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Numerical Investigation of the Influence of Fin
Contraction on Heat Transfer in Fe304 - SiC -
Al1203 / Silicone Oil Ternary Hybrid Nanofluid
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Abstract—This study numerically investigates the variation
in the fin structure on the thermal performance of an axially
aligned porous fin embedded in ternary hybrid nanofluid. The
tapered wet porous fin moving at a uniform speed is subjected
to expansion and contraction. The thermal performance of the
embedded model is numerically evaluated through simulation
based on the impact of this on the fin’s temperature distribution
and temperature gradient. The study employs a systematic
approach by non-dimensionalizing the governing equation and
obtaining the numerical solution using Lobatto numerical tech-
nique. Darcy’s flow model is applied to examine the proposed
model key parameters and thermal characteristics of ternary
hybrid nanofluid within the fin, accounting for natural con-
vection and radiation effects. The simulation results highlight
the implication of various similarity parameters and variation
in the fin profile on the thermal behaviour of the embedded
model. A substantial enhancement in the heat transmission
is observed, attributed to fin contraction. Statistically, the
heat absorption by the surrounding ternary hybrid nanofluid
enhances by an average of 1.82%, 1.76%, 1.82%, 3.39% with
the enhancement in the similarity parameters NC, n2, NR, PE
values and 1.91%, 1.96% with the decrease in the similarity
parameters g, 0,1, as the fin contracts along its length. Also,
the temperature gradient enhances with the fin contraction.
The findings enhance the understanding of fin design, hybrid
nanofluid flow and its potential applications in the design and
optimization of thermal management systems in industries.
Additionally, they lay the foundation for carrying out further
research in hybrid nanofluid based cooling systems.

Index Terms—Ternary Hybrid Nanofluid, Fin, Thermal Con-
ductivity, Contraction, Heat Transfer.

NOMENCLATURE
Symbol Quantity
Ly Length of the fin (m)
m Mass flow rate of the fluid
Q Heat transfer rate
v Passage velocity
9 Effective kinematic viscosity (m2/s)
Cp Specific heat with constant pressure (J/kgK)
T Local fin surface temperature (K)

K, Permeability (N/A?)
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Symbol Quantity
Ta Surrounding ternary hybrid nano fluid temperature (K)
T Prime surface temperature (K)
g Axial distance (m)
s Stretching/shrinking parameter of the fin (1/m)
S1 Dimensionless stretching/shrinking parameter
A Fin taper ratio
q Exponential index
ni,ng Constants
NC Convection parameter
NR Radiation parameter
no Wet porous parameter
a1 Acceleration due to gravity (m/s?)
h1 Heat transfer coefficient (W/m2K)
haq Convective heat transfer coefficient at T'4
ifg Latent heat of water evaporation (J/Kg)
Wy Width of the fin
hp1 Uniform mass transfer coefficient
Ui Constant velocity of the fin (m/s)
Le Lewis Number
X The dimensionless axial distance
ba Variable parameter
PE Peclet Number
k Thermal conductivity (W/mK)
f Base fluid
nf Nanofluid
hnf Hybrid nanofluid
thnf Ternary hybrid nanofluid
Ai(z1) Fin cross-sectional perimeter as a function of x1 (m)
Ac(z1) Fin cross-sectional area as a function of x1 (m2)
p1,p2,p3  Nanoparticle 1 (FezOy4), solid nanoparticle 2 (SiC),
solid nanoparticle 3 (AlaO3)
©1,92,93 Volume fraction of Fe3Oy4, SiC, and Al2Os3, respectively
o1 Stefan—Boltzmann constant (W/m2K%)
b1 Porosity
al Empirical constant
aq Shape factor
B Volumetric coefficient of thermal expansion (1/K)
w Humidity ratio of the saturated air
Wa Humidity ratio of the surrounding air
p1 Effective density (Kg/m3)
€1 Surface emissivity of fin
m Dynamic viscosity
O1 The dimensionless temperature
O1q Ambient non-dimensional temperature
o1 Deviation in fin tip (m)

