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This study explores the magnetohydrodynamic fluid flow through two rotating plates subjected to the impact of microorganisms.
The nanoparticles of copper and alumina are mixed with water for formulating hybrid nanofluid with new combination
Cuþ Al2O3 þH2Oð Þ. This new combination augments the thermal conductivity of pure fluid. The flow is influenced by the
coupled effects of Dufour and Soret diffusions. The joined effects of chemically reactive activation energy have been incorporated in
the mass transportation equation. A constant magnetic field has been employed to the flow field with strength B0 in normal
direction to the plates. The equations that controlled fluid flow have been transferred to dimension-free form by implementing
suitable set of variables. The influence of the different factors has been examined theoretically by employing the graphical view of
different flow profiles. It has been concluded in this work that, linear velocity has declined by augmentation in magnetic factor and
rotational parameter whereas these factors have enhanced microrotational profiles of fluid. Higher values of radiation parameter,
Dufour number, and volumetric fractions have augmented fluid’s thermal profiles. The concentration of fluid has been retarded
with upsurge in Soret number and chemical reaction parameter whereas growth in activation energy parameter has supported the
upsurge in concentration. The rate of motile microorganisms has retarded by upsurge in the values of Lewis and Peclet numbers.
It has been noticed that when Kr; M, and Re varies from 0.2 to 0.6 then in case of nanofluid, skin friction changes from 0.288 to
0.633 at ϕ1 ¼ 0:01 and from 0.292 to 0.646 at ϕ1 ¼ 0:02 and in case of hybrid nanofluid the variations in skin friction are from
0.328 to 0.646 at ϕ1; ϕ2 ¼ 0:01 and from 0.335 to 0.703 at ϕ1; ϕ2 ¼ 0:02.
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1. Introduction

In the earlier times, the transfer of mass and heat has
appealed the interest of research community with more sig-
nificance for its important applications at industrial level.
Some of these applications are electronic devices in the field
of engineering, compact thermal exchangers, nuclear reac-
tors, etc. In the combined mass and heat transfer progres-
sions, the fluid flow is occurred due to variations in density
resulted from gradient in concentration, temperature, and
composition of material. The transmission of mass is caused
by variation in the thermal behavior of fluid particles which
is termed as Soret effect. The energy’s flux occurred due to
variations in concentration and termed as Dufour effect. It is
worth mentioning that these effects are of more importance
for transmission of mass and heat in different engineering
processes. Both Dufour and Soret effects become more sig-
nificant whenever some species are acquainted at the surface
of fluid with density smaller than that of surrounding fluid.
Numerous applications of Soret and Dufour effects can be
seen in the field of combustion flames, safety reactor, solar
collectors, and building energy conservations. Chamkha and
Ben-Nakhi [1] investigated MHD fluid flow upon a porous
semi-infinite isothermal sheet with Soret and Dufour effects.
Rasool et al. [2] revealed the impact of Soret and Dufour
effect upon nanofluid flow with Darcy–Forchheimer terms
in the mathematical model. It has concluded that the flow of
nanoparticles has declined with higher values of porosity
parameter. Khan et al. [3] have introduced the Soret and
Dufour effects with significant characteristics to viscous
MHD fluid flow through a rotary cone by discussing its
generation of entropy as well. Vafai et al. [4] have inspected
about the MHD and Dufour, Sorret effects for fluid flow
upon a stretching surface and have established that thermal
flow rate has declined with upsurge in radiation and viscous
dissipation effects. Khan et al. [5] have concluded about the
flow of viscous fluid with combined influence of Soret and
Dufour. The authors in this study have focused mainly upon
the flow of heat mechanism and established that magnetic
effects have upsurge the thermal flow rate. The thermal fluid
flow for Casson fluid with ethylene glycol as pure fluid has
inspected with impacts of Soret and Dufour effects by Hafeez
et al. [6]. Layek et al. [7] deliberated the collective influence
of Soret and Dufour on time-dependent mass and heat trans-
fer over permeable surface. Kotnurkar and Katagi [8] have
discussed the characteristics of nanofluid flow with Soret and
Dufour effects.

