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Abstract: This work inspects 3D magnetohydrodynamic
hybrid nanofluid flow on a permeable elongating surface.
The emphasis of this paper is on the study of hybrid nano-
fluid flow within a rotating frame, taking into account the
simultaneous impact of both thermal and velocity slip
boundary conditions. The chosen base fluid is water, and
the hybrid nanofluid comprises two nanoparticles Cu and
Al,O3. The effect of the magnetic and porosity parameters
is taken into account in the momentum equation. The
thermal radiation, Joule heating, and heat source are con-
sidered in the energy equation. Using a similarity system,
we transform the PDEs of the proposed model into ODEs,
which are then solved numerically by the bvp4c technique.
The magnetic field shows a dual nature on primary and
secondary velocities. Enrich magnetic field decreases the
primary velocity and enhances the secondary velocity. The
rotation parameter has an inverse relation with both velo-
cities. The temperature profile amplified with the escala-
tion in heat source, magnetic field, rotation factor, and
Eckert numbers. The skin friction is boosted with magnetic
parameters while the Nusselt number drops.

Keywords: nanofluid, hybrid nanofluid, MHD, porous medium,
viscous dissipation, Joule heating, rotational flow

* Corresponding author: Anwar Ali Aldhafeeri, Department of
Mathematics and Statistics, Faculty of Science, King Faisal University, P.O.
Box 400, Al Ahsa, 31982, Saudi Arabia, e-mail: aaaldhafeeri@kfu.edu.sa
* Corresponding author: Humaira Yasmin, Department of
Mathematics and Statistics, Faculty of Science, King Faisal University, P.O.
Box 400, Al Ahsa, 31982, Saudi Arabia; Department of Basic Sciences,
General Administration of Preparatory Year, King Faisal University, P.O.
Box 400, Al Ahsa, 31982, Saudi Arabia, e-mail: hhassain@kfu.edu.sa

Nomenclature

K, porosity parameter

u,v,w velocity along x-, y- and z- axis
X,y,z  coordinates of axis

Ec Eckert number

M magnetic parameter

Q heat generation parameter

Q angular velocity

W velocity slip parameter

V2 thermal slip parameter

a constant number

u dynamic viscosity

k thermal conductivity

By strength of the magnetic field
T, T fluid and ambient temperatures
Pr Prandtl number

Sky skin friction coefficient

C, Cw fluid and ambient concentrations
Nu, Nusselt number

Re Reynolds number

(&Y specific heat

Sc Schmidt number

o electrical conductivity

Cw surface concentration

Rd thermal radiation

ag* Stefan—Boltzmann constant

p density

f base fluid

nf nanofluid

hnf hybrid nanofluid

1 Introduction

Nanofluid is a colloidal suspension comprising nanometer-
sized solid particles, typically metal or oxide nanoparticles,
dispersed within a base fluid. These engineered fluids exhibit
unique thermophysical features, including enhanced thermal
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conductivity and heat transfer efficiency as first introduced
by Choi [1]. The preparation involves scattering nanoparticles
in a base fluid through two-step or one-step methods [2]. The
effect of nanofluid flow on heat transfer is significant, pri-
marily due to the engineered enhancement of thermophy-
sical properties caused by mixing nanoparticles with pure
fluid [3,/4]. This heightened heat transfer efficiency is espe-
cially crucial in applications like coolant purposes for heat
exchangers and electronic devices, etc. [5]. The increased
heat-carrying capacity and improved thermal properties of
nanofluids contribute to more efficient energy exchange and
thermal management, making them highly desirable for esca-
lating thermal transference in a variety of industrial pro-
cesses and technological applications. Khan et al [6] mixed
nanoparticles of gold in blood to improve the thermal flow
features of the resultant nanofluid and noticed that an
upsurge in volume fractions of nanoparticles and perme-
ability factor has declined in velocity characteristics and
escalated the thermal distribution. Hybrid nanofluid flow
involves the incorporation of multiple types of nanoparticles
or a combination of nanoparticles with other additives in a
base fluid [7]. The purpose is to exploit synergistic effects
and enhance specific properties tailored to the desired appli-
cation. The impression of hybrid nanofluid flow on thermal
transference is multifaceted. By combining different nano-
particles, researchers aim to achieve optimized thermophy-
sical features and improved stability of pure fluids [8].
Additionally, hybrid nanofluids offer the flexibility to tailor
the fluid’s properties to suit diverse applications, ranging
from electronics cooling to industrial heat exchangers [9].
Ali et al [10] investigated computationally trihybrid nano-
fluid flow with thermal slip effects on an elongating sheet.
Nagaraja et al. [11] examined mass and thermal transporta-
tions to assess opposing radiative trihybrid nanofluid flow
on exponentially elongating surfaces. By adding nonlinear
thermal radiation over the exponentially extensible surface,
Darvesh et al [12] investigated the global warming
effect using magnetohydrodynamic (MHD) nanofluid. Their
research led them to the conclusion that increased radiation
is amplifying the effects of both global warming and solar
power. Using the cross model’s infinite shear rate viscosity,
Tag EI Din et al [13] investigated the energy melting process
impacted by the cross nanofluid’s inclined magnetic field
across the wedge’s geometry. The researchers discovered
that as the magnetic and viscosity parameters increase,
the velocity profile becomes more distinct. The behavior
of the stagnation point flow of Carreau nanofluid that was
attached to a slanted magnetic effect was studied by EI Din
et al [14]. In order to obtain the numerical result, they
utilized the spectrum relaxation approach. The quadratic
multiple regression model was utilized in order to ascertain
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the rate of heat transition concerning the Nusselt number
during the process.

