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Advancing heat transfer mechanisms in gravitationally varying environments
is crucial for improving engineering applications in aerospace engineering,
astrophysics, spacecraft, and satellites. Motivated by these applications,
this study examines the influence of periodic variations in gravitational
acceleration and externally applied magnetic fields on heat and momentum
transfer over an inclined stretching sheet situated in an upper-atmosphere
or microgravity regime. The thermophysical properties of glycerine, carbon
nanotubes (CNTs), gold (Au), and aluminum oxide (Al,O3) are incorporated
to evaluate their contributions to enhancing thermal conductivity and heat
transport performance. The transformed governing equations are numerically
solved using the finite element method (FEM), with simulations executed
in Wolfram Mathematica to assess the impact of key physical parameters.
The results indicate that hybrid and ternary hybrid nanofluids substantially
outperform mono nanofluids. Specifically, the ternary hybrid nanofluid yields
up to a 31.6% increase in temperature distribution and a 27.4% rise in velocity
magnitude relative to the base nanofluid. An increase in the micropolar
material parameter enhances fluid motion, producing an 18.2% increase in
velocity, while increasing the Hartmann number reduces the velocity by
approximately 22.9%, confirming the expected magnetic damping effect.
Additionally, both the skin-friction coefficient and the Nusselt number increase
with higher gravity modulation amplitudes, showing up to a 24.7% rise in
shear stress and a 29.3% improvement in heat transfer rate. Overall, the
findings demonstrate the superior heat transport capability of ternary hybrid
nanofluids under fluctuating gravity conditions, highlighting their potential
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for advanced thermal management in space and microgravity engineering

applications.

finite element method (FEM), g-jitter (periodic microgravity), inclined stretching surface,
magnetohydrodynamics (MHD), micropolar ternary hybrid nanofluids

1 Introduction

Ternary hybrid nanofluids are an advanced kind of thermal
transport fluids containing three varieties of nanoparticle dispersed
in a base fluid. THNFs are fluids that comprise three different kinds
of nanoparticles. Each nanoparticle has its own unique thermal,
chemical, and physical advantages. By mixing all three types into one
base fluid, researchers aim to combine the strengths of each particle
[1]. THNFs have a better thermal and rheological characteristic due
to the combination of thermal advantages of both NPs, as well as
increased surface area, thermal stability, and thermal conductivity
of the thermal nanoparticles [2]. This high performance leads
to them being extremely useful in use in energy systems,
microelectronics cooling, solar collectors, and biomedical device.
The improvement of THNFs is mainly driven via the necessity
to increase the energy efficiency of cooling and heating systems.
In many advanced applications, traditional thermal transport
fluids are often insufficient to meet the demanding performance
requirements. Consequently, innovative fluid formulations are vital
to attain enhanced temperature stabilization and reliability in high-
performance environments [3]. The ternary hybrid nanofluids are
very important since they could be used in enhancing significantly
applications that are based on effective heat dissipation and
heat control. Due to their improved properties, they can be
used as promising candidates in applicability on both electronics
cooling, automotive thermal systems, solar collectors and also heat
exchangers where control of high heat fluxes are important. These
fluids hold the potential in solving problems in the emerging
fields like microchannel cooling, concentrated photovoltaic systems,
and advanced manufacturing processes through the means of
optimizing performance, which is minimized by the usage of
energy. Besides, the study of ternary hybrid nanofluids helps the
understanding of multiphase flow, the interaction of nanomaterials,
and the stability of fluids which enhances innovation in the field
of material science and thermal engineering [4]. [5] examine
the thermal performance of THNFs and binary nanofluid flows
under the effect of thermal conductivity, heterogeneous catalytic
reaction, heat source/sink, radiation, and the suction/injection. They
study the thermal transport and the enhancement of autocatalysis
in THNFs with the help of the Hamilton-Crosser model and
considering a Riga wedge. [6] explore the flow and heat transfer
of copper nanoparticles titanium dioxide nanoparticles (TiO, NPs),
silver nanoparticles (Ag NPs) nanoparticles across an exponentially
contracting/extending surface, which can be used in polymer
processing, fibre manufacturing and power generation. The model
considers modified Darcy law where inertial effects in a porous
medium are taken into consideration, radiative heat flux, and
variable heat sources, and suction as well as magnetic fields. [7]
considered the effects of a heat source/sink and thermal radiation to
study the bioconvection of an Al,O;-Graphene-CNT/water ternary
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hybrid nanofluid containing motile microorganisms between two
infinitely parallel spinning disks in a porous medium.

Gravity modulation refers to the process of altering or
controlling gravitational effects, either naturally or artificially, within
a localized region or over a broader area. The study of gravity
modulation occurs at the connection of standard physics, general
relativity, and speculative high-tech applications, reflecting both
theories and projected developments [8]. Traditionally, gravity has
been one of the fundamental forces of nature, which in Newtonian
mechanics is defined as a universal attraction between masses and
further advanced by Einstein general theory of relativity which
defines gravity as the curvature of spacetime by mass and energy
[9]. Gravity modulation is a research topic with great theoretical
and applied physics significance. In case this is overcome there will
be a revolution in transportation, energy and space exploration.
Such ideas might have a realistic implementation via the creation
of all-new propulsion systems, making space travel not only speedy
but also very efficient, even without the traditional notion of
fuel consumption. Minor taming of the local gravitational fields
on Earth could provide a breakthrough in construction works,
mining, and handling of materials, where the weight of objects is
always a crucial limitation. Moreover, advances in this field could
lead to a better understanding of unification theories, quantum
gravity and the underlying structure on spacetime, which will
have the potential of revolutionary applications far beyond their
technological purpose [10]. [11] investigated the stability of a porous
medium subjected to a vertically inclined magnetic field, taking into
account the modulation of internal heat, chemical reactions, and
gravity. Their findings indicate that gravity modulation influences
the heat and mass transfer that are manifested in the Nusselt
and Sherwood values. [12] analyzed the problem of triple-diffusive
convection (TDC) of two solutes and an internal heat source
between two infinite flat plates under gravity modulation. They
discuss the influence of a gravity modulation in cases pertinent to
the space vehicles and geothermal systems in connection with the
transportation of heat and mass.