The combination of small-sized particles in a base fluid
for enhancement of its thermal flow characteristics is termed
as nanofluid. The nanoparticles flow analysis has been the
topic of widespread research for various investigators, as it
has upgraded the thermal characteristics of thermal flow
phenomena. The nanoparticles are composed of various
metal oxides such as CuO;ð  Al2O3Þ, metals such as Cu;ð
 Au; AgÞ, semiconductors such as TiO2;ð  SiCÞ, nitride cera-
mics such as AlN;ð  SiNÞ, and carbide ceramics such as   SiC;ð
 TiCÞ. The idea of suspending nanoparticles into a base fluid
was first drifted by Choi and Eastman [9]. This work has

provided a new base in the field of fluid mechanics. For its
significant applications in the field of engineering and at
industrial level various studies have been carried out with
main focus upon thermal diffusivity among the nanoparti-
cles. Sheikholeslami et al. [10] inspected the nanofluid flow
with thermal transmission through a gyrating channel by
implementing the magnetic effects. It has concluded in this
inspection that there has been a direct relationship between
nanoparticles volume fraction and Nusselt number for both
injection and suction cases. Said et al. [11] have analyzed
experimentally the novel ionic nanofluid’s energy storage
characteristics. Sharma et al. [12] have explored contempo-
rary advancements in the machine learning for nanofluid-
based thermal transmission in the system of renewable
energy. Ahmad and Khan [13] have simulated numerically
the MHD Sisko nanofluid flow past a curved movable
surface.

With the passage of time researchers have realized that
the dispersion of two dissimilar kinds of nanoparticles in a
pure fluid, results in a fluid that has higher thermal diffusion.
This new class of fluid is termed as hybrid nanofluid. Islam
et al. [14] deliberated the effects of Hall current for radiated
hybrid nanofluid flow through a channel and have concluded
that hybrid nanofluid has superior thermal flow character-
istics than traditional fluid. Said et al. [15] have explored the
thermal capacity for hybrid nanofluid flow for solar energy
applications. Li et al. [16] deliberated the creation of entropy
for hybrid nanofluid between two plates by considering the
effects of Marangoni convection in the flowmodel with other
flow conditions. It has been concluded in this work that, rate
of flow transmission is at peak for greater values of exponen-
tial and thermal source sink. Said et al. [17] have used hybrid
nanofluid to discuss the applications of innovative frame-
works based upon the collective enhanced regressions for
modeling of heat performance small-scale Rankin cycles.

In a rotating system, the flow of fluid is a natural phe-
nomenon. Actually, these effects of rotation occur internally
among a fluid’s particles that augment when the fluid gets
into motion. Hence in the fluid motion the natural rotation
exists up to a specific range. The concept of rotating system
in viscous fluid flow was floated by Taylor [18]. The investi-
gation of rotational motion for different flow system has
been conducted in detail by Greenspan [19]. The idea of
rotational motion has also extended to moving disks [20].
Forbes [21] has investigated the axisymmetric flow of fluid
between two plates with lower plate as static and the upper
plate as rotational. Dogonchi et al. [22] inspected the influ-
ence of stretching surface upon nanofluid flow and heat
conduction in rotary channel. Muhammad et al. [23] have
inspected the squeezing fluid flow between rotational plates.
In this work, the effects of MHD have also taken into account
for flow system. Salahuddin et al. [24] have picked second-
grade fluid motion through rotary plates by considering var-
iable fluid characteristics. It has been proved in this study
that diffusivity and concentration of fluid particles are
related directly with thermal conductivity and thermal
transmission.
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The least energy required by molecules for commence-
ment of a chemical reaction is termed as activation energy
introduced by Arrhenius. Activation energy has many appli-
cations in processing of food, and emulsions of different
suspensions. First result in the paper format with combine
impact of activation energy was established by Bestman [25].
Khan et al. [26] have inspected the influence of Arrhenius
activation energy upon MHD second-grade fluid flow in a
permeable surface. The term has been also used by Bhatti
and Michaelides [27] by considering its impact upon
thermos-bioconvective nanofluid flow over a Riga plate
and has concluded that flow profiles have been weakened
by expanding values of Rayleigh number. Khan et al. [28]
have deliberated a wonderful work upon hybrid nanofluid
flow by considering the influence of Arrhenius activation
energy upon flow system. The authors have concluded in
their investigation that mass diffusivity has jumped up for
expansion in activation energy parameter. More established
work can be studied in previous studies [29–33].

The effects of magnetic field have a considerable part in
fluid mechanics. It has numerous engineering and industrial
applications for instance MHD generators and pumps, etc.
Various investigations have been conducted with main
emphasis upon transportation of heat with MHD effects.
Shehzad et al. [34] have inspected the influence of MHD
upon three-dimensional flow of Jeffery fluid with Newtonian
heating effects and have revealed that fluid’s motion has
opposed while the thermal flow rate and skin friction have
supported with augmentation in magnetic parameter.
Ahmad et al. [35] have investigated unsteady MHD nano-
fluid flow over a cylindrical disk placed vertically. Usman
et al. [36] have investigated the EMHD impact upon couple
stress film flow of nanofluid over spinning disk and have
calculated the percentage augmentation in thermal flow
rate for single and double nanoparticles fluid flow. Ahmad
and Khan [37] have inspected the significance of activation
energy in the advancement of covalent bonding using Sisko
MHD nanofluid flow past a moveable curved sheet. Ahmad
et al. [38] have investigated thermally radiated Sisko fluid
flow subject to Joule heating and MHD effects and have
concluded that thermal flow has augmented with corre-
sponding growth in radiation and magnetic factors.