MHD is a field of science that studies the dynamics of
electrically conductive fluids under the impact of magnetic
fields [15]. The collaboration between magnetic fields and
fluid dynamics introduces compelling effects on convective
heat transfer, particularly in scenarios involving plasmas,
liquid metals, and electrolytes [16]. The Lorentz force, a
product of the interaction between magnetic fields and
electric currents within the fluid, plays a pivotal role in
inducing fluid motion. This force alters the velocity distri-
bution, impacting convective heat transfer rates. MHD has
notable applications in nuclear power systems, where it is
employed to optimize heat transfer and enhance system
efficiency [17]. Safdar et al [18] determined solutions in
analytical form for MHD fluid flow for time-dependent
thin film on a stretching surface. Challenges associated
with MHD-induced heat transfer include increased pressure
drop, potential fluid instabilities, and the complex relation-
ship between magnetic fields and fluid flow. Researchers
employ numerical simulations and experimental studies to
elucidate these phenomena, utilizing computational models
rooted in MHD equations [19]. As emerging technologies, such
as MHD pumps and generators, continue to develop, MHD’s
impact on heat transfer in fluid flow becomes increasingly
crucial, with implications for space exploration, advanced
power generation, and other innovative applications requiring
efficient thermal management in electrically conductive fluids
subjected to magnetic fields [20,21]. Understanding and harnes-
sing these MHD effects are fundamental for advancing heat
transfer processes across various industrial and scientific
domains. An investigation was carried out [22] using numer-
ical methods to determine the infinite shear rate of Carreau
nanofluid with an inclined magnetic dipole over a cylind-
rical channel. In their investigation, they found that the
velocity curve was lowered by both magnetic and infinite
shear rates.

