. Eastman. Enhancing thermal conductivity of fluids with nanoparticles. No. ANL/MSD/CP-
84938; CONF-951135-29. Argonne National Lab. (ANL), Argonne, IL (United States), 1995.

[2] Hayat, Tasawar, Mumtaz Khan, Muhammad ljaz Khan, Ahmed Alsaedi, and Muhammad Ayub. "Electromagneto
squeezing rotational flow of Carbon (C)-Water (H20) kerosene oil nanofluid past a Riga plate: A numerical
study." PloS one 12, no. 8 (2017): e0180976. https://doi.org/10.1371/journal.pone.0180976

[3] Hayat, T., Sohail Ahmad Khan, M. ljaz Khan, and A. Alsaedi. "Optimizing the theoretical analysis of entropy
generation in the flow of second grade nanofluid." Physica Scripta94, no. 8 (2019): 085001.
https://doi.org/10.1088/1402-4896/ab0f65

[4] Kiew, Peck Loo, Nur Ainaa Mohd Fauzi, Shania Aufaa Firdiani, Man Kee Lam, Lian See Tan, and Wei Ming Yeoh. "Iron
oxide nanoparticles derived from Chlorella vulgaris extract: Characterization and crystal violet photodegradation
studies." Progress in Energy and Environment (2023): 1-10. https://doi.org/10.37934/progee.24.1.110

[5] Hamrayev, Hemra, and Kamyar Shameli. "Synthesis and Characterization of lonically Cross-Linked Chitosan
Nanoparticles." Journal of Research in Nanoscience and Nanotechnology7, no. 1 (2022): 7-13.
https://doi.org/10.37934/jrnn.7.1.713

[6] Talib, Abd Rahim Abu, Sadeq Salman, Muhammad Fitri Mohd Zulkeple, and Ali Kareem Hilo. "Experimental
Investigation of Nanofluid Turbulent Flow Over Microscale Backward-Facing Step." Journal of Advanced Research
in Fluid Mechanics and Thermal Sciences 99, no. 2 (2022): 119-134. https://doi.org/10.37934/arfmts.99.2.119134

[7]1 Bakar, Fairul Naim Abu, and Siti Khuzaimah Soid. "MHD stagnation-point flow and heat transfer over an
exponentially stretching/shrinking vertical sheet in a micropolar fluid with a Buoyancy effect." Journal of Advanced
Research in Micro and Nano Engineering 7, no. 1 (2022): 1-7.

[8] Hao, Huong Nai, Ting Tiew Wei, Leslie Toh Kok Lik, and Ngu Heng Jong. "Experimental Study on Convective Heat
Transfer Enhancement of Automotive Radiator with Graphene-Nanoplatelet Suspension." Journal of Advanced
Research in Fluid Mechanics and Thermal Sciences 101, no. 2 (2023): 60-72.
https://doi.org/10.37934/arfmts.101.2.6072

[9] Naufal, Muhammad Daffa, Mohd Fairus Mohd Yasin, and Nor Azwadi Che Sidik. "Modelling of Nanomaterial Growth
with Flame Enhancement." Journal of Advanced Research in Applied Mechanics 90, no. 1 (2022): 1-6.
https://doi.org/10.37934/aram.90.1.16

139


https://doi.org/10.1371/journal.pone.0180976
https://doi.org/10.1088/1402-4896/ab0f65
https://doi.org/10.37934/progee.24.1.110
https://doi.org/10.37934/jrnn.7.1.713
https://doi.org/10.37934/arfmts.99.2.119134
https://doi.org/10.37934/arfmts.101.2.6072
https://doi.org/10.37934/aram.90.1.16

CFD Letters
Volume 16, Issue 9 (2024) 126-142

(10]

(11]

(12]

(13]

(14]

(15]

(16]

(17]

(18]

(19]

[20]

(21]

[22]

(23]

[24]

[25]

(26]

(27]

(28]

