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Abstract Present paper studies the characteristics of an upgraded fluid called Williamson
ternary hybrid ferrofluid. This fluid comprises three types of nanoparticles which are magnetite,
gold and aluminium oxide in a Williamson based fluid in hopes to improve the fluidity and heat
transfer of based fluid. Thus, the objective of this research is to understand the capabilities of this
upgraded fluid and to determine whether it performs better than the less nanoparticles hybrid fluid.
The blood is taken as a based fluid to integrate the pseudoplastic behaviour of Williamson fluid.
The physical model developed is interpreted into non-linear partial differential equations then
transformed into ordinary differential equations using similarity transformations. Using Runge-
Kutta-Fehlberg (RKF45) method, the transformed equations then coded in Maple software.
Parameter used to study the behaviour of the fluid are the nanoparticles volume fraction, the
magnetic parameter, the moving plate parameter and buoyancy parameter. Comparison with
different types of ferroparticle volume fractions are also included in this research. In summary, the
Williamson ternary hybrid ferrofluid demonstrates a 2.81% enhancement in fluidity relative to the
Williamson hybrid ferrofluid, with both showing comparable heat transfer characteristics when
evaluated using the same value moving plate parameter. Magnetic parameter as predicted do
reduced the thermal and velocity boundary layer. Buoyancy parameter also showed similar result
with magnetic parameter.

Keywords: Williamson ternary hybrid ferrofluid, blood based, vertical moving plate, Williamson fluid
model.

Introduction

Fluids with inconsistence viscosity are called non-Newtonian fluid. Non-Newtonian fluid can be
characterized by their shear rate characteristics which are either shear thinning (pseudoplastic) or shear
thickening (dilatant). Both characteristics demonstrate unique behaviours relative to Newtonian fluids in
thermal transfer processes. Both characteristics has its own advantages and application such as heat
exchangers, reactor, natural polymers and damping applications [1]. There are many fluid models
produce by past researchers to mathematically study the rheology of non-Newtonian fluid, but this study
will focus on Williamson fluid model to understand the fluid pseudoplastic behaviour. Latest research
that considered blood and Williamson fluid model was done by Thenmozhi et al. [2] where they claimed
the novelty of the research is in the application of blood infused Williamson hybrid ferrofluid in real time
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applications of magnetic hyperthermia for cancer treatment. Rosli et al. [3-5] studied on the blood-based
Williamson hybrid ferrofluid under different parameter and plate conditions. Their research novelty was
using Williamson fluid model and copper nanoparticles to help with the heat transfer performance under
different fluid parameters and plate conditions. They concluded that the presence of copper does
improve the heat transfer performance of blood-based ferrofluid.

As claimed by Yasin et al. [6], the surface area is important in determining the fluid flow characteristics.
They provide examples where the best heat exchange is when the fins is placed vertically compared to
the horizontal surface. Ramachandran et al. [7] pioneered the researched for the heat exchange on a
vertical surface problem. They reported that both the local Nusselt number and the wall shear stress
exhibit an increasing trend with respect to the buoyancy parameter. Recent research on this problem
was done Pradhan et al. [8] where they studied the free convective time-dependent MHD flow over a
vertical porous flat plate under the effect of heat sink and chemical reactions while applying Laplace
transformation technique. They claimed that buoyant forces enhance the velocity profile, emphasising
surface cooling. The characteristics of water based hybrid ferrofluid ( Fe,0, — CoFe,0, / H,0) with the

effects of chemical reaction and slip conditions analysis was done Zainodin et al. [9]. Using bvp4c
numerical approach they found that the hybrid ferrofluid heat transfer rate do affect by different order of
chemical reaction. Next, Yasin et al. [6] studies the characteristics of mixed convection stagnation point
flow water based ferrofluid over a vertical flat plate. Their findings using Keller-box method was
ferroparticles volume fraction do influence the ferrofluid velocity, reduced skin friction coefficient and
reduced Nusselt number.