From the aforementioned investigations, it has been dis-
covered that no study has yet been steered to deliberate the
thermal flow rate for hybrid nanofluid flow through rotating
plates by employing the combined Dufour, Soret effects and
the impact of microorganisms. The following points support
the novelty of the work:

(i) Coupled Dufour and Soret effects are taken in math-
ematical model of flow problem.

(ii) Chemically reactive Arrhenius activation energy is
also incorporated in concentration equation.

(iii) The plates at the boundaries are considered as rotat-
ing, where the spinning effects of plates are coupled
in the flow equations.

(iv) The effects of microorganism has used in the mod-
eled equations.

(v) Magnetic effect is applied to the flow system and is
incorporated mathematically in momentum equations.

(vi) HAM is worked out for solution of model problem.

2. Problem Formulation

Take an incompressible viscous hybrid nanofluid fluid flow
between two plates. The system of coordinates is selected so
that plates along fluid are rotating with angular velocity Ω
about y-axis. h is the distance between the plates such that Cu;
Al2O3—nanoparticles are mixed with water for formulating
hybrid nanofluid with combination Cuþ Al2O3 þH2Oð Þ.
The flow is influenced by the coupled effects of Dufour and
Soret diffusions. The collective impact of chemically reactive
Arrhenius activation energy has been incorporated in mathe-
matical model of problem. Magnetic field has also been
employed to the flow system with strength B0 in normal
direction to the plates, as shown in Figure 1. It is supposed
that the existence of nanoparticles will not affect the micro-
organisms’ direction, swimming, and their velocity.

With the help of above assumptions, one has following
set of equations [14, 39, 40]:

∂u
∂x

þ ∂w
∂z

þ ∂v
∂y

¼ 0; ð1Þ

v
∂u
∂y

þ u
∂u
∂x

þ 2ωwþ 1
ρhnf

∂p
∂x

¼ μhnf
ρhnf

∂2u
∂x2

þ ∂2u
∂y2

� �
−
σB0

2

ρhnf
u;

ð2Þ

v
∂v
∂y

þ u
∂v
∂x

þ 1
ρ

∂p
∂y

¼ þ μhnf
ρhnf

∂2v
∂y2

þ ∂2v
∂x2

� �
; ð3Þ

u
∂w
∂x

þ v
∂w
∂y

− 2ωu ¼ μhnf
ρhnf

∂2w
∂x2

þ ∂2w
∂y2

� �
−
σB0

2

ρhnf
w;

ð4Þ

u
∂T
∂x

þ v
∂T
∂y

þ w
∂T
∂z

¼ α∗
∂2T
∂x2

þ ∂2T
∂y2

þ ∂2T
∂z2

� �

−
1

ρcp
À Á

hnf

∂qr
∂y

þ DMkT
cscp

∂2C
∂x2

þ ∂2C
∂y2

þ ∂2C
∂z2

� �
;

ð5Þ

u
∂C
∂x

þ v
∂C
∂y

þ z
∂C
∂z

¼ D
∂2C
∂x2

þ ∂2C
∂y2

þ ∂2C
∂z2

� �

þ DMkT
Tm

∂2T
∂x2

þ ∂2T
∂y2

þ ∂2T
∂z2

� �

− kr2 C − Chð Þ T
Th

� �
n
exp −

Ea
kBT

� �
;

ð6Þ
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u
∂n
∂x

þ v
∂n
∂y

þ w
∂n
∂z

þ bWc

Cb − Ct

� �
∂
∂y

n
∂C
∂y

� �

¼ Dm
∂2n
∂x2

þ ∂2n
∂y2

þ ∂2n
∂z2

� �
:

ð7Þ

Above, the flow components u; v; w are, respectively,
along coordinate axes; μhnf ; ρhnf are the dynamic viscosity
and density of hybrid nanofluid, ω is the angular velocity, qr
is the heat flux due to radiation, ρcp

À Á
hnf is heat capacitance,

α∗ ¼ khnf= ρCp

À Á
hnf is the thermal diffusion in which khnf is

thermal conductance of nanofluid, DM is mass diffusivity, kT
is ratio of thermal diffusion, Dm is diffusion of microorgan-
ism, C0 and T0 are the concentration and temperature at
lower plate of channel while Ch and Th are the corresponding
quantities at the upper plate. Moreover, T=Ttð Þne −Ea=kBTð Þ is
modified Arrhenius function, Wc is speed of microorganism
cells, Ea is activation energy, and kr2 is the rate of reaction.