Melik, Wafa, Zakaria Boumerzoug, and Fabienne Delaunois. "Characterization of the Al6061 Alloy Reinforced with
SiC Nanoparticles and Prepared via Powder Metallurgy." Malaysian Journal on Composites Science and
Manufacturing 9, no. 1 (2022): 22-34. https://doi.org/10.37934/mjcsm.9.1.2234

Williamson, R. Vo. "The flow of pseudoplastic materials." Industrial & Engineering Chemistry 21, no. 11 (1929):
1108-1111. https://doi.org/10.1021/ie50239a035

Subbarayudu, K., S. Suneetha, and P. Bala Anki Reddy. "The assessment of time dependent flow of Williamson fluid
with radiative blood flow against a wedge." Propulsion and Power Research9, no. 1 (2020): 87-99.
https://doi.org/10.1016/].ippr.2019.07.001

Lyubimova, T. P., A. V. Perminov, and M. G. Kazimardanov. "Stability of quasi-equilibrium states and supercritical
regimes of thermal vibrational convection of a Williamson fluid in zero gravity conditions." International Journal of
Heat and Mass Transfer 129 (2019): 406-414. https://doi.org/10.1016/j.ijheatmasstransfer.2018.09.112

Hamid, Aamir, and Masood Khan. "Multiple solutions for MHD transient flow of Williamson nanofluids with
convective heat transport." Journal of the Taiwan Institute of Chemical Engineers 103 (2019): 126-137.
https://doi.org/10.1016/j.jtice.2019.07.001

Haq, Fazal, Seifedine Kadry, Yu-Ming Chu, Mair Khan, and M. ljaz Khan. "Modeling and theoretical analysis of
gyrotactic microorganisms in radiated nanomaterial Williamson fluid with activation energy." Journal of Materials
Research and Technology 9, no. 5 (2020): 10468-10477. https://doi.org/10.1016/j.jmrt.2020.07.025

Salahuddin, T., Mair Khan, Tareq Saeed, Muhammad Ibrahim, and Yu-Ming Chu. "Induced MHD impact on
exponentially varying viscosity of Williamson fluid flow with variable conductivity and diffusivity." Case Studies in
Thermal Engineering 25 (2021): 100895. https://doi.org/10.1016/j.csite.2021.100895

Wagas, M., M. ljaz Khan, Zeeshan Asghar, Seifedine Kadry, Yu-Ming Chu, and W. A. Khan. "Interaction of heat
generation in nonlinear mixed/forced convective flow of Williamson fluid flow subject to generalized Fourier's and
Fick's concept." Journal of Materials Research and Technology9, no. 5 (2020): 11080-11086.
https://doi.org/10.1016/j.jmrt.2020.07.068

Hamid, Aamir, Metib Alghamdi, Masood Khan, and A. S. Alshomrani. "An investigation of thermal and solutal
stratification effects on mixed convection flow and heat transfer of Williamson nanofluid." Journal of Molecular
Liquids 284 (2019): 307-315. https://doi.org/10.1016/j.molliq.2019.03.181

Sheikholeslami, M., M. Barzegar Gerdroodbary, Ahmad Shafee, and Iskander Tlili. "Hybrid nanoparticles dispersion
into water inside a porous wavy tank involving magnetic force." Journal of Thermal Analysis and Calorimetry 141
(2020): 1993-1999. https://doi.org/10.1007/s10973-019-08617-7

Bazdar, Hamed, Davood Toghraie, Farzad Pourfattah, Omid Ali Akbari, Hoang Minh Nguyen, and Amin Asadi.
"Numerical investigation of turbulent flow and heat transfer of nanofluid inside a wavy microchannel with different
wavelengths." Journal of Thermal Analysis and calorimetry 139, no. 3 (2020): 2365-2380.
https://doi.org/10.1007/s10973-019-08637-3

Hussain, Farooq, Rahmat Ellahi, and Ahmad Zeeshan. "Mathematical models of electro-magnetohydrodynamic
multiphase flows synthesis with nano-sized hafnium particles." Applied Sciences 8, no. 2 (2018): 275.
https://doi.org/10.3390/app8020275

