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INTRODUCTION

Nanofluids are engineered fluids containing nanopar-
ticles that augment thermal conductivity and thermal
transmission. They are broadly operated in solar energy
applications, thermal exchangers, and electronics cooling
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ABSTRACT

This study investigates the thermally stratified magnetohydrodynamic flow of Casson-Wil-
liamson hybrid nano liquid around a linearly stretched vertical cylinder in a porous re-
gion. The unique aspect of this research is the inclusion of thermal stratification effects on
non-Newtonian hybrid nanofluid flow. Computational solutions are derived by employing
MATLAB’s Bvp4c algorithm, with velocity and thermal profiles illustrated graphically, and
distinct non-dimensional factors. Shear and thermal transmission rates are also calculated and
displayed in tables. Results expose that thermal stratification reduces the thermal profile, with
notable heat stratification, even causing negative temperature values. It’s also shown that the
Williamson hybrid nanofluid exhibits a 16.5% increase in heat transmission rate over the Wil-
liamson nanofluid and a 30.7% higher shear stress rate. The heat transmission rate is enhanced
by increasing the thermal buoyancy factor but decreases with higher values of the Casson fac-
tor, thermal stratification factor, porosity factor, and Weissenberg number. Additionally, the
thermal distribution increases with a higher Weissenberg number and curvature factor. These
findings offer substantial potential for enhancing thermal management in various industrial
applications, marking a significant contribution to fluid mechanics and nanofluid research.
The outcomes align well with prior studies.

Cite this article as: Nath JM, Paul A, Das TK. Numerical simulation of magnetohydrodynamic
casson Williamson hybrid nanofluid flow accounting thermal stratification. Sigma J Eng Nat Sci
2026;44(2):1240-1250.

structures. Nanofluids boost thermal performance, which
increases the efficacy of heating and cooling systems in a
variety of industries, such as energy production, automotive,
and aerospace. Kataria and Mittal [1] investigated the veloc-

ity and temperature of gravity-based convective nanofluid
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movement via a vertical plate in the existence of a magnetic
field. Moreover, Sheikholeslami et al. [2] explored the radi-
ation influences on thermal transmission of nanofluid flow
incorporating heat interfacial resistance. Furthermore, many
researchers [3-9] explored distinct nanofluid flow phenom-
ena incorporating various conditions. Moreover, a new sort
of fluid that can offer noteworthy heat transport for a diverse
range of industrial sectors is essential due to the significance
of the improvement of nanotechnology. Thus, a unique fluid
known as a hybrid nanofluid was created. The recent discov-
ery of hybrid nanofluid has prompted multiple researchers
to expand their numerical and experimental work. A hybrid
nano-liquid may be formed by scattering several sorts of
nano-particles in one or more fundamental fluids. In com-
parison to conventional nanofluids, hybrid nanofluids
exhibit more thermal traits. These fluids are used in freezing,
thermoelectric refrigeration, electronic cooling processes,
medical applications, and more.

The heat transportation augmentation in hydro-mag-
netic AL,O; - Cu hybrid nano-liquid movement via an
extending cylinder was designated by Maskeen et al. [10].
Their findings indicate that related to conventional fluids
or nanofluids, hybrid nanofluids are more effective at trans-
mission of heat. Additionally, Khashi’ie et al. [11] used a
porous longitudinal cylinder to track the flow of a hybrid
nanofluid near its stagnation point, showing an effect on
temperature stratification. Throughout their examination
in a contracting cylinder, Al,O;-water nanofluid performed
at a lower heat transfer rate than Cu-Al,O;/water hybrid
nanofluids. Additionally, Elsaid et al. [12] conducted a com-
putational study on the impact of a hybrid nanofluid’s per-
formance across a rotating cylinder. Also, Khan et al. [13]
investigated the radiative movement created by the hybrid
nano-liquid in a porous vertical cylinder. Recently, Nath
et al. [14] performed computational comparative research
on magnetohydrodynamics stagnation point movement of
hybrid nanofluids flow with different fundamental fluids.