A porous medium refers to a substance or structure
that contains interrelated void spaces, allowing the flow of
fluids through such a surface. These void spaces can be
filled with a gas, liquid, or a combination of both. Porous
media are encountered in various natural and engineered
systems, including soils, rocks, foams, and certain types of
materials with complex internal structures [23,24]. The pre-
sence of pores in a permeable medium significantly influ-
ences fluid flow and thermal transference. In the context of
heat transfer for fluid flow, the porous structure alters the
convective heat transfer process [25]. The complex network
of pores creates additional pathways for the fluid to flow,
enhancing convective heat transfer coefficients. This increased
convective heat transfer is particularly relevant in applications
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such as geothermal systems, underground heat exchangers,
and catalytic converters, where porous media contribute to
improved thermal performance and energy efficiency [26,27].
The porous medium’s impact on fluid flow and heat transfer is
crucial for optimizing processes in numerous fields, ranging
from environmental engineering to industrial applications.
Researchers employ mathematical models, numerical simula-
tions, and experimental studies to explore and quantify the
heat transfer characteristics within porous media, advancing
our comprehension of these complex phenomena and facili-
tating the design of more efficient thermal systems. A numer-
ical approach was investigated by Darvesh et al [28] with
relation to a variable viscosity-based mixed convective inclined
magnetized cross nanofluid that was applied to a spongy sur-
face with varied thermal conductivities. As a result of their
investigation, they discovered that the Brownian motion para-
meter velocity decreased as the suction increased. Rakpakdee
et al. [29] examined heat transportation features for the MHD
flow of fluid on a permeable media and proved that the velo-
city panels weakened while thermal panels augmented with
escalation magnetic and porosity factors. An investigation on
the stagnation point flow over a porous extended surface with
slip condition was carried out by Ayub et al. [30]. The spectrum
relaxation strategy, which is based on the Gauss—Seidel relaxa-
tion method is also utilized in order to solve the ordinary
differential equations. Based on the numerical result, it is
found that a significant change in the Nusselt number was
discovered with the growing values of the thermophoresis
factor.

Joule heating is a process in which heat is produced
within a conductor or resistive material as a result of the
passage of electric current through it [31]. Joule first experi-
mentally demonstrated the relationship between electrical
current and heat generation, Joule heating arises for con-
frontation faced by the electric current as it passes in a
conductor, according to Joule’s law. The process involves
the exchange of electrical energy into thermal energy
within the material, leading to a temperature increase
[32]. The impacts of Joule heating on thermal transporta-
tion are profound, influencing various technological appli-
cations. In electrical systems and devices, such as resistive
heating elements and electrical circuits, Joule heating is a
crucial consideration as it determines the amount of heat
generated during the flow of current [33]. While Joule
heating is often an undesirable effect due to potential
energy losses and heat dissipation in electronic compo-
nents, it is also harnessed intentionally in devices such as
electric heaters, toasters, and incandescent light bulbs,
where the generated heat is the desired outcome. In the
field of microelectronics, managing and dissipating Joule
heat is critical for preventing overheating and ensuring the
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reliability of electronic devices [34]. Additionally, Joule heating
plays a role in various industrial processes, including welding
and material processing, where the controlled application of
electrical current induces localized heating for specific pur-
poses. Mitigating the effects of Joule heating is essential for
optimizing the effectiveness of electronic and thermal systems,
influencing the design and development of technologies that
rely on the controlled generation and dissipation of heat
through electrical currents. Similar concepts can be studied
in refs. [35-39].

Rotational flow, also known as swirling or vortex flow,
is a fluid motion pattern characterized by the rotation of
fluid elements around an axis [40]. This sort of flow is gen-
erally perceived in scenarios where angular momentum is
imparted to the fluid, leading to a rotational or swirling
motion. The impacts of rotational flow on thermal transpor-
tation and velocity distribution are significant, especially in
applications such as rotating machinery, heat exchangers,
and cyclonic separators [41]. This is particularly advanta-
geous in heat exchangers, where improved thermal trans-
portation efficiency is crucial. The velocity distribution in
rotational flow exhibits variations compared to straight or
laminar flows [42]. Near the axis of rotation, velocities tend
to be higher, creating a central core of faster-moving fluid,
while the outer regions experience lower velocities. This
velocity profile influences the heat transfer characteristics,
as regions with higher velocities typically exhibit enhanced
convective heat transfer. Velocity and thermal effects are
essential in the scheme and system’s optimization involving
rotational flow, allowing engineers to tailor fluid dynamics
for improved heat transfer performance [43]. Khan et al
[44] inspected rotary motion for MHD fluid flow on a spin-
ning cylinder and used dissipative effects on fluid flow.
Furthermore, the impacts of rotational flow on thermal
transportation extend to environmental fluid dynamics,
where phenomena like atmospheric vortices and oceanic
gyres play a crucial role in heat and energy distribution
within the Earth’s atmosphere and oceans [45]. Kumar
et al. [46] discussed nanofluid flow with rotational effects
on a gyrating sphere using heat absorption and generation.