Conditions at boundaries are:

u ¼ ax;  w ¼ 0;   v ¼ 0;   C ¼ C0;   T ¼ T0;   n ¼ n0;  at y ¼ 0

u ¼ 0;  w ¼ 0;   v ¼ 0;   C ¼ Ch;   T ¼ Th;   n ¼ nh;  at y ¼ h:

ð8Þ

Use the following set of suitable transformations [41, 42]:

u ¼ axf 0 η ð Þ;   v ¼ −ahf ηð Þ;   w ¼ axg ηð Þ;   χ ηð Þ ¼ n − nh
n0 − nh

;

 θ ηð Þ ¼ T − Th

T0 − Th
;   ϕ ηð Þ ¼ C − Ch

C0 − Ch
;   with η ¼ y

h
:

ð9Þ

For simplification of qr use the Rosseland approximation
as given in Equation (10) [43, 44]:

qr ¼ −
4
3

σ∗∂T4

κ∗∂ŷ

� �
: ð10Þ

In Equation (10), σ∗;  κ∗ are termed as Stefan Boltzmann
constant and coefficient of Rosseland mean absorption such
that σ∗ ¼ 5:6697 × 10−8 Wm−2

 K−4. If the thermal gradient
is sufficiently small within the flow of fluid then T4 can be
simplified by using Taylor’s expansion as [44]:

T4 ≅ 4TTh
3
− Th

4: ð11Þ

In light of Equations (10) and (11), we have from
Equation (5) as:

u
∂T
∂x

þ v
∂T
∂y

þ w
∂T
∂z

¼ α∗
∂2T
∂x2

þ ∂2T
∂y2

þ ∂2T
∂z2

� �

þ 1

ρcp
À Á

hnf

16σ∗

3k∗
Th

3 ∂
2T
∂yz

� �

þDkT
cscp

∂2C
∂x2

þ ∂2C
∂y2

þ ∂2C
∂z2

� �
:

ð12Þ

In light of Equation (9), we have from Equations (1–4, 6,
7 and 12) in dimensionless form as follows:

1 − ϕ1ð Þ 1 − ϕ2ð Þf g−2:5f ivð Þ

þ 1 − ϕ2ð Þ 1 − ϕ1ð Þ þ ϕ1
ρs1
ρf

 !
þ ϕ2

ρs2
ρf

( )

Re ff 000 − f 0f 00ð Þð Þ − 2Krg0 −Mf 00 ¼ 0

ð13Þ

y, v

y = h

Al2O3

Cu

z, w

x, u

B0

U0

y = 0

Cu + Al2O3/H2O
Hybrid nanofluid

H2O

ω

FIGURE 1: Physical view of flow problem.
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1 − ϕ1ð Þ 1 − ϕ2ð Þf g−2:5g00

− 1 − ϕ2ð Þ 1 − ϕ1ð Þ þ ϕ1
ρs1
ρf

 !
þ ϕ2

ρs2
ρf

( )

Re f 0g − fg0ð Þ − 2Krf 0ð Þ −Mg ¼ 0

ð14Þ

knf
kf

1þ 4
3
Rd

� �
θ00 þ 1 − ϕ2ð Þ 1 − ϕ1ð Þ þ ϕ1

ρs1
ρf

 !
þ ϕ2

ρs2
ρf

( )

Pr Re θ0f 0 þ Du ϕ00ð Þ ¼ 0

ð15Þ

ϕ00
− Scϕ0 þ ScSr θ00 − Sc Γ 1þ τθð Þn  exp −E

1þ τθ

� �
ϕ ¼ 0

ð16Þ

χ00 − ReLbf χ0 þ Pe χ0ϕ0 þ δþ χð Þϕ00½ � ¼ 0: ð17Þ

Above, Re is Reynolds number, Kr is rotation parameter,
M is magnetic parameter, Pr is Prandtl number, Rd is radia-
tion parameter, Du is Dufour number, E is activation energy
parameter, τ is temperature parameter, Sr is Soret number,
Γ is chemical reaction parameter, Sc is Schmidt number
Lb;Pe are bioconvection Lewis and Peclet numbers. These
parameters are mathematically described as:

Re ¼ ah2

υf
;   Kr ¼

ωh2

υf
;  M ¼ h2σf B0

2

μf
;  Pr ¼

μf Cp

À Á
f

kf
;  

Rd ¼ 4
σ∗

k∗khnf
Th

3;   Γ ¼ Kr
2h2

υf
;   Lb ¼ υf

DM
;

Du ¼ DMkT
CsCp

C0 − Chð Þ
T0 − Thð Þ ;   E ¼ Ea

kBTh
;   τ ¼ T0 − Th

Th
;  