I. INTRODUCTION

ANOMATERIAL science has transformed the area of
Nthermal management system, unlocking the innovative
approaches to enhance the thermal performance across di-
verse engineering application, from power electronics to
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aerospace design. Effective heat transfer is crucial for driving
technological advancements, such as the optimization of
energy systems and miniaturization of electronics. Recently,
researchers have explored a wide range of solutions to ad-
dress these challenges. One of the commonly used techniques
in Industries involves application of fluids over different
geometries.Benkhedda et al. [1] numerically investigated
the heat transfer and hydrodynamic behaviour of a hybrid
nanofluid with a varying volume fraction ranging from 0
to 8%, flowing through an isothermally heated cylindrical
tube. Enhancing the flow dynamics and heat transmission
efficiency in transformer cooling systems using various fin
geometries were analysed through simulation by Farhan
et al. [2]. The simulation results indicated a notable drop
in temperature with the conic-shaped fins. Ma et al. [3]
conducted research on phase change materials using various
fin geometries to improve the thermal performance of the
LHTES system. Rectangular fins showed an exceptional
performance in heat transmission over the rest of the shapes.
An in-depth analysis of heat sinks with various fin arrange-
ments and geometries was carried out by Gaikwad et al. [4].
Sharma et al. [5] experimentally investigated the heat transfer
coefficient and critical heat flux of hybrid nanofluids using
silver and zinc oxide nanoparticles. Their findings revealed
an enhancement in these parameters with the rise in the
concentration of nanoparticles. The examination carried out
by Dhumal et al. [6] delves into the thermal management of
electronic devices by comparing various cooling techniques
and methods for effective heat dissipation. It also examines
and explores optimization strategies to determine the ideal
size and placement of heat sources mounted on a substrate
board with an aim to enhance the overall thermal perfor-
mance. Kannan et al.[7] numerically investigated the heat
transmission in rectangular fins with various perforations.
The study conducted by Abdulateef et al.[8] showed an
enhancement in the heat transmission using a rectangular fin
along the boundary of a cylindrical PCM structure. Khudhur
et al.[9] explored the advantages of using various fin geome-
tries combined with rectangular parallel fins. The simulation
results, along with experimental verification, showed an
increase of 38% in the heat transfer coefficient for straight
fins combined with semicircular fins compared to straight fins
with other geometries. Kundu and Wongwises [10] analysed
the thermal performance of fins’ primary surface heated with
hybrid nanofluid under mixed convection and radiation heat
transmission using the decomposition method, with emphasis
on the critical role of mixed convection in enhancing heat
transmission. The results showcased the Significant potential
use of hybrid nanofluids in improving the heat transfer effi-
ciency has been demonstrated. Kiwan and Al-Nimr pioneered
the concept of porous fin in their research, demonstrating the
application of Darcy’s model in the fin design to enhance the
thermal performance.

Ramesh et al. [11] examined the thermal efficiency of
semi-spherical porous fin using the RKF 45 numerical
technique. Asadian et al. [12] investigated the impact of
Darcy’s and Rayleigh’s number on the thermal profile in
SizNy4 porous rectangular fin using Galerkin’s method. The
outcome showed an increase in the fin temperature with an
increase in the rate of heat generation. Darvishi et al. [13]
analysed the effect of various parameters such as porosity,

radiation, and temperature ratio in porous fin on thermal
profile using the homotopy analysis method. The result
indicates an enhancement in heat transfer due to radiation.

A comprehensive graphical and statistical analysis was
performed by Khan et al. [14] to analyse the variation of
the inclination angle of fins with various profiles on its
heat distribution. The outcome indicated an enhancement in
the heat transfer rate using a dovetail fin profile, followed
by rectangular fin and trapezoidal fin profiles. Nabati et al.
[15] utilized the Sinc collocation method to investigate the
thermal performance of a porous fin subjected to a magnetic
field and radiation. The accuracy of the proposed method
was ensured through validation against the analytical and
numerical approaches available in the literature.

Hoseinzadeh et al. [16] analysed heat transmission in a
porous rectangular fin by applying various analytical tech-
niques, including collocation, perturbation, and homotopy
methods. The findings indicated an enhancement in heat
transmission rate due to porosity, convection, and radiation
parameters, with the radiation parameter exerting a signifi-
cant impact on the overall temperature distribution.

Atouei et al. [17] examined the thermal performance of
hemispherical fins by employing least square and collocation
methods, considering temperature-dependent properties, heat
generation, and radiation. Najafabadi et al. [18] investigated
the heat dissipation between a cylindrical profile hot rod and
its surroundings using radial basis function approximation.