Theutmoststimulatingareaofinvestigationistheinquiry
of fluid movement via stretched cylinders. Applications
for flow throughout a stretching cylinder encompass wire
drawing, fiber spinning, and polymer extrusion opera-
tions, where regular stretching advances material features.
In refrigeration systems, chemical reactors, and filtering
units, it is vital to optimize heat and mass transmission.
Furthermore, controlled stretching impacts thermal con-
ductivity and viscosity, and also enhances system efficiency.
In these scenarios, this is crucial for the development of
biomedical devices and thermal exchangers. Crane [15]
first studied how a stretched cylinder caused the boundary
layers to flow. Wang [16] then investigated the flow of a vis-
cous fluid across a stretched, hollow cylinder. Waqas et al.
[17] recently used a vertically elongating cylinder to study
the process of thermal conduction in a magnetised motion
of hybrid nanoliquids. Additionally, to ascertain the pro-
cedure of thermal transmission integrating the movement
of hybrid nanofluids via an extended cylinder, Sreenivasa

et al. [18] conducted numerical research. Recently, Nath
et al. [19] investigated the Newtonian and non-Newtonian
hybrid nanofluid movement in cylindrical geometry.

The flow and thermal transmission features of
non-Newtonian fluids are noteworthy to diverse systems in
bioengineering and pharmacological medicine. Therefore,
despite its intricacy, applied mathematicians quintessence
on it. Hamid et al. [20] investigated the effect of thermal
radiation on Williamson nanofluid movement. After that,
the study of Khan et al. [21] emphasized how heat stratifica-
tion influence with the viscosity of Williamson nano-liquid
movement. Also, Mittal et al. [22] investigated the combined
convection micropolar ferrofluid movement incorporating
viscous dissipation, joule heating, and convective boundary
limitations. Furthermore, Mittal and Patel [23] examined the
consequences of thermophoresis and Brownian motion on
combined convection MHD Casson fluid movement. Also,
Nath et al. [24] addressed the thermal transport features of
magnetohydrodynamic stratified Casson hybrid nanofluid
movement via a porous extending cylinder. Additionally,
Hussain et al. [25] considered the Williamson fluid with
homogeneous-heterogeneous interactions in an assessment
of sheet and cylinder on MHD convective flow. The results
demonstrate that fluid flow and concentration are more
noticeable by cylinder than by sheet. Williamson nanofluid
movement in a convective cylinder with heat radiation and
variable conductivity was investigated by Bilal et al. [26].
A. Almaneea [27] quantitatively studied the enhancement
of heat and mass transfer in MHD Williamson fluid using
hybrid nanoparticles. Recently a few researchers [28-33]
have investigated in the field of non-Newtonian fluid incor-
porating distinct conditions.

Researchers have thoroughly investigated the role that
thermal and solute stratification plays in the transmission
of heat and mass. Stratification in flow domains may result
from variations in fluid temperature, density, or concentra-
tion. Salinity, seismic fluxes, lake thermo-hydraulics, and
underground water supplies are all affected by the process
of heat stratification. Srinivasacharya and Surender [34-37]
examined the stratified nanofluid movement via a verti-
cal plate. Also, Srinivasacharya et al. [38] computationally
studied the doubly stratified free convection in a non-darcy
porous medium. Through the Keller box approach, Bilal
et al. [39] numerically computed the thermally stratiform
Williamson liquid movement. The findings illustrate that
the thermal transmission rate exhibits prominent develop-
ment for ascending magnitudes of Prandtl number for cylin-
drical geometry relatively for plane geometry. Williamson
nanofluid flow’s variation in viscosity as a consequence of
heat and solute stratification was addressed by Khan et al.
[40]. Furthermore, radiative bi-nano-liquid movement on
a curved outward under temperature stratification circum-
stances was investigated computationally by Ramzan et al.
[41]. Khan et al. investigated the flow and heat transport of
a bio-convective hybrid nanofluid that included triple strat-
ification impacts [42]. Masood et al. investigated the effects
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of radiation and heat stratification on a hybrid nanofluid
[43]. Heat stratification and unequal thermal radiation in
the hybrid nanofluid movement were studied by Manzoor
et al. [44]. Kairi et al. [45] studied the layered thermo-solu-
tal Marangoni bioconvective movement of gyrotactic
microbes in Williamson nanofluid. Moreover, an array of
investigations [46-54] explored into different flow phenom-
ena observed in the conventional fluid or hybrid nanofluids
over numerous constraints.