Ternary hybrid nanofluid is a relatively new concepts in the mathematically theoretical research
industries. Combination of three nanoparticles rather than two or one in a single fluid is expected to
provide improvements in fluidity and heat transfer performance. Such research investigate this new type
of fluid is from Ullah et al. [10], where they studied ternary hybrid, hybrid and nanofluid containing copper,
silver and alumina nanoparticles under the effects of thermal radiation, heat source, joule heating and
constant distance. Using the Karman similarity transformation and bvp4c numerical approach, they
reflected that the ternary hybrid ferrofluid provide 28% heat transfer performance compared to the hybrid
fluid and nanofluid. Using gold, graphene, and copper in a carboxymethyl cellulose (CMC)-water base
fluid, Mahanta and Sharma [11] investigate the fluid characteristics of time dependent flow between two
horizontal plates using bvp4c code to produce the graphical results. They deduced that fluid ternary
nanofluid produce larger Nusselt number that hybrid nanofluid when radiative heat transport amplifies.
Response Surface Methodology (RSM) was employed by Abu Bakar et al. [12] to maximize the heat
transfer rate of ternary hybrid ferrofluid flow past a shrinking surface under the influence of magnetic
dipole and velocity slip. They considered iron oxide, cobalt ferrite, and copper for the ternary
nanoparticles and concluded provide analysis where ternary hybrid nanoparticles outshined the
conventional ferrofluid and hybrid ferrofluid. Based on this past research, it can be concluded that the
ternary hybrid nanofluid do provide better fluidity and heat transfer performance than the current popular
hybrid nanofluid.

Enlightenment from this past research, there is gap that can be explored in ternary hybrid nanofluid
studies in terms of fluid model, plate condition and type of nanoparticles. Therefore, present study
investigates the flow of Williamson ternary hybrid ferrofluid consisting of magnetite, gold and aluminium
nanoparticles passes through a vertical moving plate. The based fluid for ferrofluid is blood as it
represents the pseudoplastic characteristics of Williamson fluid. The incorporation of gold and aluminium
oxide nanoparticles into the Williamson ferrofluid is anticipated to enhance its fluidity and heat transfer
performance relative to the conventional hybrid ferrofluid under the influence of moving vertical plate.

Mathematical Formulation

This study considers incompressible free stream, U_, and ambient temperature, 7 , of Williamson
ternary-hybrid ferrofluid flowing through a moving vertical flat plate, u =<U_ . The surface temperature

of the vertical flat plate is represented by 7', while B, , o, f are the magnetic field strength, gravitational

acceleration, and thermal expansion coefficient respectively. Since the plate is in vertical position, the
cartesian coordinate » axis will become vertical while ,, axis is orthogonal to it. The model of this study
is depicted in Figure 1.
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Figure 1. Two-dimensional physical model and coordinate system of incompressible Williamson ternary-
hybrid ferrofluid flowing through the vertical flat plate

From Figure 1, the governing equations for 2-dimenasional steady convective boundary layer flow in a
Williamson ternary hybrid ferrofluid can be written as [3, 13-17]:

ou . ov 0 ]
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with boundary conditions:

u=eU,,v=0,T=T aty=0 4
u—->U_, T>T, 6 asy—o. 4)

The velocity components along the » and ) axes are designated as , and . with ., the define as

moving plate velocity. Equations (1) - (3) have many dependent and independent variables. The similarity

transformation can be applied to simplify the equations, thus the similarity variable considered are as
follows [18, 19]:

%

U \ T-T

) :(i) vy =(Ux) £, 00 =
VX T,

®)

Referring to Equation (5) 7, ¥ and 6 are define as non-dimensional variable, dimensional stream
function and temperature. Equation (5) satisfies the continuity Equation (1) by definition:
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substitute the similarity variables Equation (5) and (6) into governing Equation (2) and (3) gives the
following transformed ordinary differential equations:

M(f lf / )+ /jp”Jr(pﬂ)rhn/Qg M(/ 71) 0, (7)
Vy pT/m/ﬁ/
Pr k, (pCp)TM 2

In order to solve the similarity solution of Equation (7) and (8), parameters 4 and o must be constants
with no functions of » [20-22], therefore it is assumed that:

r=g+x and g - ©

Next, boundary conditions (4) become:
S(0)=0, f(0)=¢, O(0)=1, B
f'(m) > 1, 6(7) >0, as 1 >, (10)