Conventional coolants such as water and ethylene glycol,
which are cost-effective and easily available, often struggle
to effectively dissipate heat due to their lower thermal
conductivity. This limitation can be mitigated by incorpo-
rating metallic nanoparticles that significantly enhance the
fluid’s thermal conductivity. Aravind and Ravikumar [19]
analyzed the three-dimensional flow of rotating fluid over an
infinite vertical oscillating plate by considering the fluid to
be viscous, incompressible and electrically conducting. The
results indicated an enhancement in the concentration as the
chemical reaction parameter decreases and a decrease in the
temperature due to high thermal radiation. Baslem et al. [20]
investigated the thermal performance of a porous fin with
three different types of water-based nanofluids. The research
emphasized heat dissipation and concluded that it improves
with an optimal balance between the nanofluid properties and
the characteristics of the fin under wetted conditions.

Although the application of nanofluids improved thermal
conductivity, limitations were observed in their rheological
properties. These limitations were addressed by researchers
incorporating two different nanoparticles in the base fluid.
Goud et al. [21] investigated the heat transmission char-
acteristics of a wetted dovetail fin immersed in ZnFe;Oy,
MnZnFe,0,, and NiZnFe;O4 ternary combination of hybrid
nanoparticles in a water-based fluid. The governing equations
were solved numerically and analytically using the RKF
method and DTM-Padé approximation. The findings re-
vealed an enhanced thermal performance compared to hybrid
nanofluid. Thermophysical characterization of Cu-graphene
hybrid nanofluid was experimentally conducted by Shaik
et al. [22]. At minimal concentration, the hybrid nanofluid
showed an exceptional rise in thermal conductivity of 38%
along with viscosity. Pai et al. [23] numerically investigated
the thermal performance of a porous longitudinal rectangular
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fin wetted with ternary hybrid nanofluid. Keerthi et al.
[24] carried out an investigation into the thermal efficiency
of a wet porous radial fin embedded in hybrid nanofluid
using the RKF numerical technique. The results showed an
enhancement in thermal efficiency with the rise in the volume
fraction of nanoparticles. Hosseinzadeh et al. [25] carried out
thermal analysis and experimentally validated a triplex tube
heat exchanger equipped with tree-like fins, utilizing hybrid
nanofluid containing MoSs and TiOs nanoparticles.

Pai et al. [26] numerically investigated the thermal perfor-
mance of a hemispherical fin embedded in a hybrid nanofluid
of various shapes. Hussain et al. [27] analysed the heat
transmission rate of an exponential profile cylinder. A nu-
merical investigation of nanofluid considering the transfer of
mass and energy over a stretching and shrinking wedge was
conducted by Alharbi et al. [28]. The results showed a boost
in thermal efficiency, velocity, and the rate of mass transition.
A study conducted by Din et al. [29] showed a notable impact
of thermodynamic geometries on the thermal performance
of the fin. Handique et al. [30] investigated the heat transfer
behaviour of copper-water based hybrid nanofluids with vari-
ous combinations of nanoparticles. The governing equations
were non-dimensionalized and numerically solved using a
Fortran algorithm. The results showed an enhancement in the
heat transfer rate and mass transfer rate for Al,O3-Cu-water
combination at higher porosity parameter values. Alkasasbeh
et al. [31] numerically analysed the heat transfer flow of
TiO3, AlsO3 and GO nanoparticles in water and kerosene
oil base fluids. The results showed that the Al,O3-based
nanofluid local wall temperature is higher compared to the
rest of the nanofluids, whereas the skin friction of GO is more
compared to the rest of the oxide nanoparticles.Numerical
analysis on the heat and the mass transfer of the blood flow
in the stenosed artery using a finite difference approach was
conducted by Shankar and Siva [32]. The results showed a
disorder in the blood velocity profile near the cholesterol
deposition area at higher values of the Reynolds number.
Mahalakshmi and Vennila et al. [33] numerically analysed
the flow of nanofluid over a stretched exponential surface
using the homotopy perturbation technique. Pai et al. [34]
investigated the flow behaviour of a heat sink embedded in
a binary combination of Al,O3-SiC nanoparticles dispersed
in a base fluid, with the objective of analyzing the impact
of various similarity parameters on the heat transfer perfor-
mance of the fin under convective and insulated tip boundary
conditions. The results showed that the convective fin tip
achieved an average heat transfer enhancement of 17.13%
compared to the insulated fin tip.