Sr ¼ DMkT
TMυf

T0 − Thð Þ
C0 − Chð Þ ;   Sc ¼

υf
DM

;   Pe ¼ bWc

DM
:

ð18Þ

The thermos-physical characteristics of solid nanoparti-
cles are defined as follows with its numerical values are
depicted in Table 1:

μhnf ¼
μf

1 − ϕ1ð Þ 1 − ϕ2ð Þf g2:5 ;  

ρhnf ¼ 1 − ϕ2ð Þ 1 − ϕ1ð Þ þ ϕ1
ρs1
ρf

 !
þ ϕ2

ρs2
ρf

( )
ρf ;

ρCp

À Á
hnf ¼ 1 − ϕ2ð Þ 1 − ϕ1ð Þ þ ϕ1

ρCp

À Á
s1

ρCp

À Á
f

 !(

þ ϕ2
ρCp

À Á
s2

ρCp

À Á
f

)
ρCp

À Á
f ;

κhnf ¼
κs2 þ 2κf − 2ϕ2 κf − κs2

À Á
κs2 þ 2κf þ ϕ2 κf − κs2

À Á κnf :
ð19Þ

The related conditions at the boundaries are:

f 0ð Þ ¼ 0;g 0ð Þ ¼ 0; f 0 0ð Þ ¼ 1; θ 0ð Þ ¼ 1;ϕ 0ð Þ ¼ 1; n 0ð Þ ¼ 1 at η ¼ 0;

f 1ð Þ ¼ 0; g 1ð Þ ¼ 0; f 0 1ð Þ ¼ 0; θ 1ð Þ ¼ 0;ϕ 1ð Þ ¼ 0; n 1ð Þ ¼ 0 at η ¼ h:

ð20Þ

2.1. Physical Quantities. In the problems related to thermo-
dynamics, the engineers and scientists are normally inter-
ested to determine the thermal and mass flow rates for
fluid flow system. In this regard, some quantities of interest
are depicted in Equation (21):

Cf ¼
hμnf
ρf u

:
∂u
∂y

 y¼0

�� ;

Nu ¼ h
kf T0 − Thð Þ khnf þ

16σ∗Th
3

3k∗

� �
∂T
∂y

 y¼0

�� ;

Sh ¼ −
h

C0 − Chð Þ
∂C
∂y

 y¼0

�� ;

Nn ¼ x
Dm nb − ntð Þ −Dm

∂n
∂y

 y¼0

��� �
:

ð21Þ

Incorporating Equation (9) in Equation (21), the resul-
tant equation in refined form is expressed as:

Cf ¼ 1 − ϕ1 − ϕ2ð Þ2:5f 00 0ð Þ;  Nu ¼ khnf
kf

1þ 4
3
Rd

� �
θ0 0ð Þ;  

Sh ¼ −ϕ0 0ð Þ;  Nn ¼ −χ0 0ð Þ:
ð22Þ

TABLE 1: Numerical values of base fluid and nanoparticles for thermophysical characteristics.

Properties Cu-nanoparticles Al2O3-nanoparticles H2O-base fluid

ρ  kg ⋅m−3ð Þ 8,933.00 3,970.00 997.10
Cp  J ⋅kg−1 ⋅K−1ð Þ 385.00 765.00 4,179.00
κ  W⋅ m−1K−1ð Þ 400.00 40.00 0.613.00
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3. Problem Solution

For solution of modeled equations, the semianalytical tech-
nique HAM [45, 46] will be incorporated. This technique
describes the solution in the form of functions and is most
suitable for solving nonlinear equations. To solve Equations
(13–17) by considering boundary conditions in Equation
(20), we shall start with the following initial guesses:

f
_

0
ηð Þ ¼ γ þ 2λ − 2αþ βð Þη3 þ 3α − β − 2λ − 2γð Þη2 þ λη − α

 

Θ
_

0 ηð Þ ¼ 1 − η;   Φ
_

0 ηð Þ ¼ 1 − η;   χ
_
0 ηð Þ ¼ 1 − η;

ð23Þ

whereas the linear operators are described as:

Lf fð Þ ¼ f 000 − f 0;   LΘ Θð Þ ¼ θ00 − θ;  
LΦ Φð Þ ¼ ϕ00

− ϕ;  Lχ χð Þ ¼ χ 00 − χ:
ð24Þ

The relations in Equation (24) can be mathematically
described as:

Lf d1 þ d2eη þ d3e−ηð Þ ¼ 0;  LΘ d4eη þ d5e−ηð Þ ¼ 0;

 LΦ d6eη þ d7e−ηð Þ ¼ 0;  Lχ d8eη þ d9e−ηð Þ ¼ 0:
ð25Þ

In Equation (25), di for i ¼ 1; 2; 3:::::::9 are constants.