3
Where ; —q 2V

is the Williamson parameter, o = &
Vv,

R as the buoyancy parameter, with Grashoff

f (55
U 2
number, Gr= w , Reynolds number , Re= -l , magnetic parameter, MzaiB0 and
V/‘ s % Priy
Vs (,OCP
Pr= P as the Prandtl number. Other quantities related to ternary-hybrid nanofluid are shown in
’

Table 1 [13, 15, 23]:

Table 1. Thermophysical properties of fluid and particles

Thermophysical Properties

Ternary-Hybrid Nanofluid
Density ( Py

I=$)[ =g -)p, + 40, |+ |+ 5,

A=) a-pa-w(eC,), +4(eC,), [+ (eC,) |+ a(eC,),
My
Dynamic viscosity (ﬂnm,ﬂ) (- (-8 ) (1-4)"

k _ k ks} + 2kh/1/' - 2¢x3 (k/m/ - ks})
" " ks3 + 2k/m/ + ¢s3 (khnf - k53) '

kg +2k, =2 —k,
Thermal conductivity («) Koy = o2 & ( ) . and
" k., +2k +¢?2(k —k,,)

.y ky, + 2k, k)
T k2K, +¢1

-k,
(A=) =) a-4)(08), +4 (oB) .]+2 ). |+ 4.(08),,

Heat capacity (PC,,)

Thermal expansion coefficient (5)

e-ISSN 2289-599X| DOI: https://doi.org/10.11113/mjfas.v22n2.4743 488



MJFAS

Rosli et al. | Malaysian Journal of Fundamental and Applied Sciences, Vol. 22 (2026) 485-496

In Table 1, ¢, ¢, and ¢, represents the different type of nanoparticles volume fraction that will used for

this research. The subscripts f, nf , hAnf and Thnf defined as base fluid, nanofluid, hybrid nanofluid,

and ternary hybrid nanofluid respectively. The physical quantities of interest are the skin friction
coefficient €, and the local Nusselt number Nu, [3,5, 15, 23]:

T Xq,,
N, = —dw 11
K (T,~T.) )

where the wall shear stress 7 and heat flux from the surface ¢, are given by

ou ot
T = My [@]a and q., = _kTIm/ (8}/] (1 2)

Substituting Equation (5) and (12) into Equation (11), the following equations are obtained:

1/2 1

T A=) (- )

7 RE

(.f"’(O) + gf"z(mj and

/ k )
Nu,Re " = - g/(0)
f

Results and Discussion

To produce the results, the non-linear ordinary differential Equation (7) and (8) with boundary conditions
(10) are solved using Runge-Kutta-Fehlberg (RFK45) method in Maples software. The value for
boundary layer thickness, 77, , employed for this research is set to 7 as it provides the optimal results.
Taking blood into consideration as a based fluid, Prandtl number of 21 is the default value throughout
the parameter tested following research done by Rosli et al. [3-5], Chu et al. [24] and Subbarayudu et al.
[25]. Furthermore, the default value of nanoparticle volume fractions (¢, ¢,, ¢,) for Williamson ternary

hybrid ferrofluid is 0.01 [13, 15, 23]. Table 2 shows the thermophysical characteristics of nanoparticles
and base fluids used for this research [3-5, 16, 26-29].

