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A B S T R A C T

The current study addresses the assessment of heat and mass transfer of NEPCM/Al2O3- Kerosene 
hybrid nanofluid inside a double pipes space as a part of a heat exchanger. The mentioned 
synthesis can reflect Newtonian or non-Newtonian properties following the well-known Carreau 
model. After finding the governing equations including fluid flow continuity, momentum com
ponents, and thermal in the fluid and the solid parts, they have been turned into their non- 
dimensional form. Next, the equations were formulated based on Galerkin finite element 
method. The results have been configured in the forms of curves, contours, and streamlines. The 
Nusselt number has a determinative role in the current study as well. The findings express that the 
non-Newtonian hybrid nanoliquid by shear thinning property takes the lead in Nusselt number, 
about 42 % against the Newtonian synthesis. Instead, a deterioration in the heat transfer rate by 9 
% against the Newtonian fluid is obtained via shear thickening hybrid nanoliquid. Increasing the 
nanoparticles volume fraction (NEPCM and Al2O3), has the greatest effect on the shear-thickening 
hybrid nanoliquid, enhancing it by 13.5 %. In contrast, the shear-thinning hybrid nanoliquid 
shows only a 7.5 % improvement, demonstrating the lowest sensitivity to the added nanoparticles 
when compared to the Newtonian and shear-thickening fluids.
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Nomenclature
Latin letters
Cp Constant pressure specific heat (J/kg K)
Cr Ratio of heat capacity
d Inner pipe diameter (m)
D Outer pipe diameter (m)
f Scaled fusion function defined by Eq. (21)
g Gravity (m/s2)
h Thermal convective coefficient (W/m2 K)
k Thermal conductivity coefficient (W/m K)
Nu Nusselt number
p Pressure (Pa)
P Scaled pressure
Pr Prandtl number
Ra Rayleigh number
S Interface surface (m)
Ste Stefan number
t Thickness of inner pipe (m)
T Temperature (K)
u Velocity in x- direction (m/s)
U Scaled velocity in X-direction
v y- velocity (m/s)
V Scaled velocity in Y-direction
x Horizontal Cartesian coordinate (m)
X Scaled horizontal Cartesian coordinate
y Vertical Cartesian coordinate (m)
Y Scaled vertical Cartesian coordinate (m)
Greek symbols
α Thermal diffusivity (m2/s)
β Thermal expansion coefficient (1/K)
δ Dimensionless parameter of fusion range
μ Dynamic viscosity (Pa.s)
θ Dimensionless temperature
λ The heat capacity ratio of the NEPCM nanoparticles to the host fluid
ρ Density (kg/m3)
φ Nanoparticles concentration (simple and NECPM particles)
ψ Stream function
Subscript
b Suspension Bulk properties
C Cold wall
f Fusion property
H Hot wall
hnl Hybrid nanoliquid
Host Base fluid
L Local
mean mean value of Nusselt number
NEPCM Nano- Encapsulated phase change materials particles.
SNP Simple nanoparticles

1. Introduction

Non-Newtonian fluids, characterized by their viscosity dependency on shear rate, exhibit distinct behaviors compared to New
tonian fluids in heat transfer processes. These types of fluids may behave as Shear thinning (Pseudoplastic) or shear thickening 
(Dilatant) ones. Hence, based on type of the non-Newtonian fluids, their applications can be categorized. Generally, in the present 
field, the mentioned fluids can be utilized in the different types of heat exchangers [1,2], reactors [3], natural polymer [4], and 
damping applications [5]. A comprehensive review of recent literature highlights significant findings regarding the impact of 
non-Newtonian suspensions on heat and mass transfer.

In a numerical investigation, Pishkar et al. [6] probed the non-Newtonian fluid behavior impression on free convection heat 
transfer in the cavities. According to their findings [6], Pseudoplastic fluids enhance heat transfer rate due to reduced dynamic vis
cosity through an augmented shear rate, whereas dilatant fluids exhibit lower heat transfer rates since the dynamic viscosity is 
augmented. In their numerical investigation, Yazdani et al. [7] assessed the impact of entropy generation and free convection inside a 
porous trapezoidal cavity saturated by a power-law non-Newtonian fluid. The research applied a continuum approach to simulate fluid 
movement in the porous environment, adjusting Darcy’s formula to reflect the unique rheological properties of the non-Newtonian 
fluid. The results [7] indicated that the power-law index significantly influences both the heat transfer rate and entropy genera
tion, especially under prevailing convection conditions in the enclosure. The influence was notably stronger when the fluids showed 
the shear thinning behavior. Jahanbakhshi et al. [8] evaluated the magnetic field impression on non-Newtonian fluid flow, revealing 
contrasting heat transfer behaviors for shear-thinning and shear-thickening fluids compared to Newtonian ones. Moreover, Roy et al. 
[9] analyzed forced, free, and mixed convection scenarios in a quadrilateral enclosure, demonstrating that higher power-law indices 
correspond to greater heat transfer rate. They [9] identified the optimal heat transfer medium for different convection modes, 
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contributing to cost-effective design strategies. Loenko and Sheremet [10] addressed pseudoplastic non-Newtonian effects in a cavity 
with heat generation using a finite different approach. A numerical investigation on a dilatant non- Newtonian liquid in the laminar 
natural convection regime between two concentric cylinders has been conducted by Benhizia and Bouzit [11]. They emphasized that 
dilatant fluids exhibit solid-like behavior rather than typical fluid behavior, influencing heat transfer mechanisms. Specifically, the 
Rayleigh number was found to enhance convective flow, resulting in an increased Nusselt number. Other aspects of heat transfer in 
cavities such as double-diffusive convection [12], Darcy terms [13], magnetohydrodynamics [14], wall boundaries [14], and mixed 
convection effects [15] have been investigated in recent studies.