4. Results and Discussion

In this work, an attempt is made to explore the characteristics
of magnetohydrodynamic hybrid nanofluid flow through two
rotating plates. The flow is influenced by the coupled effects of
Dufour and Soret diffusions and motile microorganisms.
Magnetic field has employed to the flow system with strength
B0 in normal direction to the plates. The system of equations
is shifted to dimension-free format by using suitable variables.
Various nondimensional factors have been encountered in

the process of nondimensionalization which will be discussed
in the forthcoming sections.

4.1. Effects of Emerging Parameters on f ηð Þ and g ηð Þ Profiles.
In Figures 2(a) and 2(b), the effect of magnetic factor M
upon f ηð Þ and g ηð Þ is portrayed. Clearly an expansion in
M results the creation of Lorentz force in the fluid motion
and offer more resistance to linear velocity. In this process,
swirling motion is supported by Lorentz force. Hence, the
higher values ofM decline f ηð Þ, as shown in Figure 2(a) and
augment the profiles of g ηð Þ, as shown in Figure 2(b). The
impact is more significant for hybrid nanoparticles than tra-
ditional nanoparticles. The influence of rotational parameter
Kr upon f ηð Þ and g ηð Þ is shown in Figures 3(a) and 3(b).
Since augmentation in Kr supports the rotational behavior
and opposing linear behavior of fluid motion, hence, higher
values of Kr-retard fluid motion f ηð Þ and augment g ηð Þ, as
shown in Figures 3(a) and 3(b). From Figures 4(a) and 4(b),
it has been noticed that augmentation in volumetric fractions
ϕ1; ϕ2 retarded the fluid motion linearly and rotationally.
This phenomenon can be explained as, with augmentation
in ϕ1; ϕ2, the dense behavior of nanoparticles enhanced
within the fluid motion due to which more constraint is
experienced by fluid motion. As a result, the velocity profiles
declined in all directions. Since with higher values of Re the
viscous forces become dominant due to which fluid motion
tends to condense. Hence, the linear as well as microrational
velocity profiles retarded for growth in Re, as shown in
Figures 5(a) and 5(b).

4.2. Effects of Different Emerging Parameters on Temperature
Profiles θ ηð Þ. The influence of different emerging factors
upon thermal profiles has shown in Figure 6(a)–6(c). The
growing values of Dufour number Du results an augmenta-
tion in thermal flow of fluid. Actually, for higher values of
Du, maximum energy transfer takes place from higher to
lower concentration zone, hence, causing a growth in ther-
mal profiles, as shown in Figure 6(a). The higher values of
ϕ1 and ϕ2 are responsible for generation of more friction to
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FIGURE 2: Linear and microrotation velocities vs. variations in M.
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FIGURE 3: Linear and microrotation velocities vs. variations in Kr.
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FIGURE 4: Linear and microrotation velocities vs. variations in ϕ1 and ϕ2.
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FIGURE 5: Linear and microrotation velocities vs. variations in Re.
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fluid flow in response of resistance to fluid motion. In this
process, kinetic energy of fluid particles converted to heat
energy that overshoot the thermal flow of fluid, as shown in
Figure 6(b). Figure 6(c) shows that augmentation in radia-
tion factor Rd is responsible for growth in temperature.
Actually, for higher values of Rd, the thickness of thermal
boundary layer grows up due to more transportation of heat
that augments the thermal profiles.

4.3. Effects of Different Emerging Parameters on Concentration
Profiles Φ ηð Þ. The influences of various emerging parameters
upon concentration profiles have been shown in Figure 7(a)–
7(c). Since the Soret number is mathematically expressed as
Sr ¼ DMkT: T0 − Thð Þ=TMʊf : C0 − Chð Þ, so with upsurge in
the values of Sr, the concentration gradient of the fluid flow
system will decline due to which less mass diffusivity will occur.
In this process, the concentration of the flow system retards, as
shown in Figure 7(a). It has been perceived from Figure 7(b)
that higher values of activation energy factor E support the mass
diffusion. Physically, it can be explained as, a growth in the
values of E shoots-up the concentration of molecules with less
requisite energy and causes more transportation of mass for

fluid flow system that ultimately strengthens the thickness of
boundary layer for concentration. In this phenomenon concen-
tration profiles upsurge, as shown in Figure 7(b). The higher
values of chemical reaction factor Γ drop the mass diffusion, as
shown in Figure 7(c). Actually, with upsurge in Γ, the chemical
molecular diffusion declines due to which less diffusion of mass
occurs and ultimately retards the concentration profiles.