Magnetohydrodynamics (MHD) is the study of the dynamics
of electrically conducting fluids in a magnetic field. It joins the
elements of fluid mechanics and electromagnetism to explain the
interaction between magnetic fields and plasmas, liquid metals
or saltwater [13]. MHD governing equations are obtained by
coupling Navier-Stokes with Maxwell equations to formulate a
system that can describe the complicated interactions between flow
velocity, pressure, density and flow electric current and magnetic
fields. A broad variety of phenomena, including the structure of
astrophysical jets and the dynamics of stellar interiors and stability
of fusion plasmas, are illuminated by this theoretical basis. The
importance of magnetohydrodynamics is its ability to facilitate the
comprehension of the systems in which fluid at motion and magnetic
fields are interconnected [14]. It makes possible the invention of
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technologies to produce and trap high-temperature plasmas in
fusion reactors, which is to supply a source of energy at sustainable
levels. The behaviour of solar flares, planetary magnetospheres
and galactic magnetic fields also play an important role in
comprehending the solar systems, which is a key in interpretations
using MHD principles. Magnetohydrodynamics has numerous
industrial applications like electromagnetic casting of metal, MHD
generator and nuclear reactor cooling systems. In regards of this,
the recent work of [15] examine the magnetohydrodynamics
micropolar fluid flow and thermal transport across curved
surfaces with thermal radiation effects. [16] examine the unsteady
magneto hydrodynamics and influence of the Hall current in the
incompressible Jeftrey fluid flow with a vertical plate having heat
absorption and chemical reaction.

A heat source or sink is the system or material that transports
or receives thermal energy to allow the transmission of heat
in an actual surrounding. The idea of heat sources and sinks
is central to thermodynamics where it is applied to describe
energy as exchanged by a system and its surroundings. Physically,
heat sources supply thermal energy that may be used to cause
phase transitions, reactions or mechanical activities and heat sinks
absorb this energy and are often used to control or stabilize the
temperature. These concepts are entrenched in the infrastructure of
engines, refrigeration cycles, climatic models and other natural and
constructed designs [17]. The presence of heat sources and sinks
on Earth from the warming effect of the sun to the cooling effect
of radiators helps maintain the thermal balance essential for both
technological operations and natural processes. Heat sources and
sinks should be well understood and their management essential to
subjects such as energy systems as well as environmental science.
They play a leading part in the production of effective power
generation, heating, ventilation, and air-conditioning systems and
thermal control of electronics and equipment. The principle of heat
transfer where the artificial sinks and sources are controlled in space
exploration will assure the survival of instruments and crews in
extreme conditions. Therefore, the heat sources and sinks in climate
change are essential for the prediction and mitigation of the effects
of climate change in the plantlet. [18] discuss the thermal transfer
performance of heat source/sink on the nonlinear radiating plate
that is vertical. They apply non-dimensional analysis and solve the
problem using the implicit finite difference method to determine the
effect of the main parameters on velocity, temperature, skin-friction
and heat-mass transfer.

Thermal radiation is a type of heat transfer which occurs
through electromagnetic radiations emitted by all bodies as result
of their temperature. In contrast to conduction and convection, the
thermal radiation requires no medium to take place, nor does it
require presence of a medium when it happens in a vacuum. It is
controlled by some basic laws like the Plancks law, Stefan Boltzmann
law, and the Wien displacement law, which explains the intensity
and spectral distribution of radiation in relation to temperature
[19]. Radiative heat exchange has numerous significant applications
in both natural and industrial systems, such as thermal climate
management, combustion systems and space. Thermal radiation has
played a significant function in quantum and relativistic physics,
and investigations into blackbody radiation directly contributed to
the development of quantum theory. Also, Thermal radiation plays
an essential role in energy exchange and thermals management
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in science and technology, which makes the study and control of
such radiation very important. In engineering, thermal radiation
is used to design insulating materials, radiators, and heat shields.
In spacecraft, the thermal radiators are used to control the high
heat in space technology in the form of a vacuum [20]. Infrared
the image of radiations is known as thermal imaging and is
used in surveillance, medical diagnosis and industrial monitoring.
Moreover, thermal radiation is critical in atmospheric sciences
where it is used in climate models in terms of predicting energy
balance on Earth and greenhouse effect. Innovation in energy
efficiency, materials science and remote sensing is still being
fuelled by developments in controlling emissivity and absorptivity
at different wavelengths. [21] inspect the 3-dimensional nonlinear
thermal diffusion, thermal radiation, and nanofluid flow near a
stretchable boundary, considering the Lorentz force within the
microstructural framework by treating the flow as a boundary
layer flow [22]. examine the thermal radiation and heat convection
of the Casson fluid blood that is combined with nanoparticles of
copper and Al,O; with water based fluid.