Despite significant advancements in nanofluid based cool-
ing systems, gaps remain in understanding the impact of
various parameters on the overall thermal performance of
the system. Although previous studies have explored the
implications of using nanofluids and various fin profiles,
the impact of expansion and contraction in the fin structure
embedded in nanofluid has not been thoroughly investigated.
The proposed model bridges these gaps by employing a
novel technique, providing valuable insights into the impact
of fin expansion and contraction on the temperature profile
of the integrated system. In our present investigation, fin
embedded in Fe304 - SiC - Al203/Silicone oil ternary
hybrid nanofluid is subjected to expansion and compression.

Fig. 1: Proposed model flow configuration

All three nanoparticles assist the base fluid to efficiently
regulate the heat within the fin structure, due to their very
high thermal conductivity. Traditional base fluids, such as
water and ethylene glycol have been replaced by silicone
oil in our study, due to its application at high operating
temperatures. Also, its exceptional stability under variable
temperature conditions makes it an excellent replacement
for traditional base fluid in hybrid nanofluids [35]. Fe304
nanoparticle exhibits supermagnetic properties that help in
enhancing the thermal efficiency in thermal management
systems. Certain properties of SiC and Al203 nanoparticles,
such as stability and resistance to corrosion, enable their
use in harsh environments. Silicon carbide, due to its light
weight and wide bandgap, finds applications in high power
electronic devices, aerospace and automotive industries. The
aim of our study is to characterise and analyse the fin
temperature by analysing the variation in the structure for
various similarity parameters using numerical technique.

II. MATHEMATICAL FORMULATION

Consider an axially aligned trapezoidal porous moving
fin subjected to compression and expansion, embedded in
Fe30y4 - SiC - Al,Oj3 / Silicone oil ternary hybrid nanofluid
of volume fraction ¢; = 1o = 13 = 0.01. The proposed
model arrangement is depicted in Fig. 1. Initially, the fin is
considered stationary, with base temperature 75 and ambient
temperature T4, respectively. Subsequently, the fin experi-
ences convection and radiation heat loss to the surrounding
as it moves at a constant velocity. The fin is constructed
using a homogeneous material, ensuring consistent thermal
properties throughout the structure. Heat transfer within the
fin occurs predominantly in one dimension along its length.
The fin and the surrounding ternary hybrid nanofluid are
in thermal equilibrium, ensuring a balanced heat exchange
between the two.

Q21 +dz1) — Qz1) — Ar(x1)ha (T)(1 — ¢1)(T — Ta)dzy
—hprifgAr(z1)(1 — ¢1)(@ — @a)

— 0151A1($1)d$1 (T4 — fo) — mC’p(T — TA)

ﬂ

+ pCpAC(.’IJl)(]. + §$1)d$1U1
dxl

=0
(1
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The thermodynamic balance equation for an elemental length
of an axially aligned fin under the pre-assumptions men-
tioned above is given by: Where the first and second term
represent the heat transmission due to conduction, and the
succeeding terms represent heat transmission due to convec-
tion. The area of cross-section at a distance x; is

Ac(l'l) = wlt(xl),

where t(z1) represents the trapezoidal cross-section thick-

ness, given by
T
th —61 |1 —— ).

The heat flux Q(z1) using Fourier’s law of conduction is
given by

dT
Q(irl) = Ac(xl)kthnf : CTZ‘l )

The heat transfer coefficient h1(7') is given by
T~ Ty
[Tp — Tal4

From Darcy’s law, the mass flow rate of ternary hybrid
nanofluid with density is given by

hi(T) = ha1 = hp1Cy(Le)?? 3)

m = (p1)thnrdx19(z1)Pi(x1) 4
The flow velocity is defined as

_ glKlﬂthnf(T - TA)

19($1) Uthn f

®)

The physical properties of nanofluid, hybrid nanofluid, and
ternary hybrid nanofluid are detailed in Tables (I),(II) and
(IIT).The table (IV) outlines the properties of each content of
the ternary nanofluids.