The vitality of the Cassion Williamson hybrid nano-
fluid flow through solid geometries is brought out by the
literature assessment, which additionally stimulates fur-
ther research in this discipline. Casson Williamson hybrid
nanofluid flow problems over vertical cylindrical bodies are
also infrequently discussed in the literature. Nobody has
inspected the flow of Casson Williamson hybrid nanofluid
integrating the thermal stratification impact over a linearly
stretched vertical cylinder. Which provides the required
novelty for the current investigation. So, motivated by this,
the present exploration investigates how heat stratification
influences the MHD Casson Williamson Ethylene gly-
col driven MoS, - Cu hybrid nano-liquid movement via a
stretched vertical cylinder in a permeable region incorpo-
rating the utilization of an inclined magnetic field. In this
study integrating Cu and MoS, nanoparticles augment the
lubricating, thermal transmission, and heat conductivity
of nanofluids. MoS, has superior lubrication, stability, and
anti-friction features, whereas Cu nanoparticles have prodi-
gious heat conductivity, improving cooling efficiency. Also
choosing Ethylene glycol offers a low-freezing, greater-boil-
ing point base fluid. This amalgamation advances thermal
transmission, diminishes friction, and escalates system sta-
bility, making it perfect for lubrication, cooling, and ener-
gy-efficient applications in the electronics and automotive
industries. The fundamental objective of this investigation
is to address the following queries:

What are the outcomes and features of the flow under
the specific conditions?

What impact does the existence of MoS,, and Cu nanopar-
ticles influence the flow behavior and heat transport?
How does the strong thermal stratification impact influ-
ence the Casson Williamson hybrid nanofluid?

How does the Weissenberg number and curvature fac-
tor affect the thermal curve and the rate of thermal
transmission?

What insights can be gained from this investigation on
the non-Newtonian hybrid nanofluid flow via a stretch-
ing cylinder?

Bvp4c [55] approach is employed to solve the non-lin-
ear ODE arrangement. Tabulated data are used to signify
and compare several parameters visually. This study has
an extensive range of applications. It is indispensable for
maximizing thermal transmission in industrial operations,
including energy storage, chemical and nuclear reactors,
and cooling mechanisms. It also supports greater magnetic
fluid-based technologies in engineering and medicine,
improved oil recovery, heat insulation frameworks, and
biomedical fluid dynamics.

Mathematical Formulation

We examine a stable Casson Williamson hybrid nano-
fluid that passes via a vertical cylinder that is stretched and
linearly permeable. In this flow issue, the coordinate system
used is cylindrical polar (x,r), where x and r indicate the axial
and radial directions, correspondingly. Also, the magnetic
field of strength B, is applied vertically at an angle of &. The
momentum equation also incorporates the impact of heat
buoyancy. The cylinder expands linearly, while integrating
the surface velocity, w,, = a G), employing with its axis. In

which a and [ denote the velocity and characteristic-length
of the cylinder. Ty, (x) = Ty + E G) is considered to be wall
temperature and To,(x) =Ty + F (%) is the surrounding
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Figure 1. Representation of the flow model.
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temperature; in which E, F and T, symbolize positive con-
stants (E > F)and initial temperature, respectively.

Figure 1 represents the flow model of this study.

The governing equations are as follows (Ref. [27,
56-61]):

a(rw) , 0(rv)

ox ar =0 (1)

ow 0w _ IyHanp1 0 (0w
Wax +Uar - (1+B)ph frar(rar)
_ ”hnf pawdiw | T 10w\
( + ) ( 3r6r2+\/77‘(6r)>
(PB)hns Ohnf , 2 (2)
+ —Lg(T -T,) ——LBy*.Sin?¢.w
Phnf Phnf
_Hayw 1
Phnf K a B)
2y p2 o Fms 12 (,0)
ox v ar (Pep)rnf T OT or (3)
The boundary constraints are:
w= alf, v=0, T=T,(x) whiler =r,
(4)
w=0, T - T.(x) while r - o
The similarity transformations [61] are as follows:
— rz_rOZ a xT f( ) 9 T— Too(x)
n= 21y vfl' o/ {1 Ty (x)—T, (5)