Sometimes, the thermal performance of the Newtonian/non-Newtonian fluid which is used as a working one, cannot have a 
suitable performance. As a common rule in the field, well-known nanoparticles of different types, shapes, and sizes are added to a pure 
non-Newtonian fluid to make an effective change in the equipment’s thermal performance. Majeed et al. [16] considered a wavy 
enclosure and assessed nanoliquids’ heat transfer rate in the presence of a uniform magnetic field. As a non-dimensional result, 
increasing Hartmann’s number reduces both heat transfer rate and nanoliquid velocity. Tasmin et al. [17], explored heat transfer and 
thermodynamic second law-based entropy generation in non-Newtonian nanoliquid flowing within wavy porous cavities. They [17] 
highlighted the significance of power-law effects on Nusselt number increment, particularly in high Darcy–Rayleigh number regimes. 
The wavy cavity geometry profoundly influences flow patterns and entropy generation rates, showcasing the complexity of 
non-Newtonian fluid behaviors in intricate geometries. As an experimental work, Hojjat et al. [18], focused on the non-Newtonian 
nanoliquids inside circular tubes. Forced convection mode was dominant in the mentioned tubes. They [18] observed that the 
addition of nanoparticles, such as Al2O3, CuO, and TiO2, into carboxymethyl cellulose (CMC) base fluids, causes heat transfer co
efficients to get better. The heat transfer rate enhancement was found to get better via nanoparticle concentration. The non-Newtonian 
nanoliquids, as heat transfer ones, within a helical baffle heat exchanger were explored by Tan et al. [19]. According to their ex
periments [19], Xanthan Gum (XG) solutions included a specific volume fraction of multi-walled carbon nanotubes (MWCNTs). The 
results showed significant improvements in convective heat transfer coefficients against the pure fluid. In addition, the increment is 
augmented with both of Peclet number and nanoparticles volume fraction.

Abderrahmane et al. [20] studied convective non-Newtonian nanoliquids within a slanted half-annulus enclosure. Their research 
[20] illustrated that integrating Al2O3 nanoparticles into a water-based fluid, which displays shear-thinning properties, led to a 
reduced heat transfer rate due to the presence of a consistent magnetic field traversing the enclosure. Additionally, an increase in the 
power-law index corresponded to a reduction in the Nusselt number. In related work, Naik and Vinod [21] explored shell and helical 
coil heat exchangers using non-Newtonian nano-fluids experimentally. They observed [21] that both the nanoparticles concentration 
and the temperature of the fluid on the shell side enhanced the heat transfer coefficients. A further study by Naik and Vinod [22] 
assessed the impression of various species of nanoparticles on the thermal performance of non-Newtonian carboxymethyl cellulose 
(CMC) fluids in shell and helical coil heat exchangers. In this experiment [22], they dispersed nanoparticles such as Al2O3, Fe2O3, and 
CuO in an aqueous CMC solution. Their findings highlighted that CuO nanoparticles achieved the highest increase in temperature, 
attributed to their superior thermal conductivity.

Anitha and Pichumani [23] conducted a numerical evaluation of thermal efficacy in industrial double-pipe heat exchangers 
employing nano-fluids composed of CNTs in both Newtonian and non-Newtonian forms. Their observations [23] indicated marked 
enhancements in thermal performance when a mixture of Newtonian and non-Newtonian nano-fluids was utilized. Moreover, overall 
heat transfer coefficients had an increment of 25 %. Vallabh and Ghoshdastidar [24] analyzed the heat transfer characteristics within a 
quadrilateral cavity using both mixed Newtonian/non-Newtonian nano-fluids and solely non-Newtonian nano-fluids. Their findings 
[24] indicated that incorporating a higher proportion of Alumina nanoparticles enhanced Nusselt number in mixed nano-fluids until 
reaching a threshold nanoparticle volume fraction, after which the heat transfer rate declined.

In a separate study, Maleki et al. [25] evaluated the heat and mass transfer properties of non-Newtonian nanoliquids across porous 
media. They discovered that the type of nanoparticles and the application of either injection or suction had a substantial impact on the 
heat transfer efficiency. Notably, non-Newtonian nanoliquids demonstrated enhanced heat transfer compared to Newtonian 
nano-fluids under conditions involving suction and an impermeable surface, although the nanoparticle type had a greater impact 
within suction scenarios.

Meanwhile, Shahsavar et al. [26] explored enhancements in a double-pipe heat exchanger (DPHE) by integrating twisted tubes 
with non-Newtonian nanoliquids. Their simulations of laminar flow with non-Newtonian CuO nanoliquids in the DPHE showed that 
the combined use of twisted tubes and nanoliquids significantly improved both heat transfer and overall thermal efficiency.

When focusing on enhancing the heat transfer rate associated with the absorption, storage, and release of thermal energy, the 
integration of nano-encapsulated phase change materials (NEPCMs) into a host fluid, whether Newtonian or non-Newtonian, proves 
beneficial. NEPCMs, comprising a core and a shell structure, inherently possess a high specific heat capacity. The phase change occurs 
within the core, while the solid shell acts to contain the core effectively, similar to a container. Phase change process of hybrid nano- 
PCM, molten salt- Molybdenum disulfide- Iron oxide, inside a thermal energy storage (TES), has been simulated by Waqas et al. [27]. 
They [27] utilized various numbers and arrangements of leaf-shaped fins which are placed in the referred TES. The evaluations have 
been provided against the pure molten salt. The results revealed that a greater percentage of both nanoparticles can increase the heat 
transfer rate; consequently, reducing the time of melting process. Moreover, the fins with leaf-vein shape augment liquid fraction in the 
storage tank, dramatically. Using ordinary differential equations, the melting process of Water- Copper/Alumina hybrid nanofluid over 
a stretching disk has been demonstrated [28]. The authors [28] considered Bodewadt boundary layer flow and magnetohydrodynamic 
(MHD) impression over the mentioned disk. Better temperature distribution and heat transfer rate through increasing melting tem
perature and nanoparticle volume fraction could be the most prominent results obtained in the reviewed study, respectively. In 
another study, Waqas et al. [29] demonstrated some curve-shaped fins in a TES system and investigated the melting process of the 
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nano-PCMs, molten salt- Alumina, and molten salt MWCNTs. Indeed, the enhancement of TES efficiency via both fins and nano-PCM 
was the purpose of the authors. The results showed that the introduced approaches can create significant effects on the melting time. As 
a numerical study, Ali et al. [30] simulated the convection of non-Newtonian fluids containing NEPCM suspensions within a quad
rilateral enclosure, employing the power-law method to assess the behavior of the synthesized mixture. Their analysis revealed that the 
NEPCM fusion temperature significantly affects the heat transfer rate. Furthermore, they noted a linear enhancement in heat transfer 
rate correlated with specified power-law index values, particularly under conditions where the non-Newtonian nanoliquid exhibited 
shear-thinning behavior.

Dogonchi et al. [31] undertook a study on the thermal performance and entropy production, following the second law of ther
modynamics, in a non-Newtonian NEPCM fluid inside an inclined enclosure featuring an internal heater. Using numerical techniques, 
they explored the impacts of different parameters including the enclosure’s tilt angle, the power-law index, the Rayleigh number, and 
the nanoparticles concentration. Their results [31] indicated that dilatant fluids, with a power-law index greater than 1, might be less 
suitable for heat transfer applications as increases in the power-law index led to decreased Nusselt number. Nonetheless, they observed 
[31] that adjusting the tilt angle of the cavity proved to be an effective strategy for optimizing heat transfer and controlling entropy 
production.