Ellahi, Rahmat, Ahmed Zeeshan, Farooq Hussain, and Tehseen Abbas. "Thermally charged MHD bi-phase flow
coatings with non-Newtonian nanofluid and hafnium particles along slippery walls." Coatings 9, no. 5 (2019): 300.
https://doi.org/10.3390/coatings9050300

Rezaei Gorjaei, Arash, Fatemeh Joda, and Ramin Haghighi Khoshkhoo. "Heat transfer and entropy generation of
water—Fe 3 O 4 nanofluid under magnetic field by Euler—Lagrange method." Journal of Thermal Analysis and
Calorimetry 139 (2020): 2023-2034. https://doi.org/10.1007/s10973-019-08627-5

Lee, B. J., C. ). Fu, and Z. M. Zhang. "Coherent thermal emission from one-dimensional photonic crystals." Applied
Physics Letters 87, no. 7 (2005). https://doi.org/10.1063/1.2010613

Hussain, Arif, M. Y. Malik, S. Bilal, M. Awais, and T. Salahuddin. "Computational analysis of magnetohydrodynamic
Sisko fluid flow over a stretching cylinder in the presence of viscous dissipation and temperature dependent
thermal conductivity." Results in Physics 7 (2017): 139-146. https://doi.org/10.1016/j.rinp.2016.12.006

Mishra, Pankaj, Dhirendra Kumar, Y. Dharmendar Reddy, and B. Shankar Goud. "Numerical investigation of MHD
flow of williamson nanofluid with variable viscosity pasting a wedge within porous media: a non-darcy model
approach." Heat Transfer 51, no. 7 (2022): 6071-6086. https://doi.org/10.1002/htj.22580

Cortell, R. "Fluid flow and radiative nonlinear heat transfer over a stretching sheet." Journal of King Saud University-
Science 26, no. 2 (2014): 161-167. https://doi.org/10.1016/j.jksus.2013.08.004

Abbas, Syed Zaheer, M. Wagas, Adel Thaljaoui, M. Zubair, Anis Riahi, Y. M. Chu, and Wagar Azeem Khan. "Modeling
and analysis of unsteady second-grade nanofluid flow subject to mixed convection and thermal radiation." Soft
Computing (2022): 1-10. https://doi.org/10.1007/s00500-021-06575-7

140


https://doi.org/10.37934/mjcsm.9.1.2234
https://doi.org/10.1021/ie50239a035
https://doi.org/10.1016/j.jppr.2019.07.001
https://doi.org/10.1016/j.ijheatmasstransfer.2018.09.112
https://doi.org/10.1016/j.jtice.2019.07.001
https://doi.org/10.1016/j.jmrt.2020.07.025
https://doi.org/10.1016/j.csite.2021.100895
https://doi.org/10.1016/j.jmrt.2020.07.068
https://doi.org/10.1016/j.molliq.2019.03.181
https://doi.org/10.1007/s10973-019-08617-7
https://doi.org/10.1007/s10973-019-08637-3
https://doi.org/10.3390/app8020275
https://doi.org/10.3390/coatings9050300
https://doi.org/10.1007/s10973-019-08627-5
https://doi.org/10.1063/1.2010613
https://doi.org/10.1016/j.rinp.2016.12.006
https://doi.org/10.1002/htj.22580
https://doi.org/10.1016/j.jksus.2013.08.004
https://doi.org/10.1007/s00500-021-06575-7

CFD Letters
Volume 16, Issue 9 (2024) 126-142

[29]

(30]

(31]

(32]

(33]

(34]

(35]

(36]

(37]

(38]

(39]

[40]

[41]

(42]

(43]

[44]

(45]

[46]

Ramesh, Katta, Sami Ullah Khan, Mohammed Jameel, M. ljaz Khan, Yu-Ming Chu, and Seifedine Kadry.
"Bioconvection assessment in Maxwell nanofluid configured by a Riga surface with nonlinear thermal radiation and
activation energy." Surfaces and Interfaces 21 (2020): 100749. https://doi.org/10.1016/].surfin.2020.100749
Rasool, Ghulam, Anum Shafiqg, Yu-Ming Chu, Muhammad S. Bhutta, and Amjad Ali. "Optimal homotopic exploration
of features of cattaneo-christov model in second grade nanofluid flow via Darcy-Forchheimer medium subject to
viscous dissipation and thermal radiation." Combinatorial Chemistry & High Throughput Screening 25, no. 14
(2022): 2485-2497. https://doi.org/10.2174/1386207324666210903144447