10
Wherew=——w, V= —-—
rad

a
The transformed dimensionless nonlinear equations,
taking into account the previously indicated transforma-
tion, are described as follows:

£ = o= D (L) @y a2y

Phnf Kf

+ ( Pr mmf) 1+ —){3 We.y(1+2yn)z f”2
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The transformed boundary restrictions are represented

as:
f(0)=1 f(0)=0 ®)
0(0)=1-6, f'(0)—>0, 6(x0)->0
In which,

_ Bozlaf l_f _ lﬁf
- apr ’ Tak’ P T a2’
1= Gry 5= F pr = Ir(pCp)f We = ra3/2x
Rey? E’ ke V2vi3/2

The density py,,s thermal conductivity k;,; heat expan-

sion (pf)y,p heat capacity (pC,),,s dynamic viscosity gy,
of hybrid nano-fluid is specified as follows (Ref. [56, 61]):

Prny = (1 — ¢2){(1 —d)pr + ¢1Ps1} + $2ps2

k —k Ksa+2kp =262 (kpp—ks2)
hnf = Bbf \ksgt2kpp+ b2 (kpr—ks2)

_ ks1+2kp—2¢1 (kp—ksq)
Where kbf = kf { ken 2k + 1 (ky—Ksr)

PBnny = (1 = $2){(A — ) (PB) s + P1(pB)s1}
+ ¢2(0B)s2 »

Hf
(1-¢1)25(1-$2)?5’

(PCpIny = (1= 9 {(1 =8 (0G;),
+ d)l(pcp)sl} + ¢2(pcp)sz

Upnf =

Moreover, , the skin friction and the thermal transport
rate are indicated by:

CrRe, 2 = m(l +2) (f”(O) + f7(0)? )

Nu,Re, /2 = — g’ (0)
f

METHODOLOGY

The dimensionless higher order ODEs (6)- (7) are
transformed into first-order boundary value problem inte-
grating with the associated boundary conditions (8). The
formerly mentioned non-dimensional ODEs are numer-
ically included using MATLAB’s bvp4c method in con-
junction with a shooting strategy. Even for complex and
disordered formulations, the bvp4c solver produces correct
results by more precisely addressing boundary value issues.
Its powerful mesh augmentation mechanism reduces com-
putational burden and increases computation efficiency. In
the meantime, using the bvp4c solver requires a prelimi-
nary projection that satisfies its spatial constraints. With a
convergence threshold of 10, Bvp4c is by far the superla-
tive method for computing the outcomes.

RESULTS AND DISCUSSION

The thermally stratified Casson Williamson Ethylene
glycol driven MoS, - Cu hybrid nanofluid movement via a
stretched vertical cylinder is investigated in this research.
To produce a hybrid nanofluid, molybdenum disulfide
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Table 1. Thermo physical appearances of base fluid and nano particles [56,60] [created by author]

Thermo-physical attributes p(kg/m®) CP(]/ kgK) k(W/mK) o (S/m) B (K1)
MoS, 5060 397.21 904.4 2.09 x 10* 2.8424 x 10
Cu 8933 385 400 59.6 x 10° 1.67 x10°
CeH, 04 1109 2400 0.258 55x10° 5.7x 10!

Table 2. The related results of -0’ (0) incorporatingM =P =y =8=A=We = ¢, = ¢,=0, £ =11/2, B > o and different values

of Prandtl number [56-58] [created by author]

Pr Ishak and Nazar [57] Elbashbeshy et al. [58] Paul et al. [56] Current study
1 1 1 1.0005 1
10 3.7207 3.7207 3.72 3.7207

(MoS,) with a solid volume percentage of 0.1 is integrated
to the base fluid, ethylene glycol, followed by copper (Cu)
nanoparticles with a solid volume concentration of 0.02.
This volume ratio doesn’t change while the issue is being
investigated. As a base fluid, ethylene glycol is used. The
thermo-physical features of the hybrid nanoparticle and
the basic fluid are summarised in Table 1. The MATLAB
Bvp4c method is used to evaluate the numerical results for
the velocity and heat distribution. Compared to other stud-
ies, this one demonstrates a greater level of data accuracy.
Table 2 lists many results for the rate of thermal transport
in contrast to other studies showed by Ishak and Nazar [57],
Elbashbeshy et al. [58], and Paul et al. [56]. It demonstrates
that the Bvp4c approach is successful in producing compu-
tational results that are correct and reliable with the results
of the other methods.