Recent advancements in materials science and engineering have significantly propelled the development of nanoliquids, with the 
field now moving toward more innovative configurations. Specifically, the incorporation of two or more distinct types of nanoparticles 
into a base fluid creates a hybrid nanoliquid, which exhibits superior thermal performance compared to conventional fluids. This 
combination of nanoparticles, each contributing unique properties such as enhanced thermal conductivity, results in a fluid with 
improved heat transfer capabilities. The resulting mixture is known as a hybrid nanoliquid, and its unique characteristics have opened 
up new possibilities for a wide range of industrial and engineering applications. Hussain et al. [32] investigated the conjugate free 
convection of non-Newtonian hybrid nanoliquid within a sinusoidal-shaped cavity through numerical simulations. Their findings 
demonstrated that pseudo-plastic hybrid nanoliquids with strong Rayleigh numbers and favorable thermal conductivity ratios ach
ieved the highest heat transfer rates, particularly when the power-law index played a critical role at elevated Rayleigh numbers. In a 
numerical study, Ahmad et al. [33] evaluated the conjugate free convection heat transfer of a double-diffusive non-Newtonian liquid in 
an enclosure. The liquid was affected by an inclined uniform magnetic field. They [33] probed the effect of non-dimensional numbers 
and parameters on the entropy generation. It was found that the entropy arising from the magnetic field has a trivial impression in the 
solid parts, while the other terms of the entropy generation have the maximum portion in the same parts. Batool and Nawaz [34] 
conducted a study on thermal performance using non-Newtonian fluids containing hybrid microstructures in a cavity. They introduced 
CuO and Al2O3 nanoparticles into fluids characterized by micro-inertia and vortex viscosity effects, noting a marked increase in 
thermal performance due to the hybrid microstructure components.

Further, Bahiraei et al. [35] examined the heat and mass transfer properties of a non-Newtonian hybrid nanoliquid in a double-pipe 
minichannel heat exchanger. Their hybrid nanoliquid, composed of TMAH-coated Fe3O4 nanoparticles and GA-coated CNTs, signif
icantly outperformed H2O in terms of heat transfer rates. Nadooshan et al. [36] assessed the rheological treatment of 
Fe3O4-MWCNTs/ethylene glycol hybrid nanoliquid, observing that it displayed Newtonian and non-Newtonian behavior at lower and 
higher nanoparticle volume fractions, respectively, affecting the heat transfer efficiency. Lastly, Shahsavar and Bahiraei [37] explored 
the thermal conductivity and dynamic viscosity of a non-Newtonian hybrid nanoliquid that includes Fe3O4 nanoparticles and CNTs. 
They [27] extended and validated Artificial Neural Network (ANN) schemes to forecast these properties, which showed a strong 
correlation with experimental outcomes.

Fig. 1. A scheme of the physical model proposed in the current study. The enclosure is filled by NEPCM- Al2O3/Kerosene hybrid nanoliquid.
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Bahiraei et al. [38] investigated irreversibility using a non-Newtonian hybrid nanoliquid in a double-tube minichannel. Their 
results indicated that at lower nanoparticle volume fractions, the heat transfer component outweighed entropy production, whereas at 
higher concentrations, friction became the dominant contributor to entropy production. Alnaqi et al. [39] studied the effects of 
irreversibility in non-Newtonian MWCNTs-SiO2/EG-H2O hybrid nanoliquids inside a zigzag microchannel heat sink. They noted that 
both increased nanoparticle concentration and greater zigzag heights enhanced heat transfer but also led to increased entropy gen
eration. In a similar vein, Dawar et al. [40] explored the thermal behavior of a non-Newtonian tangent hyperbolic hybrid nanoliquid as 
it flowed over a non-isothermal flat plate. Their findings revealed that higher concentrations of ferrous and graphene oxide nano
particles negatively affected the velocity fields but improved the thermal fields, a result attributed to variations in dynamic viscosity 
and relaxation times.

The current study focuses on the conjugate free convection heat transfer of NEPCM/Al2O3- Kerosene as a Newtonian and non- 
Newtonian hybrid nanoliquid inside a double pipe space. According to the reviewed papers, none of them has covered all the suggested 
options which are provided by the present study.

2. Model description and governing equations

2.1. Model description

A double pipe space as a part of a shell and tube heat exchanger is depicted in Fig. 1. The inner pipe with the specified thickness gets 
hot through a fluid that flows within the pipe, while, the outer pipe is here for cooling down the inner one. The space between the pipes 
is saturated by NEPCM- Al2O3/Kerosene hybrid nanoliquid. It can reflect non-Newtonian behavior based on the Carreau model. The 
Carreau model is chosen here because it offers a greater degree of flexibility and a more realistic representation of fluid behavior 
compared to the Power-Law model. Specifically, the Carreau model captures shear-thinning and shear-thickening behaviors more 
accurately, which is critical when studying the complex rheological properties of NEPC nanoliquids. Furthermore, the Carreau model 
allows for a smoother transition between the Newtonian and non-Newtonian regimes, which is important for accurately reflecting the 
varying flow conditions under different shear rates. This makes it a more suitable choice for modeling the flow of hybrid nanoliquids in 
the current study.

The dispersed NEPCM particles absorb heat close to the hot inner pipe, store it in the middle areas, and release the gained energy 
near the cold outer pipe. On the other hand, Al2O3 nanoparticles have been suspended in Kerosene host fluid to utilize their potential 
properties in the heat transfer process. According to the descriptions, conjugate free convection is dominant in the area placed between 
the double pipes space. So, the buoyancy forces will have a key role regarding the fluid flow circulation. To do it, valid Boussinesq’s 
approximation is current in the mentioned area; where, obtaining the symmetric patterns for the heat and fluid flow can be expected on 
the vertical axis. It is worth noting that any slip velocity condition between the pipe surface and non-Newtonian hybrid nanoliquid 
would be ignored.

As noted, nano-encapsulated phase change materials (NEPCM), and Alumina nanoparticles with a determined volume fraction 
have been dispersed inside Kerosene host fluid. Their thermophysical properties have been determined in Table 1. Based on the 
collected data in this table, the specific heat capacity value of the NEPCM is high. On the other hand, Alumina nanoparticles have a 
superior thermal conductivity against Kerosene host fluid and the NEPCMs. Thus, a fully augmented synthesis than each one of regular 
nanoliquids, Kerosene- NEPCM and or Kerosene- Al2O3, can be expected.