In the light of above literature, the MHD three-dimen-
sional hybrid nanofluid flows through a spongy extending
surface with velocity and thermal boundary conditions in a
porous medium. Two different kinds of nanoparticles, ie.,
copper and alumina, are mixed into water to produce a
hybrid nanofluid. In the current model, velocity and thermal
slip constraints are used. The equations that are responsible
for the flow are transformed into nonlinear ODESs via the self-
similar method. A numerical approach called bvp4c is utilized
for the solution of resultant equations. The impacts of several
physical factors in the presence and absence of velocity and
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thermal slip constraints are discussed through graphs and
Tables.

2 Mathematical model

Take 3D hybrid nanofluid flow on a permeable extending
sheet is examined. Assume that the fluid is viscous and
incompressible. The coordinates of the flow are x,y and z
along with velocities u, v and w respectively. The fluid
moves in the x- direction with velocity u = u,,(=ax) as illu-
strated in Figure 1. The fluid is rotating about the z- axis
with angular velocity ;. The surface temperature and con-
centration are T, and C,, while at infinity, their corre-
sponding notations are T, and C.. A transversal magnetic
field with B, as its strength is applied along z- axis, ie.,
perpendicular to both x- and y- axis. The Joule heating,
heat source, and thermal radiation are considered in the
heat equation. Additionally, supposed that the induced mag-
netic field is lesser in comparison to the external magnetic
field. Furthermore, velocity and thermal slip constraints are
considered at the surface [47,48]. By implementing the pro-
posed conditions, we obtain
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Figure 1: Geometry of the flow problem.
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The boundary constraints are [49]
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The similarity transformations are

u=axf'§), v=axg®), w=-Jadk(f(),

T-T. a (6)

06 = 77 E-Z\E.

Here, S; and S, are the velocity and temperature slip,
respectively. A radiative heat flux is taken into consideration,
and this may be approximated by utilizing the Rosseland
approximation, which is derived from the idea of diffusion.

The radiative heat flux g, along the z- direction is defined
below [50]:

40" 0T
%= "5k oz (7)

Taylor series for T* is given as
T4 = AT3T - 3TX(T - T..) + 6TA(T - T)? + ... ®)

Neglect the higher order term, in above Eq. (8), beyond
the 1st degree in (T - T..), we obtain

T4 = 4T3T - 373, 9)

Putting Eqgs. (8) and (9) in Eq. (7), the following result is
obtained:

_160°T3 8T

or (10)
@™ "3 oz

Simplified forms of the equations via similarity trans-
formations are
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The subjected constraints at the boundary are

f10) =1+y,f0), g(0) =0,
0(0) = 1+ p,0°0), f(0) = 0,
f1(2) =0, 6() =0, g() = 0.

14

Pr[=m] is Prandtl number, yl[=81\/ozf ] is the velo-

ke
=&
Ta

city slip factor, Kp[=M“Tfkp] is the porosity parameter, Q

. . 40°T3 | . ..
is the rotation factor, Rd[= ,f*kf is the radiation factor,
BZ| . .
M[=‘;f—; is the magnetic parameter, heat source
'
0= % | and Eckert number is Ec S
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The thermophysical property of nanoparticles and
base fluid are defined as follows:
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3 Relevant physical quantities

The physical quantities, which are skin friction and Nusselt
number, have great importance in engineering science and
industrial process.

qu
kf(Tw - T°°).

Twx
Cfx = p u2

fYw

and Nu; = (16)

The shear stress t,, and surface heat flux g, are
demarcated as follows:
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B ou
Twx = uhnfg)
aT 17
qy = _khnfg -, atz=0

Using Eqs. (6) and (15) the simplified form of Eq. (14) is
given by

Sky = (Rey)03 Cf;( = A1 f7(0),

) 4 T
NUy, = (Re,) 05 Nu, = —[A4 + ng]G’(O)

4 Numerical procedure

Upon the transformation of flow field equations into ODEs,
we utilize the bvp4c technique in MATLAB designed for solving
first-order ODEs. Consequently, we implement the following
transformations to obtain the required equations.