In Figure 2, how the heat stratification factor influenced
the heat profile is displayed. The heat profile diminishes
as heat stratification hikes. Substantial temperature vari-
ances between the layers caused by strong thermal strati-
fication preserve the denser, colder fluid at the bottom of

1 :
0.8 6,20.1; $,20.02; 7=0.5; Pr=6.2; —4=0.05| |
M=0.2; P=0.1; A=0.1; We=0.05; &= /2 —_—i= 1
0.6 =02 | ]
—d=0.4
= |
= 0.4
0.2 4= 0.05, 0.1, 0.2, 0.4 1
0
-0.2 t
0 5 10 15

7

Figure 2. Illustration of temperature with stratification term.

the fluid and the lighter, warmer fluid at the top. The fluid’s
inability to mix convectively due to this stratified structure
stops thermal energy from being dispersed throughout the
fluid volume. Also, the fluid surrounding the cylinder can
be colder than the ambient whenever there is appropriate
thermal stratification, generating the temperature to lessen.
Deka and Paul [59] established that a greater stratification
causes fluid flow to opposing across an infinite vertical cyl-
inder. Besides, in our investigation, we have attained the
same outcome for Cu/MoS, -C4H,0, Casson Williamson
hybrid nanofluid movement.

Figure 3 illustrates that as the Weissenberg number
(We) upsurges, the velocity profile declines, as advancing
Weissenberg number growths viscosity, which upsurges
resistance to fluid movement and shrinkages velocity.
Figure 4 demonstrates how the Weissenberg number affects
the heat profile. Temperature has a direct relationship with
the Weissenberg number. Therefore, when the Weissenberg
number increases, so does the thermal curve. Enhancing
the Weissenberg number emphasizes greater stretching and
alignment of fluid elements by exhibiting greater elastic

1 ; ; - ; :

¢1=D. 1 ¢2=O.D2; +=0.5; Pr=6.2; We=0.05
0.811 [M=0.2;P=0.1; A=0.1; §=0.05; &= /2 Wwe=0.07| |
We=0.09
0.6 We=0.2 |1
=
e
0.4} We= 0.05, 0.07, 0.09, 0.2 0.21 8
0.2
0.2} 0.19 ]
14 16 1.8
0 ; ; , ; :
0 2 4 6 8 10 12 14 16

7

Figure 3. Illustration of velocity with Weissenberg number.
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Figure 6. Illustration of temperature with curvature factor.

effects in non-Newtonian fluids. This optimizes heat trans-
port inside the fluid and improves internal energy dissi-
pation. Paul and Nath [32] obtained the same findings for
both velocity and thermal curves without thermal stratifi-
cation influence.

Figures 5 and 6 display how flow and the thermal profile
are affected by the curvature factor y. It appears that when y
broadens, fluid velocity increases. The circumference of the
cylinder reduces as y grows because the radius of curvature
decreases. As a result, fluid particle impedance inside the
cylinder decreases and fluid velocity increases. Additionally,
the temperature curves increase as the size of y increases.
The thickness of the boundary layer increases with an
increase in the curvature parameter, which improves ther-
mal diffusion in the fluid. As a result of the enhanced heat
flow throughout the layer, temperature curves are raised.

The influence of the volume fraction of MoS, on both
the velocity and temperature gradient curves are exempli-
fied in Figures 7 and 8, while the volume fraction of Cu
remains constant. It is detected that both the flow velocity
and heat distribution upsurge with advancement in the vol-
ume fraction of MoS, nanoliquids.

Figure 5. Illustration of velocity with curvature factor.