4.4. Effects of Different Emerging Parameters on Microorganism
Profiles χ ηð Þ. The influence of bioconvection-Lewis and Peclet
numbers (Lb;Pe) over microorganism profiles is shown in
Figures 8(a) and 8(b). The augmenting values of both these
two parameters weakens the boundary layer thickness of micro-
organisms due to which less mass diffusions of motile microor-
ganism take place, as shown in Figures 8(a) and 8(b).

4.5. Table Discussions. In Table 1, the thermophysical char-
acteristics for different nanoparticles and base fluid have
been depicted numerically. In Tables 2–5, the influence of
different emerging parameters has been presented numeri-
cally upon various quantities of interest. Since magnetic fac-
tor, rotational and viscous parameters are responsible for
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FIGURE 6: Variations in temperature vs. variations in Du;  ϕ1;ð  ϕ2Þ; and Rd.
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resistance to fluid flow due to which maximum friction has
experienced by fluid’s particles. Hence, with growth in these
three factors the skin friction grows up as depicted in
Table 2. This impact is more visible for hybrid nanoparticles
as compared to traditional or single nanoparticles. Table 3
depicts numerically the influence of magnetic, radiation fac-
tors, and Dufour number. It is obvious from this table that
Nusselt number has increased with growth in radiation
parameter whereas upsurge in magnetic parameter and
Dufour number has an adverse effect upon Nusselt number.
Again the impact is more visible in case of hybrid nanofluid.
Table 4 depicts that growing values of Schmidt number
upsurge the Sherwood number whereas growing values of
Dufour, Soret numbers, and energy activation parameter
have declined it. From Table 5 it has revealed that higher
values of Lewis and Peclet numbers enhanced the motile rate.

5. Conclusion

This study explores the MHD fluid flow through two rotating
plates subject to the effects of microorganisms. The copper

and alumina nanoparticles have been mixed with water for
formulating hybrid nanofluid. This new combination aug-
ments the thermal conductivity of pure fluid. The flow is
influenced by the coupled effects of Dufour and Soret diffu-
sions. The joined effects of chemically reactive activation
energy have been incorporated in the mass transportation
equation. Magnetic effects have been employed to the flow
system with strength B0 in normal direction to the plates.
The impact of the embedded parameters has been examined
theoretically by employing the graphical view of different
flow profiles. After detailed study of the article, it has
revealed that:

(i) Linear velocity has declined by augmentation in
magnetic factor and rotational parameters, whereas
these factors have enhanced microrotational pro-
files of fluid.

(ii) Augmentation in viscosity parameter and volumet-
ric fractions has declined the fluid motion in all
directions.
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FIGURE 7: Variations in concentration vs. variations in Sr; E; and Γ.
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FIGURE 8: Variations in χ ηð Þ vs. variations in Lb and Pe.

TABLE 2: Influence of various parameters on skin friction coefficient −f 00 0ð Þ at lower plate.

Kr M Re
−f 00 0ð Þ

ϕ1 ¼ 0:01
Nanofluid

−f 00 0ð Þ
ϕ1; ϕ2 ¼ 0:01

Hybrid nanofluid

−f 00 0ð Þ
ϕ1 ¼ 0:02
Nanofluid

−f 00 0ð Þ
 ϕ1; ϕ2 ¼ 0:02

Hybrid nanofluid

0.2 0.2 0.2 0.287654 0.3276321 0.29210876 0.33522763
0.4 0.31874532 0.345218745 0.327658745 0.35410452
0.6 0.34568321 0.36543456 0.353256832 0.376426543

0.4 0.29821087 0.31298210 0.301298210 0.320217129
0.6 0.3082861 0.33287828 0.31728286 0.34321328

0.4 0.42765431 0.46743276 0.435427654 0.47542674
0.6 0.6328761 0.695423287 0.64572876 0.70251954

TABLE 3: Influence of nanofluid and hybrid nanofluid versus Nusselt number.

Rd M Du
−θ0 0ð Þ

ϕ1 ¼ 0:01
Nanofluid

−θ0 0ð Þ
ϕ1; ϕ2 ¼ 0:01

Hybrid nanofluid

−θ0 0ð Þ
ϕ1 ¼ 0:03
Nanofluid

−θ0 0ð Þ
ϕ1; ϕ2 ¼ 0:03

Hybrid nanofluid

0.2 0.2 0.4 2.46210 2.5203462 2.5421462 2.632152034
0.4 2.698210 2.7421698 2.7532698 2.852374216
0.6 2.8732102 2.94218732 2.9231873 3.103942187

0.4 2.6732107 2.7356732 2.7724673 2.85473567
0.6 2.68921255 2.7016892 2.8268921 2.89670168

0.6 2.21087 2.23421087 2.3232108 2.321234210
0.8 2.1065922 2.14108065 2.2010659 2.210141080

TABLE 4: Influence of nanofluid and hybrid nanofluid versus Sherwood number.