The Micropolar fluid theory is a classical mechanics of fluids
in which it takes into consideration of microstructure and intrinsic
rotation of the fluid particles and it provides a more detailed
description of fluids that have rigid or semi rigid microscopic
components. Micropolar fluids illustrate the couple stresses and
show the microrotation effects which are differ from the Newtonian
fluids [23]. In 1960s, Eringen proposed this kind of fluid such
fluids (including suspensions, liquid crystals, polymeric fluids and
some biological fluids) in which the internal structure plays an
important role in the fluid dynamics. This Micropolar fluid model
is used to add other field quantities (microrotation vector, couple
stress tensor. The study of Micropolar fluid model gives a better
description of materials whose microstructural effects cannot be
ignored. This can be directly related to the forecasting of blood flow
behavior, lubricants with additives, colloidal suspensions and other
complex fluids that can be found in biomedical engineering, material
processing and industrial practice. Micropolar models prove to
be important in the modelling of microfluid and nanotechnology
where length scales are small and surface or microstructure effects
become important towards the design of efficient systems and
devices. [24] studied heat transfer viscoelastic-micropolar fluid
behavior in the rotating flow of elastic fluids over a vertical
isothermal cone, considering two-dimensional laminar flow and.
They investigated the effects of various parameters on thermo-fluid
properties using similarity variables, with the reduced boundary
layer equations solved via the Keller Box method in MATLAB.
The study found that an increase in the extended relaxation
time leads to a thinner thermal boundary layer and enhances
fluid transport. On IFDM simulation of Oldroyd 8-constant fluid
flowing due to motile microorganisms were study by [25]. Surface
roughness effects on the propelling mechanism of spermatozoa
were study by [26]. Magnetohydrodynamic flow of Carreau Yasuda
fluid inside a complex wavy passage formed by beating cilia
were study by [27]. A numerical framework for modeling the
dynamics of micro-organism movement on Carreau-Yasuda layer
were study by [28]. An IFDM analysis of low Reynolds number
flow generated in a complex wavy curved passage formed by
artificial beating cilia were study by [29]. CVFEM simulation
for Fe;O,-H,O nanofluid in an annulus between two triangular
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enclosures subjected to magnetic field and thermal radiation
were study by [30].

This study investigates the thermal and momentum behavior
of micropolar nanofluids and hybrid nanofluids flowing over an
extending inclined surface within an upper-space environment
influenced by periodic microgravity and a transverse magnetic
field. The flow is governed by mixed convection due to g-jitter
effects, with a particular focus on comparing the heat and fluid
transport characteristics of glycerine, carbon nanotubes (CNTs),
gold (Au), and aluminum oxide (Al,O;). The governing boundary
layer equations are reduced to a system of nonlinear ordinary
differential equations using similarity transformations and are then
numerically solved using the finit element method. A MATLAB-
based simulation is implemented to evaluate the impact of key
physical parameters such as the Hartmann number, micropolar
parameter, gravity modulation amplitude, and heat source/sink
on fluid velocity, temperature distribution, skin friction, and heat
transfer rate. The aim and objective of this study is to develop
a finite-element-based computational framework for analyzing
the influence of periodic gravity modulation, magnetic fields,
and micropolar material effects on the thermo-fluid dynamics of
micropolar mono and hybrid nanofluids over an inclined stretching
surface, with the goal of enhancing the understanding of heat and
momentum transfer performance under upper-space microgravity
conditions.

2 Governing laws associated with the
model

o We consider the influence of microgravity on the flow
behavior and thermal properties of non-Newtonian fluids over
a stretching inclined plate with ambient temperature T,
applied magnetic field By, wall temperature T, , and inclination
angle y as illustrated in Figure 1A.

« The plate stretches along the x-axis, and its surface normal lies
along the y-axis. The plate velocity is linearly dependent on the
spatial coordinate and is given by ii,, = bx, whereb > 0

o It is assumed that there is no slip between the base fluid
and the suspended nanoparticles, and thermal equilibrium is
maintained between phases.

The momentum balance incorporates the effect of an oscillating
gravitational force, expressed as:

g () = [g, + ag, cos (nwt)] (1)
where g, represents the average gravitational acceleration, a is
the amplitude of oscillation, w is the frequency, and t denotes
time. The gravitational force is considered to act along the upward
direction, aligned with the unit vector k. Taking these assumptions

into account, the governing equations for the problem namely, the
continuity, momentum, micropolar and energy equations are [20]:

ou, U
_1+_2:0

ox  dy @
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s Momentum boundary layer

e Thermal boundary layer

Nanoparticles

Define Physical Problem

(Geometry, material, loads, boundary conditions)

Discretize the Domain
(Mesh: elements & nodes)

Select Element Type
(1D / 2D/ 3D elements)

Choose Shape Functions
(Interpolation functions)

Form Element Equations
(Element stiffness matrix & force vector)

Assemble Global Equations
[K}{U} = {F}

Apply Boundary Conditions
(Constraints & external loads)

Solve System of Equations
(Find nodal unknowns)

Post-Processing
(Displacements, stresses, strains, reactions)

Interpretation & Validation
(Accuracy & convergence check)

FIGURE 1
(A) Physical configuration of the flow problem. (B) The flowchart of
the finite element method.

ou, . aU; . U,

Pihnf §+U1§+Uza—y
2’0,
= s 2L
(chnf ) ayz

ON  Hihnf

3)

_athﬂfB(z)Ul + K@ - K U, +g*(t)((Pﬂ)thnf)(T_ Too)cos y
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TABLE 1 Symbol and description.