Lund, Liaquat Ali, Zurni Omar, Sumera Dero, Yuming Chu, and llyas Khan. "Temporal stability analysis of magnetized
hybrid nanofluid propagating through an unsteady shrinking sheet: Partial slip conditions." Computers, Materials
and Continua 66, no. 2 (2020): 1963-1975. https://doi.org/10.32604/cmc.2020.011976

Chu, Yu-Ming, Faisal Shah, M. ljaz Khan, Seifedine Kadry, Zahra Abdelmalek, and Waqar A. Khan. "Cattaneo-Christov
double diffusions (CCDD) in entropy optimized magnetized second grade nanofluid with variable thermal
conductivity and mass diffusivity." Journal of Materials Research and Technology 9, no. 6 (2020): 13977-13987.
https://doi.org/10.1016/j.jmrt.2020.09.101

Hayat, T., M. Z. Kiyani, A. Alsaedi, M. ljaz Khan, and |. Ahmad. "Mixed convective three-dimensional flow of
Williamson nanofluid subject to chemical reaction." International Journal of Heat and Mass Transfer 127 (2018):
422-429. https://doi.org/10.1016/].ijheatmasstransfer.2018.06.124

Goud, B. Shankar, Pudhari Srilatha, Thadakamalla Srinivasulu, Yanala Dhamendar Reddy, and Kanti Sandeep Kumar.
"Induced by heat source on unsteady MHD free convective flow of Casson fluid past a vertically oscillating plate
through porous medium utilizing finite difference method." Materials Today: Proceedings (2023).

Bejawada, Shankar Goud, and Mahantesh M. Nandeppanavar. "Effect of thermal radiation on
magnetohydrodynamics heat transfer micropolar fluid flow over a vertical moving porous plate." Experimental and
Computational Multiphase Flow 5, no. 2 (2023): 149-158. https://doi.org/10.1007/s42757-021-0131-5

Shankar Goud, Bejawada, and Gurram Dharmaiah. "Role of Joule heating and activation energy on MHD heat and
mass transfer flow in the presence of thermal radiation." Numerical Heat Transfer, Part B: Fundamentals 84, no. 5
(2023): 620-641. https://doi.org/10.1080/10407790.2023.2215917

Shankar Goud, B., Dharmendar Reddy Yanala, and Abderrahim Wakif. "Numerical analysis on the heat and mass
transfer MHD flow characteristics of nanofluid on an inclined spinning disk with heat absorption and chemical
reaction." Heat Transfer 52, no. 5 (2023): 3615-3639. https://doi.org/10.1002/ht].22843

Srinivasulu, Thadakamalla, and B. Shankar Goud. "Effect of inclined magnetic field on flow, heat and mass transfer
of Williamson nanofluid over a stretching sheet." Case Studies in Thermal Engineering 23 (2021): 100819.
https://doi.org/10.1016/j.csite.2020.100819

Asogwa, Kanayo Kenneth, and B. Shankar Goud. "Impact of velocity slip and heat source on tangent hyperbolic
nanofluid flow over an electromagnetic surface with Soret effect and variable suction/injection." Proceedings of
the Institution of Mechanical Engineers, Part E: Journal of Process Mechanical Engineering 237, no. 3 (2023): 645-
657. https://doi.org/10.1177/09544089221106662

Sagib, Muhammad, Ilyas Khan, and Sharidan Shafie. "Generalized magnetic blood flow in a cylindrical tube with
magnetite dusty particles." Journal of Magnetism and Magnetic Materials 484 (2019): 490-496.
https://doi.org/10.1016/j.jmmm.2019.03.032