2.2. Governing equations

As referred to in the model description subsection, the obtained suspension shows a non-Newtonian behavior following the Carreau 
model. In the such models, dynamic viscosity would be a non-linear function of the shear rate. To this purpose, the dynamic viscosity of 
the non-Newtonian hybrid nanoliquid (μhnl(γ*)) can be assigned as follows [46,47]: 

μhnl(γ*) − μ∞

μhnl − μ∞
=
(
1 + (λ*γ*)

2)
n− 1

2 (1) 

in addition, it is supposed that μ∞ ≪ μhnl, hence, Equation (1) is diminished to: 

μhnl(γ
*)= μhnl

(
1 + (λ*γ*)

2)
n− 1

2 , (2) 

Table 1 
The thermophysical characteristics of NEPCM (core and shell), Kerosene host fluid, and Al2O3 nanoparticles, as cited from Refs. [41–45].

Material ρ (kg/m3) k (W/m.K) β (K− 1) Cp (J/kg.K)

Nonadecane (NEPCMs core) 721 – – 2037
Polyurethane (NEPCMs Shell) 786 0.05 17.28 × 10− 5 1317.7
Host fluid (Kerosene) 790 0.101 10 × 10− 4 2010
Al2O3 3950 40 17.4 × 10− 6 773
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in the above equation, the dimensional shear rate can be written as below: 

γ* =max
( ̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

[Dʹ] : [Dʹ]
√

, γ*
min

)
,Dʹ=

1
2
(
u*2 + v*2) (3) 

Dʹ, shows shear rate tensor as a function of squared velocity components.
also, μhnl, λ*, and μ∞, are defined as the initial value of non-Newtonian hybrid nanoliquid dynamic viscosity, time-dependent term 

in the Carreau model, and dynamic viscosity of the ambient, respectively. Carreau index for non- Newtonian hybrid nanoliquid, is 
shown via n symbol. On the one hand, when n < 1, the non-Newtonian suspension behaves as a pseudoplastic fluid, a shear-thinning 
one. On the other hand, n > 1 means that the non-Newtonian suspension transforms into a Dilatant fluid, well-known as a shear 
thickening one. Inevitably, n = 1, adds up to the familiar Newtonian suspension.

Taking into account equation (2), the governing equations containing fluid flow continuity, momentum components, and, the 
energy of the non-Newtonian hybrid nanoliquid as well as energy in the solid wall (inner pipe with determined thickness), have been 
shown in equations (4)–(8) [48–50]:

continuity 

∂u*

∂x* +
∂v*

∂y* = 0 (4) 

2.2.1. Momentum components

ρhnl

(

u*∂u*

∂x* + v*∂u*

∂y*

)

= −
∂p*

∂x* + μhnl

(
∂2u*

∂x*2 +
∂2u*

∂y*2

)
(
1 + (λ*γ*)

2)
n− 1

2 (5) 

ρhnl

(

u*∂v*

∂x* + v*∂v*

∂y*

)

= −
∂p*

∂y* + μhnl

(
∂2v*

∂x*2 +
∂2v*

∂y*2

)
(
1 + (λ*γ*)

2)
n− 1

2

+gρhnlβhnl(T − Tc)
(6) 

energy (thermal) equation in non- Newtonian hybrid nanoliquid 

(
ρCp

)

hnl

(

u* ∂T
∂x* + v* ∂T

∂y*

)

= khnl

(
∂2T
∂x*2 +

∂2T
∂y*2

)

(7) 

As mentioned, the inner pipe has a specified thickness; So, thermal equation in the body of inner pipe can be written as 

ks

(
∂2T
∂x*2 +

∂2T
∂y*2

)

= 0 (8) 

In the above equations, ρhnl and Cp,hnl define the density and specific heat capacity of the non-Newtonian hybrid nanoliquid, 
respectively. βhnl is thermal expansion coefficient and khnl, symbolizes the thermal conductivity of the mentioned suspension.

The set of Equation (9) builds up the boundary conditions regarding the suggested physical model in Fig. 1:
Τ = Τh, u* = v* = 0 On the inner diameter of the inner pipe (9-a)

ks
∂T
∂n

⃒
⃒
⃒
⃒
s
= kb

∂T
∂n

⃒
⃒
⃒
⃒
b
, u* = v* = 0 On the outer diameter of the inner pipe (9-b)

Τ = Τc, u* = v* = 0 On the outer pipe (9-c)

2.3. Physical properties

By introducing equation (10), and (11), the density, ρhnl, and the heat capacity, (ρCp)hnl for the introduced suspension are [51]: 

ρhnl =φNEPCMρNEPCM +φSNPρSNP + (1 − φhnl)ρhost (10) 

(
ρCp

)

hnl =φNEPCM
(
ρCp

)

NEPCM +φSNP
(
ρCp

)

SNP + (1 − φhnl)
(
ρCp

)

host (11) 

Equation (12) has been assigned to the thermal expansion coefficient of the non-Newtonian hybrid nanoliquid, βhnl: 

βhnl =φNEPCMβNEPCM +φSNPβSNP + (1 − φhnl)βhost (12) 

and, βhnl
βhost 

ratio can be specified as: 

βhnl

βhost
=φNEPCM

βNEPCM

βhost
+φSNP

βSNP

βhost
+ (1 − φhnl) (13) 

thermal expansion of the nanoparticles (βSNP and βNEPCM) has a very small value against that of the host fluid (βhost); thus, βNEPCM
βhost

→ 0, and 
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βSNP
βhost

→0 in equation (13). Consequently, Equation (13) is declined to the below form: 

βhnl

βhost
=(1 − φhnl) (14) 

Moreover, an expression of non-Newtonian dynamic viscosity ratio (μr), can be expressed as below: 

μr =
μhnl(γ*)

μhost
=

μhnl

μhost

(
1 + (λγ)2)

n− 1
2 , (15) 

in equation (15), λ, and γ show the dimensionless scheme of the shear rate and time-dependent parameter. Importantly, there is a 

reverse dimensional relation between the shear rate 
[

1
s

]

, and time-dependent parameter [s], causing both of them to be dimensionless, 

automatically.
The dynamic viscosity of the hybrid nanoliquid as a part of the non-Newtonian dynamic viscosity ratio (μr), is established for 

upgraded Brinkmann equation [52]: 

μhnl

μhost
=

1
(1 − φSNP − φNEPCM)

2.5 (16) 

Regarding the hybrid nanoliquid thermal conductivity, the following relation, raised of Maxwell equation is provided [52]: 

khnl

khost
=

(φSNPkSNP+φNEPCMkNEPCM)

φhnl
+ 2kbf + 2(φSNPkSNP + φNEPCMkNEPCM) − 2φhnlkbf

(φSNPkSNP+φNEPCMkNEPCM)

φhnl
+ 2kbf − 2(φSNPkSNP + φNEPCMkNEPCM) − 2φhnlkbf

(17) 

where, φhnl = φSNP + φNEPCM. subscripts "SNP", and "NEPCM" belong to simple nanoparticles (Al2O3) which do have not any phase 
change process, and nano-encapsulated phase change materials (polyurethane shell and nonadecane core), respectively.