Ly =f(), Ly=f1¢), Ls=f"),

Ly =f"(&), Li=g®),

Ls=g'©), Lg=g"(&), L{=g"®), (19
Ly = 0), Lg=01),

Lg = 0"(%),

Using Eq. (17), we write the equation from (9) to (12) in
the following form:

Az

L'_—ﬁLL + L4L +2.QL——ML—éK (20)
3 (Pt + ks 17 g M= pl2|,

A A A
L§ = -22|-LyLg + LiLs - 2QLy - =*MLy - = K,L,|, (1)
A1 AZ AZ

Pr

Lg = (AsLiLg + QtLy + AjEc(LsL3 + LsLs)

Ay + %Rd] @2
+ AsMEc(LyLy + LyLy)).

The new converted boundary circumstances are as follows:

Table 1: The thermophysical property of Cu and Al,0; with H,0 [51]

Name Base fluid Nanoparticles
HzO Cu A1203

p (kg -l 997.1 8,933 3,970

¢, kgt kY 4,179 385 765

k (W-m! - k1) 0.613 400 40

o (Smh) 55x107° 59.6 x 10° 35 x 10°

Pr 6.2
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Table 2: Comparison of —f"(0) with different values of Q

.Q —f"(O)
Present Hussain Nazir Dawar
work et al. [52] et al. [53] et al. [48]

0.0 1.000431 1.00426 1.0004310 1.000431

0.5 1.172101 1171890 1.171210 1171210

1.0 1.358190 1.353201 1.358181 1.358182

2.0 1.681031 1.680331 1.681031 1.681031

Ly(a) = 1+ y,Ls(a),
Ly(a) = 0, Ly(b) = 0,
Ly(a) = 0, Ly(b) = 0,
Ly(a) = 1 + y,Lg(a),
L:(b) = 0.

(23)

5 Validation of code

Table 2 presents the validation of convergence criteria com-
paring —f”(0) with earlier published results. The finding in
Table 2 indicates a noteworthy consistency between the pre-
sent outcomes and the result reported by refs. [48,52,53] for
several values of @ discussed in their studies.

6 Discussion of results

Evaluating the set of ODEs, various numerical forms and
their corresponding graphical outcomes are obtained. The
focus of this paper is on the study of hybrid nanofluid flow

0.9 M=1.0 ’y1=0 1
M=2.0 '11=0

0.8 M=30 v,=0 1

S R M=1.0 v, =02 i
————— M=20 v, =02

————— M=3.0 v, =02 b

Figure 2: Fluctuation in f'(¢) via M.
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Figure 3: Fluctuation in g(&) via M.

within a rotating frame taking into account the simulta-
neous impact of both thermal and velocity slip boundary
conditions. These results are expressed in Figures 2-11 as
well as in Tables 3 and 4. The effects of key factors are
radiation (Rd), rotation (2), magnetic field (M) porosity
(Kp), Eckert number (Ec), thermal slip (y,), velocity slip
(yp) and heat source (Q,) on primary velocity (f'(¢)) sec-
ondary velocity (g(¢)) and thermal field (6(¢)). Eq. (15)
represents the theoretical model of hybrid nanofluid.
Incorporating fundamental factors like dynamic viscosity
(w) fluid density (p) heat capacitance (C;) thermal conduc-
tivity (k) and electrical conductivity (o) of the fluid. The
subscripts (hnf), (nf) and (f) serve to differentiate between
the hybrid, nanofluid and base fluid. Table 1 presents the

Figure 4: Fluctuation in f(§) via K,.
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Figure 7: Fluctuation in 6(§) via M. Figure 10: Fluctuation in 6(¢) via Rd.
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Figure 11: Fluctuation in 6(£) via Q.

thermophysical features of pure fluid and nanoparticles.
Table 2 shows the comparison of f”(0) with the varying
values of Q. The results are closely matched with the pub-
lished work [48,52,53].