Table 2. Thermophysical characteristics of nanoparticles and base fluids

Physical Properties

Fluid/

Nanoparticles p(kg/m3) C,(J/kgK) k(W /mK) Lx10°(1/ k) Pr
Water 997 4179 0.613 0.00021 6.2
Blood 1053 3594 0.492 0.000074 21

Magnetite 5180 670 9.7 0.000013 -
(Fe0, )
Gold () 19300 129 318 0.0000142 -

Copper (Ci ) 8933 385 400 0.0000167 -

Aluminium 3970 765 40 0.0000085 -

oxide ( 4L,0,)

To validate the numerical method and equation for this research, Table 3 presents the comparison results
between the present with previous research from Bachok et al. [26] using copper nanoparticles in a water

based fluid where Pr is set to 6.2 and ¢ =¢ =c=A=M=Q=0. The comparison was in good
agreement for both present and previous research.
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Table 3. Comparison /7(0) values with previously published result when ¢ =¢ =M =4=¢c=Q=0

p 7'(0)

’ Bachok et al. [26] Present
1 0.3321 0.3321
2 0.3901 0.3901
3 0.4045 0.4045

Next, the comparison distributions of ~Nu Re;"?and ¢, Re!? for different types of fluid against the

moving plate parameter, ., are presented in Figure 2.

e 1/2
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Figure 2. Distribution of ¢, Re!? (a) and Nu Re."* (b) for different type of fluid with various values of -
when Pr=21, 1=0.1, M =05, Q=0.3.
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The moving plate parameter, ., defined as the ratio of plate velocity over the free stream velocity [30]
and the positive values indicate the upwards movement of the plate while negative values indicate
downwards movement of the plate. The four types of ferroparticle volume compared are blood based

fluid (¢ =0, ¢, =0, §,=0), 3% Fe0,/blood ferrofluid (¢4 =0.03, 4, =0, ¢, =0), 3% Fe,0, - u Iblood

hybrid ferrofluid (¢4 =0.015, ¢, =0.015, ¢,=0), and 3% Fe,0, - Au - 41,0, Iblood ternary hybrid ferrofluid (
¢ =0.01, ¢, =0.01, ¢, =0.01). Figure 2(a) shows that all the ferroparticle volume fractions tested have a

reduction in skin friction coefficient distribution as the parameter . increases, due to the increasing plate
velocity over the free stream velocity. Noticed that the distribution of skin friction coefficient values for
Williamson ternary hybrid ferrofluid are comparable with the hybrid ferrofluid as the . increases despite
the similar number of ferroparticle volume fraction. It is due to the low density of 4/,0, nanoparticles

compared to Au nanoparticles which reduce the friction in a fluid. Blood based fluid is expected to have
the lowest skin friction coefficient value as it has no nanoparticle volume fraction to resist the flow.

Observing Figure 2(b), it can be concluded that the heat transfer performance of 3% Fe,0, - Au - AL0,

/blood ternary hybrid ferrofluid (¢ =0.01, ¢, =0.01, ¢,=0.01) is comparable with 3% Fe,0, - Au /blood
hybrid ferrofluid ( ¢ =0.015, ¢, =0.015, ¢, =0),when plate is moving upwards. This shows that less gold

in ternary hybrid ferrofluid, consumes less in production cost but still provide comparable result heat
transfer performance.

Figure 3 illustrated the velocity and the temperature profile for different types of fluid tested. The
ferroparticle volume fraction used are similar with Figure 2 blood based fluid (4 =0, ¢, =0, ¢, =0), 3%

Fe,0,/blood  ferrofluid (¢ =0.03, ¢, =0, ¢, =0), 3% FeO,-Au/blood hybrid ferrofluid (
$,=0015, ¢,=0.015, ¢,=0), and 3% FeO,-Au-4L,0,/blood ternary hybrid ferrofluid (

# =001, ¢ =0.01, ¢ =0.01). Considering the velocity profile in Figure 3(a), it is shown that the

Williamson hybrid ferrofluid has thinner momentum boundary layer compared to Williamson ternary
hybrid ferrofluid meaning that high density and volume fraction of gold in hybrid ferrofluid contributed to
a high deceleration of fluid thus thinning the thicknesses of the momentum boundary layer. Next, the
temperature profile in Figure 3(b) justifies the comparable heat transfer performance of the tested fluids
in Figure 2(b). From the figure, the thermal boundary layer for nanofluid, hybrid and ternary hybrid
ferrofluid is larger than the blood based fluid due to the presence of nanoparticles improving heat transfer
capability, which is similar to the result from Prasannakumara et al. [31] and Zhao et al. [32]. Based on
the data, the Williamson ternary hybrid ferrofluid achieves a 2.81% decrease in the skin-friction
coefficient relative to the Williamson hybrid ferrofluid, with both exhibiting similar heat-transfer
performance.
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Figure 3. Velocity profile(a) and temperature profile(b) for various types of fluid with Pr=21, A=0.1, M =0.5, £=0.5, Q=03