Reddy, P. Bala Anki. "Magnetohydrodynamic flow of a Casson fluid over an exponentially inclined permeable
stretching surface with thermal radiation and chemical reaction." Ain Shams Engineering Journal 7, no. 2 (2016):
593-602. https://doi.org/10.1016/j.asej.2015.12.010

Sagib, Muhammad, Hanifa Hanif, T. Abdeljawad, llyas Khan, Sharidan Shafie, and K. Sooppy Nisar. "Heat transfer in
mhd flow of maxwell fluid via fractional cattaneo-friedrich model: A finite difference approach." Comput. Mater.
Contin 65, no. 3 (2020): 1959-1973.

Halim, Nadhirah Abdul, S. Sivasankaran, and NF Mohamad Noor. "Active and passive controls of the Williamson
stagnation nanofluid flow over a stretching/shrinking surface." Neural Computing and Applications 28, no. Suppl 1
(2017): 1023-1033. https://doi.org/10.1007/s00521-016-2380-y

Sunitha, Cheela, Prathi Vijaya Kumar, Giulio Lorenzini, and Shaik Mohammed Ibrahim. "A study of thermally radiant
williamson nanofluid over an exponentially elongating sheet with chemical reaction via homotopy analysis
method." CFD Letters 14, no. 5 (2022): 68-86. https://doi.org/10.37934/cfdl.14.5.6886

Vijayalaxmi, T., and Bandari Shankar. "Hydromagnetic flow and heat transfer of Williamson nanofluid over an
inclined exponential stretching sheet in the presence of thermal radiation and chemical reaction with slip
conditions." Journal of Nanofluids 5, no. 6 (2016): 826-838. https://doi.org/10.1166/jon.2016.1283

Nadeem, S., and S. T. Hussain. "Flow and heat transfer analysis of Williamson nanofluid." Applied Nanoscience 4
(2014): 1005-1012. https://doi.org/10.1007/s13204-013-0282-1

141


https://doi.org/10.1016/j.surfin.2020.100749
https://doi.org/10.2174/1386207324666210903144447
https://doi.org/10.32604/cmc.2020.011976
https://doi.org/10.1016/j.jmrt.2020.09.101
https://doi.org/10.1016/j.ijheatmasstransfer.2018.06.124
https://doi.org/10.1007/s42757-021-0131-5
https://doi.org/10.1080/10407790.2023.2215917
https://doi.org/10.1002/htj.22843
https://doi.org/10.1016/j.csite.2020.100819
https://doi.org/10.1177/09544089221106662
https://doi.org/10.1016/j.jmmm.2019.03.032
https://doi.org/10.1016/j.asej.2015.12.010
https://doi.org/10.1007/s00521-016-2380-y
https://doi.org/10.37934/cfdl.14.5.6886
https://doi.org/10.1166/jon.2016.1283
https://doi.org/10.1007/s13204-013-0282-1

CFD Letters
Volume 16, Issue 9 (2024) 126-142

[47] Khan, W. A., and I. Pop. "Boundary-layer flow of a nanofluid past a stretching sheet." International journal of heat
and mass transfer 53, no. 11-12 (2010): 2477-2483. https://doi.org/10.1016/j.ijheatmasstransfer.2010.01.032

[48] Rafique, Khuram, Muhammad Imran Anwar, Masnita Misiran, llyas Khan, Asiful H. Seikh, EI-Sayed M. Sherif, and
Kottakkaran Sooppy Nisar. "Keller-box simulation for the buongiorno mathematical model of micropolar nanofluid
flow over a nonlinear inclined surface." Processes 7, no. 12 (2019): 926.https://doi.org/10.3390/pr7120926

[49] Rafique, Khuram, and Hammad Alotaibi. "Numerical simulation of Williamson nanofluid flow over an inclined
surface: Keller box analysis." Applied Sciences 11, no. 23 (2021): 11523. https://doi.org/10.3390/app112311523

142


https://doi.org/10.1016/j.ijheatmasstransfer.2010.01.032
https://doi.org/10.3390/pr7120926
https://doi.org/10.3390/app112311523