TABLE I: PHYSICAL CHARACTERISTICS OF

NANOFLUID
b = kg (kp, + (a1 — Dky)
Thermal (kpy + (a1 = Dky) + o1(ky — kp, )
Conductivity
B (1 — Dprky(ky — kyp,)
(kpy + (o1 — Dkys) + p1(ky — kpy)
ViSCOSity T9nf = (179%
— p1)2
Coefficient
of Thermal
Expansion (p1B)ns = P1(p18)py + (1 — 1) (p18)y
Densit
Y (p1)ns = @1(p1)ps + (1= 1) (p1)s
Heat
Capacit
pacty (01C)ns = 1(p1Cp)py + (1= 1) (1)

TABLE II: PHYSICAL CHARACTERISTICS OF

HYBRID NANOFLUID

kng(kpy + (1 = Dkny)

Thermal knng = — _
Conductivity (kpz + (al 1)knf) + SDQ(knf kpfz)
B (o1 = Dknspa(kns — kp,)
(kpy + (01 — 1)knf) + WQ(knf — kp,)
. . Iy
Viscosity Dhns =
T 0= ) (1= )27
Coefficient
of Thermal (pB)hng = (1 —p1)(1 — @2)(pB) s
Expansion
+1(1 = ©2)(pB)pr + 92(pB)p.
prng = (1 — 1) (1 — @2)py
Density
+1(1 = 92)pp; + P20p,
Heat (PCp)nng = (1 — ¢1)(1 — ¢2)(pCp) s
Capacity

+1(1 = 92)(pCp)py + 92(pCp)py

TABLE III: PHYSICAL CHARACTERISTICS OF
TERNARY HYBRID NANOFLUID

kng(kps + (1 = Dkny)

Thermal kthng =
Conductivity (kp‘s + (al - 1)knf) + W3(k7bf - kps)
B (a1 = Dknsoa(kny — kpy)
(kps + (a1 = Dkny) + @3(kns — kps)
. 9,
Viscosit Pthnf =
T T o) e (T — )25
, (PB)thny = (L —1)(1 — 2)(1 — 03)(pB) s
Coefficient
of Thermal
Expansion +o1(1 = 92)(1 = 03)(pB)ps + 93(0B)ps
+p2(1 — 93)(0B)p,
ptang = (1= 1)(1 — 2)(1 — @3)ps + @3pps
Density
+o1(1 — 2)(1 — 3)ppy + @2(1 — ©3)pps
(PCp)thns = p1(1 — @2)(1 — ¢3)(pCp)p,
Heat
Capacity

+02(1 = ©3)(pCp)py + ©3(pCp)ps

+(1 = 1)1 —p2)(1 — ¢3)(pCyp) s
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TABLE IV: Properties of Each Content of the Fluids

Property Cp (JkgK)||p (kg/m®) B (1/K) k (W/mK)
Silicone-oil 1460 960 945 x 107° || 0.157
Fe304 670 5180 1.3x10°° 9.7
SiC 750 3210 [[0.277 x 107° 120
Al,O3 440 8900 1.3x107° 91

The modified equation after substituting (2), (3), (4) and
(5) in (1) is given as:

d%l </~cthnff(x1);z> — 20 (T)(1 — 61)(T — T)

—201e1 (T* = T}) — 2hpripg(1 — ¢1)(0 — @)

- dT
+(p10p)tnnfU1t(.’E1)(1 + le)dxld?;l

T—Ta)?=0 (6)

_ 2(plcp)tnnfglK1 (plﬂ)tnnf (
Vtnn f

Since the fin tip is adiabatic, the boundary condition at the
tip can be mathematically expressed as:

arT

L= =0, at 1 =0

dl‘l 1 (7)
T=1Tg, at xy =1,

On applying the dimensionless parameters to (6), we get

- Qhal(l — @1)ngb2L%

xem
T Ne = 201Gy 1K (p1B)sTpLY
O, = T prkpty ’
S, = SL,, PE — WCPIZ&’
01 s
A= %717 NR = 20'1]:17_%[/%
ng = n1 + no, s 2
@ B T7A g = 2ha1(1 — @1).[/1
la — TB7 kftbl
(@ — @) =bo(T —Ta).
3
On substituting the (8) in (6) we get
d?0, dO,
1-A(1-X A—=
( ( ) g TA
ks (p1Cp)innyg dO1
+ PE(1+ 51X —
( ! ) kthnf (plcp)f dX
k Cyinng 0 n
_NC f (p1 :D)th f f (plﬁ)th f(91 _ @10,)2
Eing (01Cp)f Yihng (m1B)s
kf 4 4 kf (@1 — @m)q-H
— NR 0] —07,) —n =0
thn f ( ! la) 2kthnf (61 - @1a)q (9)