Table 3 illustrates the impact of (M) and (K,) on the
skin friction coefficient under slip (y, = 0.2) and no-slip
(y, = 0) conditions. Analysis of Table 3 reveals that for
the no-slip condition (y, = 0), the skin friction coefficient
increases with escalation in M and K. Similarly, for the
slip condition (y; = 0.2), the skin friction coefficient of the
hybrid nanofluid also experiences an increase with elevated
values of K, and M. This indicates that higher estimates of K,
and M contribute to an enhanced skin friction coefficient. In
the absence of slip (y; = 0), fluid flow encounters significant
resistance. For escalation in velocity slip factor the flow resis-
tance diminishes leading to a reduction in skin friction.
Table 4 represents the result of the hybrid nanofluid Nusselt
number under thermal slip (y, = 0.2) and no-slip (y, = 0)
conditions, considering varying values of (Ec), magnetic field,
heat source and radiation factors. The findings in Table 4
demonstrate that for the thermal slip (y, = 0.2) and no-slip

Table 3: Influence of K, and M on f"(0) when y; = 0 and y, = 0.2

K, M =0 y; =02
£7(0) £7(0)
0.1 0.4 0.7687 0.3958
0.2 0.8912 0.4341
03 0.9992 0.4635
0.1 1.0 0.9616 0.4536
2.0 1.0734 0.4816
3.0 1.1759 0.5045
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(y, = 0) conditions, Nusselt number increases with escalation
in Rd. Additionally, Table 4 examines the reduction in Nusselt
number for M, Ec, and Q, under thermal slip (y, = 0.2) and
no-slip (y, = 0) conditions. Figure 1 shows the flow geometry.
The effect of different physical parameters on velocities (pri-
mary f’(¢) and secondary g(¢)) and temperature are shown
in Figures 2-11. The impact of M on f(¢) and g(&) with
¥, = 0 and y; = 0.2 are portrayed in Figures 2 and 3. It illus-
trates that when M improved the curves f’(¢) dropped. The
augmentation of M amplifies the Lorentz force which per-
forms in the opposite direction to fluid flow and induces
current within the fluid layers leading to an increase in the
resistive force between pure fluid and nanoparticles. This in
turn causes a reduction in f*(¢) field. It is noteworthy that the
decline in f“(¢) is more pronounced under the (y; = 0) con-
dition. When (y; = 0.2) condition prevails the resistance to
fluid flow is notably high. While direct impact is seen for
heightened vales of M on g(¢). The velocity in the secondary
direction g(¢) escalates with M. Table 3 illustrates that
raising the magnetic numbers the skin friction enhanced
for the no slip (y; = 0) condition as compared to the slip
(y; = 0.2) condition. The porosity parameter denoted by K,
serves as a dimensionless quantity that characterizes the
extent of porosity in a fluid. In Figure 4, the f’(¢) profile is
depicted for various values of the Kj,. This shows a reduction
in f/(¢) with the growing values in K, when y, = 0 and
¥, = 0.2. As the permeability parameter enhances there is
an associated rise in resistance to fluid motion, leading to a
decrease in f’(¢). This phenomenon occurs because escala-
tion in K heightens the porous layer more for y;, = 0 than
¥; = 0.2 and also reduces the width of the momentum layer at
boundary. Figures 5 and 6 illustrate the impact of @ in the
presence and absence of velocity slip parameters on f’(¢)
and g’(¢). These figures demonstrate that an escalation in