2.4. Scaled equations

To create the standard results, the governing equations and the corresponding boundary conditions are transformed into their 
dimensionless form. Hence, Equation (18) have been taken part in the governing equations (4)–(8): 

(x, y)=
(x*, y*)

D
,u=

u*D
αhost

, v=
v*D
αhost

, p=
p*D2

ρhostα2
host

, θ=
T − Tc

Th − Tc
, θm =

Tm − Tc

(Th − Tc)
(18) 

applying the above equations, governing equations (4)–(8) are presented in the dimensionless form: 

∂u
∂x

+
∂v
∂y

= 0 (19) 

ρhnl

ρhost

(

u
∂u
∂x

+ v
∂u
∂y

)

= −
∂p
∂x

+ μr Pr
(

∂2u
∂x2 +

∂2u
∂y2

)

(20) 

ρhnl

ρhost

(

u
∂v
∂x

+ v
∂v
∂y

)

= −
∂p
∂y

+ μr Pr
(

∂2v
∂x2 +

∂2v
∂y2

)

+
(ρβ)hnf

(ρβ)host
Ra Pr θ (21) 

(
ρCp

)

hnl(
ρCp

)

host

(

u
∂θ
∂x

+ v
∂θ
∂y

)

=
khnl

khost

(
∂2θ
∂x2 +

∂2θ
∂y2

)

(22) 

Rk

(
∂2θ
∂x2 +

∂2θ
∂y2

)

=0,Rk =
ks

khost
(23) 

Ra, and Pr symbols which are appeared in Equation (20), and (21), define Rayleigh and Prandtl numbers, respectively. Equation 
(24) shows the mathematical description of each one: 

Ra=
gρhostβhostΔTL3

αhostμhost
, Pr =

μhost

ρhostαhost
(24) 

in equation (22), 

Cr=
(
ρCp

)

hnl(
ρCp

)

host

=(1 − φhnl)+φSNPϒSNP +φNEPCMϒNEPCM +
φNEPCM

δ Ste
f (25) 

Cr shows the heat capacity of NEPCM/Al2O3-Kerosene non-Newtonian Hybrid nanoliquid against the sensible heat capacity of the 
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Kerosene host fluid. In addition, there have been some variables in Equation (25) that are described in Equation (26), mathematically. 
ϒ shows both of heat capacity ratio for simple nanoparticles (SNP) and nano-encapsulated phase change materials (NEPCM). δ symbol 
provides the dimensionless phase transition range and finally, Ste represents Stefan number. 

ϒSNP =

(( ρCp
)

SNP(
ρCp

)

host

)

,ϒNEPCM =

(
Cpcore,l + ιCpshell

)
ρcoreρshell

(ρCp)host(ρsell + ιρcore)
, δ =

TMr

ΔT
,

Ste =
(ρCp)hostΔT(ρsell + ιρcore)

αhost
(
hsf ρcoreρsell

)

(26) 

the dimensionless fusion function depicted in equation (25), f, can be defined as: 

f =
π
2

sin
[(δ

2
+ θ − θm

) π
δ

]
×

⎧
⎨

⎩

0 θ < θm − δ/2
1 θm − δ

/
2 < θ < θf + δ

/
2

0 θ > θm + δ/2
(27) 

also, the dimensionless fusion temperature, θf is: 

θf =
Tm − Tc

ΔT
(28) 

Equations (9)–(11), the boundary conditions, are explained in the dimensionless form. The set of Equation (29) reflects them: 

θ=1, u = v = 0 On the inner diameter of the inner pipe (29-a) 

Rk
∂θs

∂n
=

∂θ
∂n

On the outer diameter of the inner pipe (29-b) 

θ=0, u = v = 0 On the outer pipe (29-c) 

furthermore, the streamline function in its dimensionless form (ω) can be obtained as: 

∇2ω=

(
∂U
∂Y

−
∂V
∂X

)

(30) 

where U = ∂ω/∂Y, and V = − ∂ω/∂X. As an important note, ω = 0 was considered on the pipe surface as mentioned in Refs. [53,54].

2.5. Parameters of interest

As the most widely recognized quantitative criterion in heat transfer analysis, the non-dimensional Nusselt number is considered in 
this study. To facilitate a meaningful discussion, the Nusselt number is specifically evaluated at the outer surface of the inner pipe, 
referred to as the interface surface: 

NuLocal = −
khnl

khost

(
∂θ
∂n

)

on interface surface
(31) 

additionally, the mean Nusselt number on the interface surface can be obtained through the integral of equation (35): 

NuMean =

∫

−
khnl

khost

(
∂θ
∂n

)

on interface surface
dn (32) 

3. Numerical approach and grid sensitivity analysis

The governing equations for fluid flow continuity, momentum, and energy (thermal) in both the fluid and solid walls are expressed 
as partial differential equations. These are then transformed into their dimensionless form according to the given boundary conditions 

Table 2 
Impression of mesh size on mean Nusselt number for Ra = 105, Pr = 28.1, Rk = 100, Ste = 0.3, χ0 = 10− 4, φhnf = 0.05 (φNEPCM = 0.025, φSNP = 0.025), 
θf = 0.3, and n = 0.65.

Case No. Mesh quality Mesh quantity (Overall number of Elements) Numean |Err(%)|

1 Normal 2226 7.8125 1.4
2 Fine 3384 7.9232 0.71
3 Finer 9528 7.8675 0.09
4 Extra Fine 24800 7.8749 0.02
5 Extremely fine 35944 7.8765 –

*The chosen gird size has been identified in Bold style.
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and incorporated into the finite element scheme. To accomplish this, the Galerkin finite element method (GFEM) is used. This method 
ensures consistency between the trial and test functions. The trial function approximates the solution, while the test function is used to 
multiply the residuals, resulting in the weak (integral) form of the equations. The reason for choosing GFEM in this study, as opposed to 
other methods, is that it uses an equal number of trial and test functions, providing an advantage over alternative approaches. 

Fig. 2. (a) Horizontal component of velocity and (b) vertical component of velocity, at mid-plane of the double pipes space at Y = 0 for different 
assessed grid sizes.