The influence of magnetic parameter, M , towards the Williamson ternary hybrid ferrofluid is illustrated
in Figure 4. Figure 4(a) shows that the boundary layer thickness is decreasing for the velocity profile as
the magnetic parameter increases. Increasing the magnetic force will induce the Lorentz effect which
then increases the skin friction coefficient of the fluid and retarded the fluid flow. The result is expected
as ferroparticles inside the ternary hybrid ferrofluid are highly magnetized. From Figure 4(b), it is evident
that the thermal boundary layer decreases only slightly rather than showing any significant variation. This
minor reduction corresponds to the small changes in the Nusselt number, which indicate only slight
variations in the temperature gradient. Since magnetic force is present, the ferroparticles will gather at
the plate thus induced conductive heat transfer rather than convective heat transfer due to the
ferroparticles compact and vibrating with each other at the plate where the magnetic force presence.
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Figure 4. Velocity profile(a) and temperature profile(b) for various values of M when Pr=21, 1=0.1, ¢=0.5, Q=03

Figures 5 display the characteristics of thermal and momentum boundary layer due to the effects of
various buoyancy parameter values, €2 . The negative (-) and positive values (+) of 2 parameter
indicates the opposing and assisting flow of the fluid [33]. It can be seen that both figure shows that {2

gives out small effect for both assisting flow (4 >0) and opposing flow (4 <0) to the thermal boundary
layer and velocity boundary layer. Mohamed et al. [16] mentioned in their studies the buoyancy effect in

fluids with large Pr numbers have a minimal influence, which supports the findings of this work. Fluid
with large Pr, which in this case 21 has low thermal diffusivity that led to momentum diffuse faster than
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heat. Therefore, forced convection plays the dominant role in determining both thermal and velocity
boundary layer thickness in Figure 5.
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Figure 5. Velocity profile (a) and temperature profile (b) for various values of ) when Pr=21, 1=0.1, £=0.5, M =0.5.
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Conclusions

In this research, the mathematical fluid model for Williamson ternary hybrid ferrofluid is numerically
studied. Magnetite (Fe,0,), Gold (Au ), and aluminium oxide ( 4L0,) are taken as the nanoparticles.

RKF45 method is used to numerically solve the transformed equation. This study employs the
moving-plate parameter alongside different combinations of ferroparticle volume fractions, magnetic
parameters, and buoyancy parameters. The findings for this research are provided below:

The increase in moving plate results to decreasing in skin friction coefficient values.
The presence of 4/,0, ternary hybrid ferrofluid provides the comparable Nusselt number

performance with gold containing hybrid ferrofluid.

Momentum boundary layer thickness of ternary hybrid fluid is larger than hybrid ferrofluid but
comparable in terms of thermal boundary layer thicknesses.

Magnetic parameter reduces the velocity and thermal boundary layer of Williamson ternary hybrid
ferrofluid.

Buoyancy parameter does not produce significant effect on the velocity and temperature profile for
the fluid tested due to dominant role of forced convection.

Conflicts of Interest

The author(s) declare(s) that there is no conflict of interest regarding the publication of this paper.

Acknowledgment

Authors gratefully acknowledge the Ministry of Higher Education Malaysia for providing financial support
under Fundamental Research Grant Scheme (FRGS) No. FRGS/1/2023/STG06/UMP/02/1 (University
reference: RDU230111).

References

(1]

(2]

(3]

(4]

(3]

6]
(71
(8]

9]

[10]
(1]
[12]
[13]

[14]

Bouzidi, M., et al. (2025). Simulation of conjugate free convection heat transfer of NEPCM/AI,O;—kerosene non-
Newtonian hybrid nanoliquid between a double-pipe space. Case Studies in Thermal Engineering, 71, Article
71.