10.3389/fphy.2026.1740818

Symbol ’ Description ’ Symbol ’ Description

U,,U, Velocity components in x and y directions T Temperature of the fluid
Angular (microrotation) velocity of the fluid G, Specific heat capacity of the fluid
Pinf Density of the THN Q, Internal heat generation or absorption
g Dynamic viscosity of THN K Vortex/spin (microrotation) viscosity
Oinf Electrical conductivity of the THN & Thermal diffusivity
B Thermal expansion coefficient y* = j(yt,mf+ g ) Fluid spin gradient viscosity
j Microinertia density K= f Dimensionless vortex viscosity parameter
'
o,k Stefan-Boltzmann constant, mean absorption coefficient
- - - . 30 ¢1=bent 92 = Paw s = ¢A1203
ON ~ ON -~ oN ) "N < 1
| —+U,—+U,— |=y"— —«| 2N+ — (4)
Pthnf]( ot 1 ox 28}, 4 ayz ay ~ ‘uf
. . . . Hihn f 2.5
a_T+Ua_T+Ua_T_Mﬂ_;@ (1= $ont = bau = $ar0,)
or  lox  ‘ay 9y dy
(p P)thnf 4 (p P )thnf Pinnf = (1 = dent ~ Pau ~ Pano, )P '+ Pent Pt + PauPo T Pano0, P
Qs s
=2 (T-T,) 5)
(pCP)thnf (Pcp)t;mf = (1= et~ $au - ar0, )(PCP)f * ¢’CNT(PCP)51

The boundary conditions are:

t=0:0,=0,=0,T=T,,t>0:0,=0,,0, =0,

y L . y L (6)
N=0,T=T,,asy=0,U = 0,N—0,T— T ,asy — 00
The radiative heat flux (g,) is defined as:
;o o ot @)
qT 3k* ay
To linearize T4, we expand to:
- 23 s s oT* -3 0T
T4=aT) T-3T = T— =472 = 8
wT-3T0 = S =Tl ®)
So: 5
94,  160"T} T ©)
dy 3k 9y?
Now, replace the radiation term in the energy
equation:
of . oF . of Kiung 160* T
_t + Ula— + Uza— = + ; 0
x Y (Pcp)thnf 3k (pcp)thnf
2 T ~ ~
b 2 (7-1,) (10)
7 (PG)n, 7
Table 1 presents all the symbols used along with

their corresponding physical meanings. The thermophysical

properties of glycerine, carbon nanotubes (CNTs), gold
(Au), and aluminum oxide (AL,O;) is displayed in
Table 2.

The physical attributes of a ternary hybrid nanofluid (THN) are
outlined as:
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+ ¢Au (pCP)SZ + ¢A1203 (Pcp)xii’

(Pﬁ)thnf = (1 = Pent ~ Paw ~ Paso0, )(Pﬁ)f"’ bent (Pﬁp)sl
+ ¢Au (pﬂp)sz + ¢A1203 (pﬁp)s3

05 + 2Uhnf - 2¢CNT (Uhnf - Usl)
Ohnfr
Ty + 20006+ Py (Ghng = 01)
o .= [ O+ 2Unf_ 2¢Au (Unf - 052) :|0
hnf — nf
O+ 2Unf + ¢Au (Unf - 052)
O +205= 20, (Uf - ‘753)
Unf = o

O3 +207+ ¢A1203 (Uf - ‘Tss)

Othnf = [

P kg + 2kng = 2¢ e (Kus — ko) k
thnf — hnf>
k52 + 2knf + ¢¢CNT (knf - ksZ)
k _ ksl + 2khnf - 2¢Au (khnf - ksl)
S Tk + 2k koi—ky) | °F
51t 2Kpnf ¢Au( hnf sl)
kg + Zkf— 2¢Ce02 (kf_ ks3) P
ks3 + 2kf+ ¢Ce02 (kf_ kx3)

nf

The relevant similarity variables are subsequently introduced to
simplify the proposed model [12; 21].

> .
9= b%,w: \/E/xp(T,S),N: \/%q(T,S),T=bw,E(T,\9)= T 2 (11)

Tw - Too

By substituting Equation 11  into Equations 3,
4 and Equation 10, we obtain the following ordinary (similarity)

differential equations as follows:

frontiersin.org


https://doi.org/10.3389/fphy.2026.1740818
https://www.frontiersin.org/journals/physics
https://www.frontiersin.org

Saadeh et al.

10.3389/fphy.2026.1740818

TABLE 2 Thermophysical properties of glycerine, carbon nanotubes (CNTs), gold (Au), and aluminum oxide (Al,O3).

Thermophysical attributes Co(J/kg-K)
Glycerine 1260 2400 0.29 1x107* 4.82x107*
CNT 1600 425 3000 1x10° to 1x 10° 1.4x107°
Au 19300 129 318 4.1x107 1.29%107°
ALO, 3970 765 30 1x107® 8.5x107°
TABLE 3 Dimensionless parameters and their definitions.
Symbol Expression Meaning/Definition
Q== Dimensionalize frequency Ratio of oscillation frequency w to the characteristic
strain rate b
M= % Magnetic field Represents the strength of the applied magnetic field
relative to inertial forces
K= F—Kf Material parameter Indicating flow resistance in porous media
Q= % heat source Quantifies volumetric heat generation or absorption
/sink, relative to convective transport
Pr = g Prandt] number The Prandt]l number, which is the ratio of

momentum to thermal diffusivity, signifies how the
velocity boundary layer thickness compares to that
of the thermal boundary layer

3 = SB(-To)er

= Ty Thermal buoyancy Measures buoyancy force due to thermal gradients
Parameters
10"
Rd= ﬁ Solar radiation parameter Indicates how dominant thermal radiation is
g

relative to heat conduction in the overall heat
transfer process

_ My _ OBy _ Tunf _ kﬂ/
L N
ﬁ _ (pCP)rhn/
> (PCP)/

Nanoparticle volume fraction

<ﬂi N K)p"’ 1 Bopp" — Bop® — (M+ 8)p' + BAE(L +a cos )
1

!

ap

cosy+Kq' = [32(2?,

(12)

3 Shear drag coefficient and local
Nusselt number

The Wall shear stress coeflicient and the surface heat

P)
<ﬂi +K>q” ~B,q'a+B,pq’ — K(2q+p") =ﬁzﬂa_z’ (13)
1

9

(B, +Rd)E" +Pr f,p¢’ —Prf.p'&=Q, Pr ﬁSQa—T, (14)