III. NUMERICAL SOLUTION

In this study, Lobatto numerical technique was employed
to solve the derived nonlinear ordinary differential equation
(ODE), due to its resilient stability and remarkable con-
vergence properties. It offers superior accuracy compared
to lower order methods such as Runge Kutta and Euler’s
method. Stiff ODEs, often encountered in heat transfer mod-
els can be handled using this technique. The approach divides
the solution of differential equations into three interconnected
stages. As each stage depends on the others, a balance is

maintained between accuracy and computational efficiency.
The interdependence of the stages improves the method’s
ability to capture the intricate curvature of the solution,
resulting in a precise representation of graphical outputs. The
BVPA4C function in MATLAB simulation tool incorporating
Lobatto numerical technique was adopted to capture the
thermal behaviour of the proposed model.

IV. RESULTS AND DISCUSSIONS

The interplay between the Fe3Oy4 - SiC - AlsO3 / Silicone
oil ternary hybrid nanofluid and the porous structure of the fin
is characterized by the wet porous parameter ny. Wet porous
parameter significantly impacts the thermal performance of
the fin under consideration by modulating the fluid retention.
An increase in the porosity parameter enhances the fluid
retention within the fin structure, leading to an increase in
the effective heat capacity. This is due to the presence of
additional fluid in the porous network that improves the
thermal conduction and convective interactions. The impact
of ng on the varying fin structure temperature distribution
and temperature gradient are illustrated in Fig. 2 and 3.
Our simulation results indicate an increase in the wet porous
parameter results in progressive reduction in the fin temper-
ature. Quantitatively, our simulation outcomes demonstrate
a substantial improvement in the heat absorption due to
fin contraction (S; = —1) from S; = 0 along its length.
Specifically, for ny = 0,1 and 2, heat absorption improves
by 1.71%, 1.81% and 1.83% respectively. The results suggest
that an increase in the wet porous parameter along with the
fin contraction promotes better heat dissipation, making the
fin more thermally efficient.

The Fig. 4 and 5 illustrate the impact of NR on the
temperature distribution and temperature gradient of the
proposed fin under structural expansion and contraction. The
simulation results indicate that an increase in the N R values
decreases the thermal profile, while the temperature gradient
increases. The variation suggests that the higher radiation
level enhances the heat dissipation from the fin surface to
the surrounding Fe3Oy4 - SiC - Al2O3 / Silicone oil ternary
hybrid nanofluid, thereby improving the thermal transfer
efficiency. The stronger radiative heat dissipation from the
expanded fin surface results in greater energy exchange
with the surrounding fluid, leading to improved cooling
performance. Quantitatively, our simulation results indicate
that the heat absorption improves by 1.818%, 1.824% and
1.831% as the fin undergoes contraction along its length
corresponding to NR values of 1, 2, and 5 respectively.
This suggests that an increase in N R values along with
the fin contraction (S; = —1) from S; = 0 increases
the heat absorption, thereby enhancing the overall thermal
performance of the proposed model. In heat transfer studies,
the strength of the convective heat transfer over the other
thermal effects is characterized by the convective parameter
NC. The impression of NC' and S; parameters on the fin
temperature distribution and temperature gradient are shown
in Fig. 6 and 7. It is observed that an increase in the
convective parameter for a given value of S; reduces the
fin temperature and enhances the temperature gradient.This
is due to the increased permeability effect, as the Darcy’s
number increases with higher NC' values, easing the flow of
fluid through the porous medium. The simulation outcome
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Fig. 2: Temperature characteristics of fin subjected to expansion and contraction under the influence of ns.

6",

NC=1,6, =1,A=04,q=1,NR=1, PE=1

0 1 | 1 1 1 | 1 1 |
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

X

Fig. 3: Temperature gradient of fin subjected to expansion and contraction under the influence of ns.