Fig. 3. Probing the chosen grid size; (a) whole of the physical model, (b) Close to inner pipe, (c) Elements in the body of the inner pipe, and (d) 
Close to the outer pipe.
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Specifically, GFEM simplifies the solution of such problems. The weak form of the partial differential equations is derived by inte
grating the product of the trial function and the residual.

The field variables in the dimensionless form, (θ, u and v) are discretized in accordance to {ξ}N
k=1 series in the range of 0.4 ≤ x ≤ 1, 

and 0.4 ≤ y ≤ 1 [55]. The fully coupled governing equations are solved through the Newton method within an iterative progress. The 
iterations were continued until the related non-linear residual reached an error below 10− 6. Extra information about the employed 
numerical method has been explained in Refs. [55,56], and [57].

A mesh sensitivity analysis is performed using several mesh sizes. Table 2 shows five cases regarding a number of the elements 
applied on the left half of the symmetric geometry, from normal up to extremely fine. Mean Nusselt number (Numean) to the absolute 
sequential error, are two criteria to probe the appropriate grid size. The case in which absolute sequential error is less than 0.05 %, is 
the fourth one, extra fine mesh quality along with 24800 domain and boundary elements. Thus, case 4 can be selected to obtain all the 
results through it. Besides Table 2, We have depicted Fig. 2 to emphasize the chosen grid size, where the evaluation of the velocity 
components crossing the mid-plane of the double pipes space is considered. As seen, there have been some significant fractures in the 
curve with the largest elements (Case 1, Normal mesh quality). Next, the intensity of the fractures is diminished through the cases with 
the smaller elements; so that, cases 4 and 5 are so smooth, without any evident fractures. Hence, case 4 is utilized for obtaining the 
results in the present study. Fig. 3 show different views of the physical model via the chosen grid size (Case 4). A high density of the 
elements close to the inner and outer pipes is adopted. The zoomed views have also been provided to better understand the mentioned 
areas, where heat and fluid flow get more importance.

4. Computational code validation

To ensure that the present numerical code is applicable and there is no leakage in its body, We have provided two comparisons 
between the current code and the provided results in the most related papers in the literature. The first one is the experiment work of 
Guj et al. [58], is considered. They [58] have evaluated pure air fluid flow within a double cylinder space which could be arranged 
eccentrically or concentric than together. Anyway, to make a closer comparison, concentric arrangement is under consideration. About 

Fig. 4. (Left side) The result obtained through current code versus (right side) that of provided by Guj et al. [58] in Ra = 82700.

Fig. 5. The obtained streamlines through the current code (black lines) and the data reported in Ghalambaz et al. [52] (brrown lines). (For 
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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the taken boundary conditions, it should be noted that the inner and outer cylinders were in the hot and cold temperatures, respec
tively. According to Fig. 4, the isotherm contours between the present code (left side), and Guj et al. [58] work (right side), have been 
compared. To do it, the equivalent Rayleigh number is accounted to be Ra = 82700. As seen, the patterns for the isotherm contours 
provided via the current code are completely in agreement with those obtained in Guj et al. [58] work.

The second comparison is related to one of our previous studies, Ghalambaz et al. [52], in which free convection heat transfer of 
MgO-MWCNTs/Ethylene Glycol as a Newtonian hybrid nanoliquid inside a star-shaped geometry has been simulated. In addition, the 
mentioned study [52] have covered the impressions of radiation mode and MHD on the heat and fluid flow. Importantly, the suggested 
boundary conditions are the same in both studies. Fig. 5 provide a comparison for streamlines in Ra = 105, and Pr = 155.3 in the 
absence of radiation and MHD effects. The obtained patterns in each figure are fully symmetric against the vertical axis. Besides, in the 
present study, versus the previous one [52], we have considered a uniform density for the depicted streamlines throughout the 
mentioned space. All in all, the compared streamlines in two studies, present and previous, show common patterns in the star shape 
geometry.

5. Results and discussion

Hereon, impressions of the introduced dimensionless numbers and parameters on the heat and fluid flow of NEPCM/Al2O3- 
Kerosene non-Newtonian hybrid nanoliquid placed inside the double pipes space are probed. Curves, contours as well as streamlines 
are the ways to reveal the obtained results.

At first, the predefined values and the taken range of the numbers and parameters have been determined in Table 3. It should be 
noted that all parameter values are assumed identical to those used in the mesh study. Any parameter value differing from the mesh 
study will be explicitly indicated.

Fig. 6 depicts the influence of the Carreau index (n) on the local Nusselt number. As seen, the obtained patterns for the three curves 
are generally the same, high and low values of the local Nusselt number on the below and top of the interface surface, respectively. The 
cold hybrid nanoliquid, firstly, meets the below areas of the hot inner pipe. It causes high gradients in the mentioned areas. As long as 
the fluid flows close to the interface surface, it absorbs the heat from the inner pipe, and the thermal equilibrium occurs, gradually. 
Nevertheless, thermal gradient intensity is diminished so that the minimum values are observed on the top of the inner pipe, where the 
most thermal equilibrium is established.

Table 3 
The predefined value and the range of dimensionless numbers and parameters specified in the results and discussion atmosphere.

Row Parameters Default values Taken Range

Lower Bound Upper Bound

1 n (Carreau index) 0.65 0.65 1.35
2 Ra (Rayleigh number) 105 104 106

3 RK (Thermal conductivity Ratio) 100 1 100
4 φNEPCM (Nano- encapsulated phase change materials volume fraction) 0.025 5 × 10− 3 0.025
5 φSNP (Simple nanoparticles, Al2O3) 0.025 5 × 10− 3 0.025
6 θf (Fusion temperature) 0.3 0.1 0.7

Fig. 6. Local Nusselt number (Nulocal) dependent on the different values of Carreau index (n).
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Changing the Carreau index (n) has an evident impression on the local Nusselt number. The curve regarding n = 0.65 has taken the 
lead, while, that n = 1.35 has the lowest value of Nusselt number. Unlike the Newtonian fluids, the non-Newtonian ones can behave as 
a shear thinning and/or a shear thickening fluid under the encountered stress. Based on the well-known principles of the Carreau 
model, when n < 1, the fluid finds the shear-thinning property. Although, n > 1 leads to the shear thickening non-Newtonian fluid. The 
shear-thinning fluid (here n = 0.65), becomes less viscous and flows lighter than a Newtonian fluid. So, the improvement percentage of 
the mean Nusselt number for the shear-thinning hybrid nanoliquid against the regular Newtonian fluid is about 42 %. In contrast, the 
shear thickening one (here n = 1.35) gets more viscous and flows heavier than a Newtonian fluid. Hence, not only the mean Nusselt 
number is not improved, but also, there has also been a deterioration in the heat transfer rate, by 9 %. Thus, the thermal equilibrium via 
a lighter fluid is lower than that of a heavier one. The shear thinning and the shear thickening non-Newtonian fluids would be faster 
and slower than the Newtonian fluid, respectively. Hence, the first spends less time in the vicinity of the inner pipe, while the second 
would remain beside the interface surface for more time. In other words, the convection mode through the shear thinning and the shear 
thickening fluids is augmented and deteriorated, respectively.