With

p(7,0) = q(7,0) = 0,p'(7,0) = 1,&(7,0) = ,at9 = 0 1)
p'(1,9) - 0,9(z,9) — 0,&(7,9) — 0,as9 — 00

Table 3 show the dimensionless parameters along with their
symbol, expression and physical interpretations.
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transfer coefficient are significant parameters characterizing
the shear stress and thermal transport at the surface. These
quantities are defined as follows:

Nu = vxqw _ (16)
k(T - Too)
And 5
Cr= T’; (17)
Pfuw

where 7,, denotes the wall shear stress, and g,, represents the
surface heat flux. Mathematically, it is demarcated as:
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U,
T, =\t +K—+KN> (18)
<( thnf ) 3)/ -0
the surface heat flux is defined as
166* T2, \ [ 9T
qw=—<kthnf+ T)(a?) (19)
y=0

Considering the similarity transformations mentioned above,
dimensionless forms of skin friction coefficient and the Nusselt
number can be obtained as follows:

1/2 1 "
Cf.R} ( iF +K> (,0), (20)
NuR;? = ~(B, + Rd)E (1,0) 1)

4 Numerical solution

Finite element method (FEM) is a method of solving a non-
trivial problem that can be represented by partial differential
equation. It operates by breaking the domain into small units
known as elements and approximating the solution to the
domain using simple functions over the element. This technique
consists of discretizing, creating the equations, building a global
system, prescribing the boundary conditions, and solving the
unknowns. The wide applicability of FEM is based on its ability
to solve complex geometries and the multi-engineering problem.
To obtain solutions for Equations 12-14 together with the
boundary conditions described in (15), we initially made the

assumption:
p=Y (22)
The set of Equations 12-15 was transformed into a
system of lower order equations.
<K+ %)Y” +BopY" = B,Y* = MY + B,AE(1 + a cos T)
1
cos y+Kq' —,BZQa—Y (23)
(55 )a"+Bpa' ~pYa-Kq+¥)-p0%, @
1
BE" +Pr Bpé —Prp.YE+ Qs Pré—Prp.Q ¢ (25)
With
Pp(1,9) =0,Y(1,9) = 1,9(1,9) = 0,&(7,9) = L,at9 =0 26)
Y(7,9) — 0,9(1,9) — 0,&(1,9) - 0,as9 - 0

For numerical computation, the plate length and thickness of
boundary fixed at T = 2 and 9 = 5, respectively. The associated
variational form of Equations 22-25 is given by

j o dp’ ~Y}dar =0,
-

e

27)
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Jo e

— 4 K)Y” +B,FY" = B, Y2 — MY + B, A&(1 + a cos 77)

(5

cos y+Kq' - B,Q }dQ* (28)

.93 LK )q" +Bypd’ B Yq-K(2q+{) - ﬁz 4oz =0,
& ﬁl
(29)
J {(ﬁ +RA)" + Prppd’ — PrpsYE+Q  Pr{—Pr ;0 E]»dQ* =0,
) (30)

e

Here w,, w,, ws;, w, are arbitrary weight functions. Let
divide the domain (C:) into 4-nodded elements. The associate ap-

proximations of finite element are:

4 4 4
P=Y P H Y=Y Y, H,(59),E= Y £,H, (59 (1)
m=1 m=1 m=1

here, H,,(m = 1,2,3,4) are the linear interpolation functions for a

rectangular element (, and are given by

( e+1 T)(95+1 9) _ (T Te)( e+1 9)
[ G [ v R CEE R
(T_Te)(s_se) (Tc+1 _T)(S_ We)
(Te+1 - Te)(9e+l - ‘9@) ’ (Te+1 - Te)(9e+1 - ‘9e)

The model of finite elements of the equations thus developed

(32)
Hy=

Hy=

is given by:
(1] [£2] [£B] [T 7] {p} {9}
(2] [£2] [£2] [£2] || {1} {9y} (33)
(2] [£2] [£2] [£¥] || {a} {9}
(] [£2] [£2] [c4] 1L {8 R}
Where [£,] and [%;](i,j = 1,2,3,4) are defined as:
Lol = j (md_c,,dce (34)
¢y
L =] AL = L= 2= L =0 (69)
¢
dH,, dH _dn
£§§,,:—< L K)J oy J H, o g
BB, Me Ta @ et o P “
_ M,
[ Va2 -af w, T
G Xt ¢ odr
(36)
L3 = EJ 70, P s (37)
nm Xz C: n dc
LA = 1t ——(1 + a cos ) cos yJ H,H,,dC; (38)
2 [
n__ (1 KJ dH, dit,, J Ty o s
" <X1X2+2>c: @@ T ::f”dC “
d
—J HH dc*—§<J Hn’Hde:—QJ H
¢ Xt G
(39)
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TABLE 4 Convergence, grid independence, and computational performance.

10.3389/fphy.2026.1740818

Grid size Iterations to Max residual at Skin friction Nusselt number CPU time per
converge convergence coefficient (Cy) (Nu,) iteration (s)
21x21 173 9.8x 1077 0.2810 3.505 0.010
31x31 179 8.4x107 0.2856 3.540 0.016
41x41 185 7.2x107 0.2874 3.568 0.021
6161 192 6.3x107 0.2901 3.591 0.039
81 x 81 198 59x107 0.2909 3.597 0.062
101 x 101 203 54x107 0.2913 3.600 0.095
121x 121 208 49%107 0.2916 3.603 0.138
141 x 141 213 45%107 0.2916 3.603 0.184

TABLE 5 Numerical outcomes of the Nusselt number for the distinct
values of the Prandtl number.