6,

NC=1,PE=1,q=1,n2=1, 61a=0.4,A=0.4
1 |

0-5 1 1 1 1 1 1
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

X

Fig. 4: Temperature characteristics of fin subjected to expansion and contraction under the influence of NR .

shows an enhancement in heat absorption by 1.81%, 1.83% indicates that the enhanced convective effects along with
and 1.84% with the fin contraction along its length from the fin contraction (S; = —1) from S; = 0 increases
S1 = 0 for NC = 1,2, and 5 respectively. This trend the heat absorption, thereby improving the overall thermal
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Fig. 5: Temperature gradient of fin subjected to expansion and contraction under the influence of N R.

performance of the proposed model. The convective to
diffusive heat transport ratio parameter PF plays a key role
in characterizing the heat transfer in heat exchangers. Its
effect on the thermal distribution and thermal gradient along
the fin length under structural expansion and contraction are
shown in Fig. 8 and 9. For a given value of S7, an increase
in the PFE values lead to rise in the fin’s thermal profile
due to increased velocity of the fin at higher PFE values,
reducing its exposure time to the surrounding environment.
Our simulation results indicate a progressive enhancement in
the heat absorption by 1.82%, 3.26% and 5.11% as the fin
undergoes contraction along its length, corresponding to PE
values of 1, 2 and 4 respectively. This observation indicates
greater thermal retention with an increase in PE values but
also highlights the trade-off between heat accumulation and
dissipation efficiency. The ¢ parameter characterizes the
flow behaviour of ternary hybrid nanofluid. Its influence on
the contracting and expanding fin temperatures, as well as
its temperature gradients, graphically illustrated in Fig. 10
and 11. An increment in the value of g parameter at a given
value of S; enhances the fin temperature and reduces the
thermal gradient. This occurs due to the greater resistance
experienced by the fluid from the non-linearity in its flow,
trapping the heat and maintaining the fin warmer. Conversely
at the lower values of ¢ parameter, the fluid flow remains
linear, allowing the heat to dissipate more efficiently from
the fin surface due to reduced resistance, keeping the fin
cooler. The simulation outcome shows an enhancement in
the heat absorption by 1.65%, 1.82% and 2.27% with the
fin contraction along its length from S; = 0 for ¢ = 2, 1
and O respectively. The effect of ©1, on the contracting
and expanding fin temperatures, as well as its temperature
gradients, are graphically demonstrated in Fig. 12 and 13.
An increment in the values of ambient temperature at a
given S value enhances the fin temperature, indicating a
reduction in the convective heat transfer due to the decrease
in the thermal gradient between the fin and the surrounding
ternary hybrid nanofluid. The simulation outcome shows an
enhancement in the heat absorption by 0.60%, 1.82%, and
3.46% with the fin contraction along its length from S; =0
for ©1, = 0.8, 0.4, and O respectively. The taper ratio of the

fin plays a significant role in promoting the heat dissipation
from the fin surface. The influence of this parameter on
the thermal distribution and thermal gradient along the fin
length under structural expansion and contraction are shown
in Fig. 14 and 15. The simulation results indicate a dip in
the thermal profile of the fin for both structural expansion
and contraction, signifying an enhancement in the heat dis-
sipation. The thermal gradient along the fin length increases
with increasing A. This variation can be attributed to the
expansion in the surface area resulting from an inclined fin
profile, compared to a standard rectangular profile (A = 0).
The greater surface area exposure enhances the convective
interactions with the surrounding Fe3O4 - SiC - Al»Ogs/
Silicone oil ternary hybrid nanofluid, enhancing the heat
transfer rate. Quantitatively, the heat absorption enhances by
2.02%, 3.03% and 3.22% with the fin contraction along its
length from S; = 0 for A = 0, 0.4 and 0.8 respectively. The
results highlight the importance of structural modifications in
the heat exchanger design, where optimizing the taper ratio
can improve the heat dissipation without the requirement of
an additional cooling mechanism.

Fig. 16 illustrates the percentage improvement in heat
transfer as a function of NC and S; under fixed thermal
and flow conditions. The results reveal that an increase
in the values of NC' enhances the heat transfer across
all surface contraction levels of S, confirming the role
of stronger convection in promoting efficient energy ex-
change within the porous medium. Conversely, as the surface
contraction becomes more intense, i.e., as S; approaches
—1, the percentage improvement in heat transfer gradually
declines, especially at higher NC' values. This trend indi-
cates that excessive contraction may suppress fluid mixing
or reduce boundary layer thickness, thereby limiting the
thermal advantage otherwise provided by hybrid nanoparticle
dispersion. Overall, the interplay between convective strength
and geometric deformation demonstrates that moderate con-
traction combined with enhanced convection delivers optimal
heat transfer enhancement, particularly under the influence
of quaternary nanofluids.Fig. 17 presents the variation in
percentage enhancement of the temperature gradient as in-
fluenced by NC and S;. The results show a decreasing
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Fig. 6: Temperature characteristics of fin subjected to expansion and contraction under the influence of NC.
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Fig. 7: Temperature gradient of fin subjected to expansion and contraction under the influence of NC'
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Fig. 8: Temperature characteristics of fin subjected to expansion and contraction under the influence of PE.