Thenmozhi, D., et al. (2025). The significance of magnetized thermal radiation on the magnetohydrodynamic
(MHD) behavior of Williamson hybrid ferrofluids over a stretching sheet. International Journal of Thermofluids,
25, Article 25.

Rosli, W. M. H., et al. (2024). Convective boundary layer flow of Williamson hybrid ferrofluid over a moving flat
plate with viscous dissipation. Journal of Advanced Research in Fluid Mechanics and Thermal Sciences, 112(1),
176-188.

Rosli, W. M. H., et al. (2023). Boundary layer flow of Williamson hybrid ferrofluid over a permeable stretching
sheet with thermal radiation effects. CFD Letters, 15(3), 112-122.

Rosli, W. M. H., et al. (2022). Blood conveying ferroparticle flow on a stagnation point over a stretching sheet:
Non-Newtonian Williamson hybrid ferrofluid. Journal of Advanced Research in Fluid Mechanics and Thermal
Sciences, 97(2), 175-185.

Yasin, S. H. M. Y., et al. (2022). Magnetite water-based ferrofluid flow and convection heat transfer on a vertical
flat plate: Mathematical and statistical modelling. Case Studies in Thermal Engineering, 40, Article 40.
Ramachandran, N., Chen, T. S., & Armaly, B. F. (1988). Mixed convection in stagnation flows adjacent to vertical
surfaces. Journal of Heat Transfer, 110(2), 373-377.

Pradhan, T., Jena, S., & Mishra, S. R. (2025). Laplace transformation technique for free convective time-
dependent MHD flow over a vertical porous flat plate with heat sink and chemical reaction: An analytical
approach. Hybrid Advances, 8, Article 8.

Zainodin, S., et al. (2023). Effects of higher order chemical reaction and slip conditions on mixed convection
hybrid ferrofluid flow in a Darcy porous medium. Alexandria Engineering Journal, 68, 111-126.

Ullah, H., et al. (2025). Thermal radiation effects of ternary hybrid nanofluid flow with activation energy:
Numerical computational approach. Results in Engineering, 25, Article 25.

Mahanta, C., & Sharma, R. P. (2025). A nonlinear stratification paradigm for squeezing flow between parallel
plates incorporating ternary hybrid nanoparticles with Soret—Dufour effects. Hybrid Advances, 9, Article 9.

Abu Bakar, S., et al. (2025). Optimizing a ternary hybrid ferrofluid slip flow with magnetic dipole and viscous
dissipation by response surface methodology (RSM). Applied Thermal Engineering, 269, Article 269.
Priyadharshini, P., et al. (2023). Ternary hybrid nanofluid flow over a symmetrically stretching sheet:
Optimization with a machine learning prediction scheme. Symmetry, 15(6), Article 15.

Mohamed, M. K. A., et al. (2017). Buoyancy effect on stagnation point flow past a stretching vertical surface
with Newtonian heating.

e-ISSN 2289-599X| DOI: https://doi

.0rg/10.11113/mjfas.v22n2.4743 495



MJ FAS Rosli et al. | Malaysian Journal of Fundamental and Applied Sciences, Vol. 22 (2026) 485-496

(18]
[16]
(17]
(18]

[19]

[20]
[21]
[22]

(23]

[24]

(23]
[26]

[27]

(28]

(29]

(30]

(31]

[32]

(33]

Mahmood, Z., et al. (2023). Numerical analysis of MHD tri-hybrid nanofluid over a nonlinear stretching/shrinking
sheet with heat generation/absorption and slip conditions. Alexandria Engineering Journal, 76, 799-819.
Mohamed, M. K. A., et al. (2019). Mixed convection boundary layer flow of engine oil nanofluid on a vertical flat
plate with viscous dissipation.

Mohamed, M. K. A., et al. (2014). Effects of heat generation/absorption on a stagnation point flow over a
stretching surface in a porous medium with convective boundary conditions.