Pr Present outcomes 31 []
072 | -0.808633 ~0.8086 ~0.8088
100 -0.808633 ~0.8086 ~0.8088
300 | -0.808633 ~0.8086 ~0.8088
100 —0.808633 ~0.8086 ~0.8088
dH
£ =Ky S (40)
X2 e
£ = 3= £, = £, =0 )
B[ dH,dH _
£44=——J n Z0m e 4 p J H,
nm ﬁs C: dc dc ce +rr (: p n dc CE
- dH
P j EH, H,,dC; — Pr QJ 3, Lom g
G 4 dé
QS e *
+Pr= | M H,AC (42)
X5 J ¢

Figure 1B shows the step-by-step procedure involved in the
Finite Element Method (FEM). The process starts with defining
the physical problem, followed by discretization of the domain
into finite elements. Element equations are formulated using
shape functions and assembled into a global system. Table 4
shows convergence characteristics, skin friction coefficient,
Nusselt number and number of computational times per iteration
using various grid sizes applied in finite difference method.
The aim of the study is to provide a grid-independent and
computationally efficient numerical solution. The comparison of
the considered code for the limiting cases are presented in Table 5.
The numerical results show strong agreement with previously
published data, confirming the reliability and precision of the
computational model.

5 Results and discussion

The numerical simulations provided detailed insight into
how gravitational modulation, magnetic field strength, and
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nanoparticle composition influence both flow dynamics and
thermal behavior of micropolar nanofluids over the inclined
stretching sheet. Figure 2 reveals how the NuxR;l/ ? varies as the
material parameter (k) upsurges for three kind of nanofluids:
traditional nanofluids, CNT- Au-Al,O;/Glycerine ternary hybrid
and CNT-Au\Glycerine hybrid nanofluids. The
horizontal axis signifies the material parameter over the interval

nanofluids

from 0 to 3, while the vertical axis shows the NuxR;I/Z, which
describes the thermal transport rate. With increasing values
of material parameter (k), NuxR,_cl/2 is also enlarged in all
kinds of nanofluids, displaying that an increase in material
parameter results in an increase in convective heat transfer. The
NuxR;l/ ? of CNT- Au-Al,0,/Glycerine ternary hybrid nanofluids
is also found to be the greatest, out of all the three curves.
The CNT- Au\Glycerine hybrid nanofluids are intermediate
between CNT- Au-Al,Os/Glycerine ternary hybrid nanofluids
and the traditional nanofluids whereby it can outperform the
traditional nanofluids but cannot do so well as the ternary
hybrids.

The p'(r,9) within the momentum boundary layer is
significantly affected via the M parameter, as showed in Figure 3A.
As value of the Magnetic field parameter improved, the p'(z,9)
reduce. This decrease in velocity is caused by the Lorentz force
generated through the applied transverse magnetic field, a resistive
dragging force on the flowing electrically conducting nanofluid.
Basically, the magnetic field presents an additional body force
opposing the velocity direction, thereby obstructing momentum
transmission and slowing the velocity field. An increase in the
magnetic field parameter significantly reduces the velocity profile
by strengthening the opposing Lorentz force, which suppresses
fluid motion and stabilizes the flow, and this mechanism is widely
applied in controlling electrically conducting fluids in metallurgical
processing, MHD power generation, nuclear reactor cooling,
biomedical flow control, and microfluidic devices. The physical
interpretation of such a phenomenon can be the conversion of
kinetic energy to the dissipation of magnetic energy. The greater
the field applied (the larger M), the larger the deceleration, and
thinner the momentum boundary layer. The viscous shear stress
increases because the increase at the velocity gradient is high at
the wall.
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FIGURE 2
Graphical illustration of the thermal transport rate versus M.

The M parameter display the important effect on the &(z,9)
temperature profile within the boundary layer of the CNT-
Au-Al, O3/ glycerine based fluid, as revealed in Figure 3B. As M
parameter upsurges, the &(7,9) increase consistently across fluid
system. This performance stems from the relations between the
applied transverse magnetic and the conducting ternary hybrid
nanofluid. In practical applications, the occurrence of the magnetic
field produces a Lorentz force performing opposite to the path of
the Flow behavior, effectively slowing the liquid particles. When the
&(7,9) reduces as result of magnetic damping, the convective motion
of heat away from the surface reduces, leading to a thicker thermal
boundary layer and higher &(z,9). This greater retention of thermal
energy shows as greater £(7,9). Physically, the magnetic field reduces
kinetic energy, thereby growing the thermal energy retained near the
heated surface. The CNT-Au-Al,O;/ glycerine based fluid further
increase this occurrence since their great thermal conductivity
facilitates faster thermal transport from the wall into the fluid,
system but the slowed Flow behavior limits the dissipation of this
heat.

The micropolar material parameter K drastically impact the
p'(7,9) in the boundary layer, as exhibited in Figure 3C. As value
of micropolar material parameter upsurges, the p'(z,9) show an
improvement. This is a direct consequence of micropolar fluid
characteristics, which allow for micro-rotation of fluid particles
and couple stress effects absent in Newtonian fluids. This can
be attributed directly to the nature of micropolar fluids, which
enable micro-sliding of fluid particles and couple stress, which
are not possible in Newtonian fluids. Physically, an increase
in K means that the material has a greater microrotational
viscosity or spin-translational coupling of the microelements and
the fluid translation. This increased coupling lowers the effective
viscosity against the flow and allows faster flow closer to the wall.
Furthermore, the spin inertia can also enhance a slip-like interaction

Frontiers in Physics

09

at the interface, lowering the friction and further increasing the
velocity distribution. This performance has significant relevance
in engineering systems employing micropolar or microstructured
liquids, such as lubricants comprising microspheres, fluid crystals,
or blood flow in microchannels. In microfluidic devices, greater
K can increase flow rates and mixing, which is required for
applications such as microfluidic chips and medical laboratory
science.