Table 4: Influence of Ec and M on Nu, when y, = 0 and y, = 0.2

Ec M Rd Q: Y, =0 Y, =02
Nu, Nu,

0.1 0.4 0.1 0.1 1.0405 0.8979
0.3 0.7213 0.6224
0.5 0.4021 0.3469
0.1 0.5 0.8976 0.7853
0.6 0.8640 0.7584
0.7 0.8314 0.7322
0.4 0.3 1.4272 1.2042
0.5 1.8631 1.5394
0.7 2.3438 1.8990
0.1 0.2 1.0405 0.8979
0.3 0.7641 0.6806
0.4 0.2156 0.2052
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the magnitude of 2 causes retardation in f"(¢) and g(¢).Ina
physical point of view when the fluid rotates centrifugal force
acts outward, which opposes the inward flow creating resis-
tance. This resistance declines f“(¢) and g(¢). Furthermore
enhanced 2, augments the viscous effects in the boundary layer.
This additional force escalates the friction on the fluid which
dissipates kinetic energy and decelerates f(¢) and g'(§). As a
result, elevated 2 values introduce additional resistance to the
fluid, causing the velocity components to exhibit a decreasing
trend with Q. Under thermal slip (y, = 0.2) and no-slip (y, = 0)
conditions, Figure 7 elucidates how the hybrid nanofluid tem-
perature 6(¢) responds to the variation in M. Notably, an aug-
mentation in fluid temperature 6(¢) is observed as M fluctuates.
The deceleration of fluid motion evident from the velocity pro-
file is a consequence of the heightened M. This diminished fluid
motion facilitates the exchange of kinetic energy into heat
energy contributing to enrich 6(¢). Additionally, the thermal
and momentum layers at the boundary become thinner with
an increased M. This thinning is associated with an inverse
relationship between the density of fluid and M. Consequently,
elevation M leads to a reduction fluid density and growing 6(¢).
Figure 8 examines the impact of the Ec on 8(¢) under thermal
slip (y, = 0.2) and no-slip (y, = 0) conditions, It is observed that
an increase in Ec enhances the temperature of the hybrid nano-
fluid. This phenomenon can be attributed to the accelerated
conversion of mechanical energy into thermal energy, facilitated
by the higher Ec, resulting in an overall rise in fluid temperature
0(¢). Physically, Ec has a relationship between the flow of
kinetic energy and heat enthalpy variation. With an increase
in Ec, kinetic energy of hybrid nanofluid amplified. Moreover,
temperature is commonly defined as the kinetic energy; there-
fore, the higher values of Ec amplified the 8(¢) of hybrid nano-
fluid. From the figure, it is also clear that for no slip condition,
the temperature is escalated more than slip effect. The reason is
that when the thermal slip is present then less heat is trans-
ferred from the surface to the liquid. Figure 9 examines the
impact of varying values of Q, on 6(¢) under thermal slip
(¥, = 0.2) and no-slip (y, = 0) conditions. This figure illustrates
that as Q, upsurges, the temperature profile () for the slip
conditions (y, = 0.2) experiences more amplification than the
no-slip condition (y, = 0). Q > 0 serve as heat generators,
leading to substantial thermal energy release from the boundary
layer into the flow. This process significantly enhances the
energy field. For both cases, 0(¢) graph grows with a higher
estimation of Q. The effect of Rd on 6(¢) in the presence of
thermal slip (y, = 0.2) and no-slip (y, = 0) scenario is illustrated
in Figure 10. Figure 10 shows that as Rd gets larger, then 6(¢)
profile gets decline. Figure 11 illustrates the impact of 2 on 6(¢).
An elevation in Q corresponds to an increase in 6(¢). This
implies that higher values of Q lead to a thicker thermal
boundary layer. The stretching surface responds to the aug-
mented 2 by rotating at a faster pace, resulting in heightened

Numerical analysis of the rotational flow of a hybrid nanofluid == 9

centrifugal forces acting on the hybrid nanofluid. This increase
in centrifugal forces plays a role in converting kinetic energy
into thermal energy, consequently raising the temperature. The
heating observed may be attributed to the influence of centri-
fugal force.

7 Conclusion

This article aims to explore the three-dimensional MHD
hybrid nanofluid flow across an enlarging porous surface.
The investigation incorporates the influences of thermal
radiation magnetic field, heat generation viscous dissipa-
tion, and joule heating. The chosen scenario involves a
hybrid nanofluid flow within a rotating frame accounting
for both velocity and thermal slip conditions. The model
developed for this study encompasses momentum and
energy equations. The key findings of the present study
are as follows:

* The skin friction coefficient of the hybrid nanofluid is
enhanced with a higher number of magnetic and por-
osity parameters under slip and no-slip conditions.

The rotation parameter contributes to elevated surface fric-
tion resulting in a decrease in both primary and secondary
velocities while amplifying the temperature profile.
Augmentation of the Eckert number, heat generation
parameter, and rotation parameters enhance the tem-
perature profile under both slip and no-slip conditions.
Under both slip and no-slip conditions, an elevation in
the magnetic field parameter is associated with a decrease
in primary velocity while simultaneously improving the
secondary velocity.

The primary velocity shows a decreasing trend with the
escalating porosity parameter in the presence of slip and
no-slip effects.

The Nusselt number is amplified with radiation para-
meter while the opposite effect is observed for magnetic
and Eckert number and heat source parameter for both
thermal slip and no-slip conditions.
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