The effect of the Carreau index (n) on Cr-isotherm contours as well as streamlines-shear rate are depicted in the first and second 
rows of Fig. 7. Here, symmetric geometry along with the boundary conditions are utilized and half of the geometry shows one of the 

Fig. 7. Impression of Carreau index on the (first row) Cr parameter on the left half and isotherm contours on the right half, (second row) streamlines 
on the left half, and shear rate on the right half.
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mentioned results.
According to the first row, Cr contour is considered on the left-half. The right half shows the isotherm contours as well. The blue 

continuous ribbons that appeared in Cr contours, show a phase change process in the NEPCMs, where they are fully melted, and the 
heat absorption has been prevented. As a comprehensive rule, the obtained patterns for the ribbons obey the shape of the thermal 
gradients. When a shear thinning property is dominant, the thermal gradients would be flared up and tended to the above areas of the 
double pipes space. A fluid with a shear thickening property leads to the subsidence of the thermal gradients. Hence, the blue ribbon for 
n = 0.65 meets the upper areas of the double pipes space and misses its uniform thickness, where the melted NEPCMs become dense in 
the middle area of the double pipes space by the shape of the thermal gradient layer. On the other hand, the ribbon related to n = 1.35 
has remained in the intermediate areas with a uniform thickness, in which the density of the melted NEPCMs is the same throughout 
the ribbon.

The left and right sides of the second row in Fig. 7 display the streamlines and shear rates for three different values of the Carreau 
index (n), respectively. These streamlines allow for a comparison between the shear-thinning and shear-thickening hybrid nanoliquids. 
A shear-thinning fluid, with n = 0.65, results in a lighter liquid, whereas a heavier liquid is observed in the shear-thickening fluid with 
n = 1.35. Thus, the lighter shear thinning fluid shows more pronounced streamlines and higher velocity compared to the heavier shear 
thickening fluid.

The shear rate occurred through each one of the Carreau index (n) values has a maximum amount close to the inner and outer pipe 
surface. The shear rate effect on the fluid with shear thinning property (n = 0.65) is significant. However, the shear thickening fluid (n 
= 1.35) does not have any evident reaction to the applied shear rate. Unlike the shear thickening hybrid nanoliquid (n = 1.35), which is 
resistant to the encountered shear stress because of its high viscosity and low velocity, the non-Newtonian hybrid nanoliquid with low 
viscosity (n = 0.65) and high velocity has an extreme shear rate on the preferred surfaces. Hence, it can be emphasized that the in
tensity of the shear rate is a function of the fluid velocity in agreement with the related mathematical equations. In conclusion, since 
the shear-thinning fluids can easily be moved, using them in the free convection heat transfer applications is suggested. Instead, the 
shear-thickening fluids have damping stress properties and can be utilized in other related applications.

The contour of the mean Nusselt number as a function of the volume fraction of simple nanoparticles (vertical axis) and NEPCM 
(horizontal) has been evaluated in Fig. 8. The results are provided for the three mentioned values of the Carreau index (n), separately. 
The main purpose is that the various values of mean Nusselt number for NEPCM-Al2O3-Kerosene as Newtonian and non-Newtonian 
hybrid nanoliquid to be accessed without any limitation about simulation and so on. As seen, the range of mean Nusselt number 
via shear thinning hybrid nanoliquid is more than Newtonian, and Newtonian is more than shear thickening hybrid nanoliquid. With a 
focus on each contour set, it can be found that the highest value of the mean Nusselt number has been provided through a 0.025 % 
volume fraction of each one of simple nanoparticles, and NEPCMs. In contrast, the lowest value of the mean Nusselt number is provided 
when the minimum portion of two types of nanoparticles have been dispersed in the host fluid. The distribution of the nanoparticles in 
the host fluid increases the thermal conductivity of the obtained synthesis. Hence, more presence of the nanoparticles augments the 
mean Nusselt number. Interestingly, the improvement percentage in each type of fluid, shear thinning, Newtonian, and shear thick
ening is calculated as 7.5 %, 10 %, and over 13.5 %, respectively. Indeed, increasing the thermal conductivity via more presence of the 
nanoparticles is firstly effective on the shear thickening hybrid nanoliquid, secondly, Newtonian hybrid nanoliquid, and finally, shear 

Fig. 8. Contours of mean Nusselt number (Numean), dependent on the NEPCM concentration (φNEPCM) and simple nanoparticles concentration 
(φSNP), for (a) n = 0.65, (b) n = 1 (Newtonian), and (c) n = 1.35.

Fig. 9. Impression of Rayleigh number (Ra), and thermal conductivity ratio (Rk) on mean Nusselt number (Numean).
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thinning hybrid nanoliquid. When the nanoparticles are appended to the host fluid, both viscosity and thermal conductivity are 
increased. The shear-thickening hybrid nanoliquid has already high viscosity. Thus, adding the nanoparticles cannot bring significant 
impression on the overall viscosity of the fluid. So, increasing the thermal conductivity can be quite beneficial in such fluids. In 
contrast, shear thinning fluid with its low viscosity reacts to increasing both viscosity and thermal conductivity. Since a significant 
increment of the viscosity is a negative factor in the nanoliquid field, the improvement percentage of the mean Nusselt number in the 
shear thinning fluid is less than one provided via the shear thickening fluid.

Fig. 9 shows the evaluation of the Mean Nusselt number affected by both of thermal conductivity ratio (Rk), and Rayleigh number 
(Ra). The first raises of conduction mode, while the second shows the power of the convection mode. Indeed, conduction and con
vection modes make up conjugate heat transfer between the double pipes space. The high value of Rayleigh number (Ra) causes 
convection mode to have a major portion in that space. Instead, raising of thermal conductivity ratio (Rk) means that the conduction 

Fig. 10. Impression of Rayleigh number (Ra) on the (first row) Cr on the left-half and isotherm contours on the right-half, (second row) streamlines 
on the left-half and shear rate on the right half.