1 ;
$,=0.02 7=0.5 ; Pr=6.2; M=0.2; ¢,=0.05
0.81 |P=0.1; A=0.1; §=0.05; We=0.05; £&=n/2 —,=0.1 | 1
— 6,012
f\O-S’ —,=0.15|
&
04+ #,=0.15,0.12, 0.1, 0.05 0.185 J
0.18
0.2+ 0.175 1
1.751.81.851.9
O L
0 5 10 i5

7

Figure 7. Demonstration of volume proportion (¢,)
MoS, on velocity profile.

1 . ; .
0.8 ?,=0.02, v=0.5; Pr=6.2; M=0.2; ¢1= 0.05 4
P=0.1; A=0.1; §=0.05; We=0.05; £=r/2 _
i —¢=01 | |
: $,=0.12
= —_
§ 0.4F —,=0.15
¢,=0.15,012, 0.1, 0.05
0.2r 1
O |-
0.2 ; ; ] ] .
0 1 2 3 4 5 6
7
Figure 8. Demonstration of volume proportion (¢,) of

MoS, on heat distribution.

The skin friction coefficient and thermal transport
rate are computed via the distinct noteworthy factors like
the We, 6, and y while ¢,= 0.1 and ¢,= 0.02 in Table 3.
An enhancement in the skin friction, and the rate of heat
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Table 3. Skin-friction and Nusselt number for changing value of We, d, y when ¢,= 0.1 and ¢,= 0.02

We ) y Skin-Friction Coefficient Nusselt Number
0.05 0.01 0.1 2.4776 2.5218
0.08 2.4888 2.5186
0.1 2.5016 2.5122
0.3 2.7276 2.4768
0.05 0.03 0.1 2.4796 2.5198
0.08 2.4845 2.5148
0.2 2.4964 2.5029
0.4 2.5163 2,4827
0.6 2.5362 2.4624
0.05 0.01 0.1 2.4776 2.5218
0.5 2.9948 2.7508
0.7 3.2487 2.8622
1.2 3.8707 3.1332

Table 4. Skin-friction and Nusselt number for varying magnitude of B, B A when ¢;= 0.1 and ¢,= 0.02

B p y Skin-Friction Coefficient Nusselt Number
0.5 0.1 0.1 3.7819 2.7702
0.7 3.2840 2.7539
0.9 2.9984 2.7417
1.2 2.7412 2.7284
0.9 0.1 0.1 2.9984 2.7417
0.4 3.2348 2.7216
0.8 3.5265 2.6966
1.2 3.7962 2.6734
0.9 0.1 0.1 2.9984 2.7417
0.3 2.9557 2.7441
0.5 29132 2.7464
0.7 2.8708 2.7486

Table 5. Contrast of the Skin friction and Nusselt numbers for Cu/C¢H,0O4 Casson Williamson-nanoliquid and Cu-MoS, /
C¢H,04 Casson Williamson-hybrid- nanoliquid

Cu/Ethylene Glycol Cu-MoS, /Ethylene Glycol
¢.1(MoS,)  (¢,(Cu)  Skin Friction  Nusselt Number  ¢,(MoS,) (¢,(Cu) Skin Friction = Nusselt Number
0 0.02 2.2925 2.3521 0.1 0.02 2.9984 2.7417

0.03 2.3759 2.3924 0.03 3.0932 2.7907

0.04 2.4606 2.4333 0.04 3.1899 2.8403

0.05 2.5468 2.4747 0.05 3.2887 2.8905

0.09 2.9083 2.6462 0.09 3.7067 3.0987
transference is reported with intensifying y. Moreover, The friction drag coefficient and Nusselt number are

increasing magnitude of We, and &, the rate of shear stress computationally simulated against numerous factors, such
is also escalated. as the Casson factor, Porosity term, and Thermal buoyancy
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parameter in Table 4. An enhancement in the absolute
value of friction drag is noticed for boosting the Porosity
factor (P), but the trend is the opposite for escalating the
Casson (B) and Thermal buoyancy factor (y). Moreover,
the thermal transmission rate is improved for enlarging the
heat buoyancy factor but decreases for boosting the value of
the Casson and porosity factor.