trend in temperature gradient enhancement with increasing difference within the fluid domain reduces, leading to a more
NC values across all values of S;. This implies that as uniform temperature profile and weaker thermal gradient near
convection becomes more dominant, the axial temperature the surface. Additionally, stronger values of S; result in a
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Fig. 9: Temperature gradient of fin subjected to expansion and contraction under the influence of PE.
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Fig. 10: Temperature characteristics of fin subjected to expansion and contraction under the influence of gq.
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Fig. 11: Temperature gradient of fin subjected to expansion and contraction under the influence of ¢

steeper decline in the enhancement percentage, indicating
that contraction suppresses the development of the thermal
boundary layer. This behaviour suggests that while higher

NC may aid in heat removal, it comes at the cost of a
reduced local temperature gradient, which could be critical
in applications requiring steep thermal differentials, such as
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1.2F T \ \ \ \ T

NC=1,PE=1,q=1,n2=1,NR=1,A=0.4

Fig. 13: Temperature gradient of fin subjected to expansion and contraction under the influence of ©,

1 \ ‘
— 5 =0,A=0
-=-8=0,A=04 ]
095 . $1=0,A=08
— 8 =-1,A=0
09(--8=-1,4=04 |
........ S =-1,A4=038
8 4

NC=1, 6,,=1,9=1,n,=1,NR=1, PE=1

0.65 . L 1 1 1 L L L 1
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

X

Fig. 14: Temperature characteristics of fin subjected to expansion and contraction under the influence of A

thermoelectric systems or high-precision thermal controls. nanoparticle-embedded wet porous heat sink systems.

Thus, a trade-off between heat transfer and thermal gradient Fig. 18 illustrates the variation in percentage improvement
must be considered to optimize the thermal performance of  in heat transfer with respect to N R and S; values under fixed
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Fig. 15: Temperature gradient of fin subjected to expansion and contraction under the influence of A
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Fig. 17: Variation of % improvement in temperature gradient as a function of NC and Sy

thermal and flow conditions. The plot demonstrates that as
the radiation parameter N R increases, the percentage im-
provement in heat transfer progressively decreases, implying
a weakening influence of radiative effects on convection-
driven heat transmission in the porous fin. Additionally,
the plot shows that stronger contraction consistently re-
sults in better heat transfer performance at lower values
of NR, highlighting the combined influence of geometric
deformation and radiation effects, where surface contraction
can enhance heat transfer and promote fluid mixing.The
surface plot shown in Fig. 19 indicates a noticeable decline
in temperature gradient as NI increases. This behaviour

highlights the attenuating effect of thermal radiation, which
tends to make the temperature more uniform and reduces the
temperature difference across the porous fin. Furthermore, as
the surface contracts more, the temperature gradient becomes
even smaller, especially when the radiation is high (i.e., at
higher values of N R). This suggests that the combined effect
of geometric contraction and stronger radiation can limit
the temperature gradient, which could negatively impact the
thermal performance of systems relying on steep thermal
gradients, such as in energy harvesting applications. Thus,
for optimal thermal system design, a balanced tuning of
contraction and radiative parameters is essential.
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V. CONCLUSION

The numerical investigation of our proposed model
demonstrates the potential impact of fin contraction em-
bedded in a ternary hybrid nanofluid on the heat transfer.
The following conclusions were drawn on a moving fin
subjected to contraction, with the variations in the similarity
parameters.

o The heat absorption increases with the fin contraction
and rise in the values of wet porous, convective, and
radiative parameters.

o The heat absorption increases with the fin contraction
and decrease in the values of Peclet number, exponential
index, and ambient temperature.

o The thermal gradient increases with the fin contraction
and rise in the values of wet porous, convective, and
radiative parameters.

o The thermal gradient increases with the fin contraction
and decrease in the Peclet number, exponential index,
and ambient temperature.

The fin temperature increases with the transition in the fin
structure from contraction to expansion, while the thermal
gradient decreases. The variation can be effectively utilized
for faster heat transmission during accumulation of thermal
energy on the surface. Hence, the distribution of tempera-
ture over the fin can be maintained by optimizing the S
parameter.
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