M. Bouzidi et al.                                                                                                                                                                                                       Case Studies in Thermal Engineering 71 (2025) 106143 

15 



mode is the governed one into the considered space. According to the obtained results in Fig. 9, when the convection mode is weak, 
increasing the thermal conductivity ratio (Rk) has a minor positive impression on the mean Nusselt number. On the other hand, in case 
of conduction mode is feeble, raising of Rayleigh number (Ra) augments the heat transfer rate, slightly. In contrast, whenever one of 
the mentioned modes is strong, increasing the other has an impressive positive effect on the mean Nusselt number. It is because of a 
synergistic interaction phenomenon between both conduction and convection modes, which creates a robust conjugate heat transfer 
within the double pipes space. A powerful conduction mode can be formed by choosing a high thermal conductivity material for the 
inner pipe body. In addition, improvement of the buoyancy forces via a high Rayleigh number (Ra) makes a strong convection mode. 
Nevertheless, defect in each mode deteriorates conjugate heat transfer within the double pipes space. Overall, the highest value of the 
mean Nusselt number is reached, over Numean>17, via the highest values of both of thermal conductivity ratio (Rk) and Rayleigh 
number (Ra). It is about 2 times larger than the mean Nusselt number in the default state defined in the present study.

The effect of various values of Rayleigh number (Ra), 104, 105, and 106, on Cr-isotherm contours has been shown in the first row of 
Fig. 10. As referred, increasing Rayleigh number (Ra) causes buoyancy forces to be augmented. An enhanced fluid flow leads to 
stronger thermal gradients throughout the double pipes space. Hence, by increasing Rayleigh number (Ra), isotherm contours have 
impressively flared up. Since Cr contours comply with isotherm patterns, when Rayleigh number (Ra) is increased, the blue ribbon 
which shows melting NEPCMs has gotten a sharp shape, gradually. In addition, the thickness of the blue ribbon would not be uniform 
anymore; On the other hand, the melting NEPCMs in the middle region of the double pipes space would be dense. As a defined rule in 
the present study, the second row in Fig. 10 depicts streamlines and shear rates as well. Hereon, the impact of Rayleigh number (Ra) on 
both of them is evaluated. When convection mode via increasing Rayleigh number (Ra) is dominant, NEPCM/Al2O3-Kerosene non- 
Newtonian hybrid nanoliquid will have a higher velocity in the mentioned space. Hence, the streamlines created via high values of the 
Rayleigh number (Ra) are much stronger than those obtained in the low values of the Rayleigh number (Ra). Buoyancy forces have a 
direct impact on the overall shear rate that appears in the double pipes space. The weak streamlines lead to an insignificant shear rate. 
Instead, the powerful streamlines provide a violent shear rate throughout the space.

The last part of the result and discussion section has been assigned to the evaluation of the fusion temperature (θf) effect on the non- 
Newtonian hybrid nanoliquid. Fig. 11 depicts the local Nusselt number for three different values of fusion temperature, θf = 0.1, 0.3, 
and 0.5. As seen, variations of the mentioned parameter cannot create any special change in the local Nusselt number value. It is 
important to note that the NEPCMs get phase change without any significant temperature difference. Indeed, the phase change process 
which includes heat absorption, majorly occurred under the latent heat transfer mode. However, the obtained thermal gradients are 
affected by the sensible aspect of the heat transfer. Hence, the changes observed in Fig. 12 through increasing or decreasing fusion 
temperature are so slight.

Fig. 12 reveals Cr-isotherm contours, the first row, and streamlines-shear rate, the second row, for the three adopted values of 
fusion temperature. Apart from Cr contours, three other ones do have not any evident variation. As referred, it is because of the 
occurring phase-changing process of the NEPCMs under the latent heat transfer mode; while, isotherm contours, streamlines, and shear 
rates, all of them, obey the sensible heat transfer mode. Anyway, when the fusion temperature is increased, the melting NEPCMs are 
placed near the hot inner pipe. Instead, decreasing the fusion temperature, causes the NEPCMs to get melt away from the hot inner 
pipe. A high value of fusion temperature means that the NEPCMs melt at a higher temperature, and hence, the blue ribbon appears 
close to the hot inner pipe. However, a low value of θf, holds the phase change process, nearer to the cold outer pipe, without any 
additional heat for the melting process.

Fig. 11. Local Nusselt Number (Nulocal) in the different values of fusion temperature (θf).
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6. Conclusion

Our attempt in the present study was to understand the non-Newtonian behavior of NEPCMs- Al2O3/Kerosene within a double 
pipes space. After creating a computational code and checking it with the results provided in the other valid papers, the results have 
been extracted in accordance with the dimensionless numbers and parameters. Thus, the most important ones collected and described 
as follows. 

I. The hybrid nanoliquid with shear thinning properties is suitable for free convection heat transfer applications. The heat transfer 
augmentation and deterioration percentage via the shear thinning and shear thickening hybrid nanoliquid against the New
tonian one is about 42 % and 9 %, respectively. Shear thinning hybrid nanoliquid is lighter than the two other types; hence, 
easier circulation is provided as well. Instead, shear thickening hybrid nanoliquid is heavier than the others; consequently, 
circulation through the mentioned liquid would be hard.

Fig. 12. Impression of fusion temperature (θf) on the (First row) Cr on the left half and isotherm contours on the right half, (Second row) streamlines 
on the left half, and shear rate on the right half.

M. Bouzidi et al.                                                                                                                                                                                                       Case Studies in Thermal Engineering 71 (2025) 106143 

17 



II. Increasing the concentration of NEPCMs and simple nanoparticles is always beneficial and improves heat transfer. influence on 
the heat transfer rate. The shear-thickening hybrid nanoliquid is more affected by appending the nanoparticles in the host fluid, 
so the heat transfer improvement percentage is by 13.5 %; However, the shear-thinning hybrid nanoliquid due to its low value 
of dynamic viscosity shows less sensitivity to adding the both of nanoparticles. The heat transfer improvement percentage is just 
7.5 % through n = 0.65.

III. Simultaneous increasing of Rayleigh number (Ra), and thermal conductivity ratio (Rk) enhances heat transfer rate, impres
sively. Importantly, if, one of them gets weak, the effect of the other on the heat transfer rate cannot be significant. Based on the 
maximum values for Rayleigh number (Ra), and thermal conductivity ratio (Rk), which are taken in the current study, the mean 
Nusselt number reaches the value about 2 times more than its value in the default state. Via an astounding conjugate heat 
transfer, the isotherm and Cr contours are flared up.

IV. Changing the fusion temperature notably changes the location of the phase transition region. The Cr phase change region, which 
appears as a blue ribbon in Cr contours, gets close to the inner hot pipe as the fusion temperature increases.
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