The influence of the K parameter on &(7,9) is important,
as observed in Figure 3D. As K upsurges, the &(7,9) display
a rise all over the thermal boundary layer. This intensification
happens since the improved micro-rotation influence and coupling
stresses in micropolar liquids upsurge momentum transport, which
in turn affects the conservation of energy in a fluid flow via
encouraging stronger conductive and convective thermal transport
mechanisms close to the wall. The phenomenon has important
consequences in technologies that use micropolar fluids to overcome
thermal management. As the parameter of the micropolar material
parameter increases, thermal distributions increase due to the
stronger coupling of micro-rotation and heat transport. The
effect enables the performance of enhanced heat transfer in the
micropolar nanofluid systems, and is beneficial in the design
of more advanced thermal control and biomedical engineering
devices.

The performance of the &(7,9) in response to variations in the
heat source/sink parameter Qs is demonstrated in Figures 4A,B
shows the effect of positive values of (Qs > 0), signifying a heat
source, whereas Figure 4A signifies the influence of negative values
of heat sink (Qs < 0). In Figure 4A, as the value of Qs upsurges
from, the &(z,9) becomes more significant throughout the thermal
boundary layer region. This reveals that the occurrence of a Qs > 0
enhances heat energy within the fluid, thereby growing temperature
gradients. On the other hand, Figure 4B, as the value of Qs becomes
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(A) Effect of M on p’(9). (B) Impact of M on &(9). (C) Impact of K on p’(9)
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increasingly negative, the £(7,9) reduces more rapidly. The physical
reasoning behind this action is due to the energy equation that
forms the heat transport in the boundary layer. With a heat
source, the production of internal thermal energy causes net heat
gain, increasing conduction and convection in the medium. This
automatically leads to increased fluid temperatures. Conversely, a
heat sink reflects the inner energy absorption or heating exhaustion,
removing the energy inside the system, thus reducing the local
temperature field. Comparison of the ternary hybrid nanofluid and
hybrid nanofluid Figure 4A, and Figure 4B indicate that the hybrid
nanofluid preserves a higher amount of thermal energy.
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The effect of the M parameter on the C fo,lc/ ? s graphically
shown in the Figure 4C. The result exposes that as M upsurges,
there is a noticeable increase in the C fo,lc/ ? for both ternary hybrid
nanofluid and hybrid nanofluid. This rise in surface shear stress
is actually ascribed to the additional of a Lorentz force within
the electrically conducting liquid das a result of a magnetic field.
The Lorentz force acts perpendicular to both the flow speed and
magnetic field, creating a resistive force that acts against flow
movement. Therefore, more shear is established close the surface

to counterbalance this resistive influence, thereby improving the
1/2
Cf.R/".
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The of the Cf.R)

is shown in Figure 5A. As micropolar material parameter upsurges,

influence K  parameter on
the C fo,IC/ ? Undergoes a corresponding enlargement for both
ternary hybrid nanofluid and hybrid nanofluid. Micropolar fluids
are distinct of conventional Newtonian fluids because they are
characterized as possessing microstructures and being able to
bear microrotation effects. The micropolar material parameter is a
measure of the strength of coupling of the micro-rotational effects of
the particles and the macroscopic velocity field. The larger the value
of K, the more intense the coupling and the greater the rotational
viscosity.

The graphical outcomes showed in Figures 5B,C demonstrate
the dynamic effect of two significant parameters namely, the
frequency parameter (€2) and the inclined angle (y) on the C fo,lcl2
and the NuxR;l/ ? in the presence of both ternary hybrid nanofluid
and hybrid nanofluid,. These Figures reveal how oscillatory
performance in the fluid system and orientation of the surface

alter the dynamic motion and heat transfer boundary layers. From
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Figure 5B, the influence of the (Q) on the NuxR)_cl/2 is seen.
As Q upsurges from 0.2 to 1.0, the amplitude of oscillations in
NuxR;l/ ? increases for both ternary hybrid nanofluid and hybrid
nanofluid. For increasing value of (), the ternary hybrid nanofluid
consistently shows greater NuxR,;l/2 than the hybrid nanofluid,
confirming its superior ability to transport momentum as a result
of the improved effective viscosity and density brought about via
the mixture of nano-sized particles. Physically, increasing skin
friction as a result of increasing the frequency is related to an
increase in oscillatory movement out in the boundary of the layer
generating movement resistance to the movement of the fluid.
This opposition is due to the inertia of the fluid particles that
strive to adhere to the oscillating plate and is greater with hybrid
nanofluids since their momentum diffusivity is also larger. The
C fo,lc/ % s investigated against the inclined angle y. Here, as y
increases from 0 to 71/3, a remarkable increase in C fo,lc/ ? is observed
for both nanofluids, more prominently for the ternary hybrid
nanofluid. This phenomenon can be justified by the presence of
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the gravitational component that operates opposite to the inclined
plane and stimulates the interaction of the layers of the fluid and
makes the shear rate higher around the wall. The gravitational assist
boosts the pressure drag significantly but causes increased viscous
shear to increase the skin friction. Figure 5B shows the influence
of the y on the heat transfer rate a key indicator of convective heat
transfer. Interestingly, the results show a slight decline in the Nusselt
number as the inclined angle increases. This decreasing trend is
evident for both THNFs and THNFs nanofluids, with the hybrid still
maintaining a higher overall heat transfer rate. The reduction in with
increasing y can be attributed to the diminished thermal boundary
layer disturbance caused by gravity, which tends to align the flow
more closely with the inclined surface, reducing convective mixing
in the normal direction. Essentially, convective heat extinguishing
is less efficient as the surface becomes tipped, due to the decreased
strength of the buoyancy forces that is contributing to the vertical
heat transport.