Mohamed, M. K. A., et al. (2021). Boundary layer flow on permeable flat surface in Ag—Al,Os/water hybrid
nanofluid with viscous dissipation. Data Analytics and Applied Mathematics (DAAM), 2(1), 11-19.

Mohamed, M. K. A,, Yasin, S. H. M. Y., & Salleh, M. Z. (2021). Slip effects on MHD boundary layer flow over a
flat plate in Casson ferrofluid. Journal of Advanced Research in Fluid Mechanics and Thermal Sciences, 88(1),
49-57.

Makinde, O. D., & Olanrewaju, P. O. (2010). Buoyancy effects on thermal boundary layer over a vertical plate
with a convective surface boundary condition. Journal of Fluids Engineering, 132(4).

Aziz, A. (2009). A similarity solution for laminar thermal boundary layer over a flat plate with a convective surface
boundary condition. Communications in Nonlinear Science and Numerical Simulation, 14(4), 1064—1068.
Ishak, A. (2010). Similarity solutions for flow and heat transfer over a permeable surface with convective
boundary condition. Applied Mathematics and Computation, 217(2), 837-842.

Farah Nadzirah, J., Iskandar, W., & Anuar, I. (2024). Time-dependent flow of ternary hybrid nanofluid past a
stretching sheet with suction and magnetohydrodynamic (MHD) effects. Journal of Advanced Research in Fluid
Mechanics and Thermal Sciences, 117(2), 15-27.

Chu, Y.-M., et al. (2020). Numerical simulations of time-dependent micro-rotation blood flow induced by a curved
moving surface with conduction of gold particles and non-uniform heat sink/source. Arabian Journal for Science
and Engineering, 46(3), 2413-2427.

Subbarayudu, K., Suneetha, S., & Bala Anki Reddy, P. (2020). Time-dependent flow of Williamson fluid with
radiative blood flow over a wedge. Propulsion and Power Research, 9(1), 87-99.

Bachok, N., Ishak, A., & Pop, I. (2012). Flow and heat transfer characteristics on a moving plate in a nanofluid.
International Journal of Heat and Mass Transfer, 55(4), 642—648.

Anuar, N. S., Bachok, N., & Pop, I. (2021). Influence of buoyancy force on Ag—MgO/water hybrid nanofluid flow
in an inclined permeable stretching/shrinking sheet. International Communications in Heat and Mass Transfer,
123, Article 123.

Jamaludin, A., et al. (2020). Thermal radiation and MHD effects in the mixed convection flow of Fe;O,~water
ferrofluid towards a nonlinearly moving surface. Processes, 8(1), Article 8.

Kamal, M., et al. (2025). Mixed convective flow caused by a porous vertical sheet with Fourier heat fluxes for
Darcy—Forchheimer biomedical simulation of Au—Cu/blood hybrid nanofluid. Case Studies in Thermal
Engineering, 72, Article 72.

Mohamed, M. K. A, Salleh, M. Z., & Ishak, A. (2020). Effects of viscous dissipation on mixed convection
boundary layer flow past a vertical moving plate in a nanofluid. Journal of Advanced Research in Fluid
Mechanics and Thermal Sciences, 69(2), 1-18.

Prasannakumara, B. C., Shashikumar, N. S., & Venkatesh, P. (2017). Boundary layer flow and heat transfer of
fluid particle suspension with nanoparticles over a nonlinear stretching sheet embedded in a porous medium.
Nonlinear Engineering, 6(3).

Zhao, Q., Xu, H., & Fan, T. (2015). Analysis of three-dimensional boundary-layer nanofluid flow and heat
transfer over a stretching surface using the homotopy analysis method. Boundary Value Problems, 2015(1).
Zainodin, S., et al. (2024). Impact of heat source on mixed convection hybrid ferrofluid flow across a shrinking
inclined plate subject to convective boundary conditions. Alexandria Engineering Journal, 87, 662—681.

e-ISSN 2289-599X| DOI: https://doi.org/10.11113/mjfas.v22n2.4743 496