Table 5 shows that enhancing the volume fraction of Cu
nano-particles, keeping ¢,= 0 leads to advances in skin fric-
tion and the Nusselt number. Also, the heat transmits rate
advances by more than 16.5% while the volume fraction of
MoS, is 0.1. Moreover, it has been visible that the MoS, -
Cu/ Ethylene glycol Casson Williamson hybrid nanofluid’s
absolute skin friction augmented by more than 30.7%.

CONCLUSION

The movement of MHD Casson Williamson Ethylene
glycol based MoS, - Cu Hybrid nano-fluid via a linearly
stretch vertical cylinder integrating the heat stratification
impact and inclined magnetic field have been inspected
numerically by employing the Bvp4c approach. The is also
taken into consideration in this investigation. The impres-
sions of governing factors on flow velocity and temperature
distribution are demonstrated pictorially, along with their
impacts on the Nusselt number and skin friction. The fol-
lowing are the main conclusions of this investigation:

o While there is adequate heat stratification, the tempera-
ture tends to be negative for ethylene glycol-based MoS,
- Cu Casson Williamson hybrid nanoliquid.

o The rate of thermal transmission is decreasing for
the augmenting thermal stratification, Casson and
Williamson factors. Moreover, higher as the curvature
and thermal buoyancy increase.

o The heat profile escalates with the augmented values of
the Weissenberg number and curvature factor.

o Noteworthy expansion in the velocity profile is observed
with the improving curvature term, but the opposite
pattern is noticed for the Weissenberg number.

o The absolute value of friction drag is enhanced for ris-
ing Weissenberg number, thermal stratification, and
curvature factor.

o The heat transfer speed goes up by more than 16.5% for
MoS, - Cu/ Ethylene glycol Williamson hybrid nano-liq-
uid in contrast with Cu/ Ethylene glycol Williamson
nanoliquid.

o Casson Williamson hybrid nano-liquid has a ther-
mal transport rate that is clearly advanced than that of
Casson Williamson nanofluid.

« Enhancing the volume fraction of MoS, nanoparticle,
while the volume fraction of Cu nanoparticle is constant,
with both the velocity and thermal profile escalating.
Future directions for this research include investigating

non-Newtonian fluid practices across multiple geometries,

combining experimental validation with numerical simu-
lations, and examining more intricate hybrid nanofluids

with varied nanoparticle combinations for boosted thermal
properties.

NOMENCLATURE

(Cy);  Specific heat capacity of fluid (J kg K)

(Cppny  Hybrid nanofluids specific thermal capacity (J kg K')
(G, Specific thermal capacity of the MoS, (J kg K)
(Cp)s,  Specific thermal capacity of the Cu (J kg' K™)

Gr, Grashof term

kf Heat conductivity of fluid (Wi K')

kys Heat conductivity of nano-fluid (Wm™ K™)

ks Heat conductivity of hybrid nano-fluid (Wm™ K™)
ky,k, Heat conductivity of solid nanoparticles (Wm™ K™)
k Permeability (m?)

M Magnetic term

P Porosity term

Pr Prandtl Number

B Casson factor

Re, Local Reynolds factor

T Fluid temperature (K)

T, Fluid’s surroundings temperature (K)

T, Temperature at the wall (K)

w The component of velocity in the r-direction(ms)

v The component of velocity in the x direction (ms™)

B, Strength of Magnetic field (NmA™)

([ST)f Fluid’s thermal expansion (K™)

(B1);  Thermal expansion of the MoS, (K™)

(Br)s, Thermal expansion Cu (K)

Hr Fluid’s dynamic viscosity (mPa)

Upye  Dynamic viscosity of hybrid nanofluid (mPa)

Ohnf Electric conductivity of the hybrid nanofluid
(Ohm™* m™)

Py Density of the fluid (kgm)

Phnf Density of the hybrid nanofluid (kgm™)

Ps Density of MoS, (kgm)

Peo Density of Cu (kgm™)

We Weissenberg number

¢p,¢,  Volume fraction of MoS, and Cu

y The curvature parameter

0 Thermal stratification factor

n Similarity variable

A Heat buoyancy factor

1% Stream function
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