The velocity distribution shows the decreasing pattern as
the nanoparticle parameter increases, which is demonstrated
in Figure 6A. The velocity distribution shows the decreasing
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pattern as the nanoparticle parameter increases, which is also
demonstrated in Figure 6A. The inverse relation can be explained
by the fact that the introduction of the greater quantities of the
nanoparticles leads to the higher effective viscosity of the nanofluid
and its density. When solid particles are included in the fluid mass,
the internal frictional resistance caused by the particles rises as does
the measure of fluid-flow restriction. As a result, the fluid particles
momentum is reduced, causing the velocity boundary layer to be
thin and decreasing the total flow velocity. The added inertial drag
fluid viscosity due to the suspended particles is overwhelming the
driving forces due to the acceleration of the fluid hence slowing
down the movement.

Figure 6B clearly reveals the important role that nanoparticle
volume fraction plays in modifying the velocity and thermal fields
of the fluid. As the nanoparticle volume fraction upsurges, the
temperature profile dramatically improved, whereas the fluid flow
reduces. The phenomenon lies in the significant change that occurs
in the addition of nanoparticles to the base fluid, especially their
thermophysical properties. A higher nanoparticle parameter can be
physically explained by the increased thermal conductivity through
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(A) Effect of nanoparticle volume fraction on p’(9). (B) Effect of nanoparticle volume fraction on &(z,9). (C) Effect of thermal buoyancy parameter on

the suspended solid particles that tend to increase the thermal
distribution. When these particles are well distributed in the fluid,
these particles greatly enhance the heat transfer capacity of the fluid.
Consequentially, the thermal boundary layer is thickened, and a
general increase of the fluid temperature close to the heated surface
takes place. The nanoparticles serve as a very effective heat carrier
which traps the heat energy at the surface and transports it along
the fluid more efficiently than through molecular conduction. This
improved mechanism of heat transfer leads to increased temperature
profile as seen in Figure 6B.

The impact of the thermal buoyancy parameters on the velocity
field as seen in Figure 6C has a distinct implication showing a
significant increase in the flow velocity as the buoyancy strength
increases. Thermal buoyancy occurs when temperature gradients
in a fluid cause density changes leading to buoyant forces that are
directed opposite to the direction of gravity. Such forces may assist
the fluid flow or resist it depending on geometry and discrepancies
between fluid temperatures. In the specified example, the parameter
of buoyancy has a positive impact on the fluid flow, that is, the
velocity profile becomes more powerful due to its amplification.
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This phenomenon is a direct result of thermo-momentum coupling
where increasing temperature gradients both move heat but also
result in flow by driving buoyant acceleration. Practically, the impact
of thermal buoyancy is extraordinarily significant in numerous
engineering applications which involve natural convection, which
include solar collectors, passive electronic cooling systems, building
ventilations, nuclear reactor coolants, and heat exchangers. In such
systems, it is often desirable to increase buoyant flow so as to increase
the natural circulation of fluids without mechanical pumps. As an
example, when placed in solar thermal collectors, the use of greater
thermal buoyancy will enable greater thermo-hydraulic circulation
within the working fluid and, therefore, greater heat absorption and
transport.

6 Conclusion

This study has numerically explored the combined effects
of gravitational modulation, magnetic field intensity, internal
heat generation or absorption, and advanced nanoparticle
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compositions on the convective transport behavior of micropolar
nanofluids over an inclined stretching sheet in a microgravity
environment. By incorporating the thermophysical properties of
glycerine, carbon nanotubes, gold, and aluminum oxide into the
formulation of hybrid nanofluids, the analysis has demonstrated
that these complex suspensions can substantially enhance both
fluid velocity and thermal distribution compared to conventional
mono-nanofluids.

o The outcomes reveal that the M parameter dramatically
upsurges &(7,9) due to the conversion of kinetic energy into
heat via Lorentz forces, while it reduces fluid flow due to
magnetic resistance.

o The k parameter improves p’(t,9) as micro-rotations lower
local viscosity, but it decreases &(7,9) via dispersing heat more
efficiently.

o The heat source/sink parameter (Qs > 0, Qs < 0) displays dual
performance positive values (source) increase &(z,9), whereas
negative values (sink) decrease it.

o Moreover, both M and K parameter upsurge C fo)lc/ ? due to
higher boundary resistance.

o Frequency and inclined angle parameters also raise C fXR)lc/ 2
though the inclined angle reduces the NuxR;l/ 2 signifying a
decline in thermal transfer rate.

§(r,9)

enhanced conductivity but decreases p’(7,9) due to

additional drag.

o The nanoparticle parameter increases through

« Thermal buoyancy parameters improve p’(z, 9) by introducing
additional driving force due to temperature-induced density
differences.

o These outcomes are vital for optimizing fluid and

thermal transport in energy, medical engineering, and

industrial uses.

6.1 Real-life applications

The outcomes of this study offer practical value for several
engineering sectors operating in reduced-gravity or space
environments. The demonstrated enhancement in heat and
momentum transport using ternary hybrid nanofluids can support
the development of more efficient thermal control systems
in satellites, spacecraft, and orbital platforms. Improved heat
removal capability is particularly beneficial for regulating the
temperature of onboard electronics, solar panels, propulsion units,
and advanced sensors in microgravity. In aerospace engineering,
the findings can be applied to high-altitude vehicles and re-entry
systems where gravitational fluctuations influence boundary-layer
behavior.

6.2 Potential future extensions

In future work, the present study can be extended by
considering more complex nanofluid models, such as tetra-hybrid
or multi-component nanofluids, and incorporating non-Newtonian
behavior for more realistic applications. The effects of time-
dependent or oscillating magnetic and electric fields, as well as
chemical reactions, could be analyzed to better understand their
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impact on flow and heat transfer. Transient and three-dimensional
analyses may also be performed to investigate flow instabilities,
while experimental validation can be carried out to confirm
numerical results and support potential industrial applications
in cooling systems, microelectronics, biomedical devices, and
energy systems.
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