Sc Sr Du E −ϕ0 0ð Þ Nanofluid −ϕ0 0ð Þ Hybrid nanofluid

2 1 1 1 4.63289143 4.673421
3 4.972910 5.0132097
4 5.43210 5.4929432

2 4.762019 4.78210762
3 4.89201 4.9432892

2 4.983201 5.1209832
3 5.520123 5.6321520

2 4.103721 4.1215037
3 3.832019 3.7323201
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(iii) Higher values of radiation parameter, Dufour num-
ber, and volumetric fractions have augmented fluid’s
thermal profiles.

(iv) Concentration of fluid has retarded with upsurge in
Soret number and chemical reaction parameter,
whereas growth in activation factor of energy has
supported the growth in concentration.

(v) Motility of microorganisms has retarded by upsurge
in the values of bioconvection Lewis and Peclet
numbers.

(vi) It has been noticed that when Kr;  M and Re varies
from 0.2 to 0.6 then in case of nanofluid, skin fric-
tion changes from 0.288 to 0.633 at ϕ1 ¼ 0:01 and
from 0.292 to 0.646 at ϕ1 ¼ 0:02 and in case of
hybrid nanofluid the variations in skin friction are
from 0.328 to 0.646 at ϕ1;ϕ2 ¼ 0:01 and from 0.335
to 0.703 at ϕ1;ϕ2 ¼ 0:02

(vii) Numerical influence of different factor upon vari-
ous physical quantities of interest has been evalu-
ated for single and double nanoparticles. It has
revealed that thermal flow rate has augmented
more in case of hybrid nanofluid.

Nomenclature

u; v; w: Dimensional velocity components m=sð Þ
p: Dimensional pressure (Pa)
δ: Microorganism concentration number
h: Channel height (m)
Kr: Rotation parameter
T : Dimensional temperature Kð Þ
Cp: Specific heat J kg−1K−1ð Þ
Nu: Nusselt number
Cf : Skin friction coefficient
Sh: Sherwood number
η: Similarity variable
kT: Thermal diffusion ratio
Re: Reynolds number
Du: Dufour number
Pr: Prandtl number
τ: Temperature parameter
Rd: Radiation parameter
Sr: Soret number
E: Activation energy parameter
Sc: Schmidt number

Γ: Chemical reaction parameter
Lb: Bioconvection Lewis number
Pe: Peclet number
C: Dimensional concentration kg=m3ð Þ.
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The current work investigates the performance of cylindrical-shaped sintered wick heat pipe at different orientations, numerically.
The results are compared and validated with the experimental findings. The study is extended by using a nanofluid (comprising
nano-Curo in deionized water) as a working fluid and the thermal performance of heat pipe with deionized (DI) water has been
compared with that of heat pipe with nanofluid (containing various concentrations of CuO nanoparticles in DI water). During the
investigation, the nanofluid with 1.0 weight fraction of CuO nanopaticles found to be optimum, which has produced the better
results. The numerical analysis has been carried out to study the temperature difference, fluid velocity, and pressure drop of
the sintered wick heat pipe using the commercial CFD software, Ansys Fluent R14.5. The computational results are observed
to be much closer to the experimental data, and the vapor velocity at the heat pipe’s core has been determined to be 64.54%
higher than the liquid flow over the wick structure. Interestingly, the heat pipe pressure drop has been reduced by adding CuO
nanoparticles to the working fluid. Finally, the heat pipe loaded with a 1.0% concentration of nano-CuO in nanofluid has
exhibited a notable reduction in pressure drop of 35.33%.

1. Introduction

The nanofluids are the recently developed fluids, which can
be considered the sustainable medium of heat transfer appli-

cations. They are also called as the heat transfer fluids for the
next generation [1, 2]. The majority of industries are being
forced to implement Industry 4.0 to enhance the production
rate and to improve the quality of their products. The
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equipment used in industries is integrated with the Internet
of Things and machine learning technologies [3]. Imple-
menting new ideas will increase plant efficiency; meanwhile,
the size and weight of the equipment will also increase.
Electronics-based industries are inevitable, which are facing
a lot of challenges and undergoing day-by-day changes to
compete with the markets in the present and future [4].
The heat pipe works as a superconductor, which has more
than 100 times higher thermal conductivity comparing to
the copper rod. Owing to their high conductance, these are
preferred in lab tops, high-end computers, microprocessors,
and solar systems. In IBM computers and workstations, the
higher-end processors are producing more heat; the dissipa-
tion of the heat from the confined spaces is difficult with
conventional sources like blowers. Due to deprived heat
removal rate, the CPU’s temperature may rise abruptly,
which can cause a permanent damage.

The heat management in electronic devices has become
complicated because the size reduction and productivity
improvement generate high heat flux, which produces
mechanical failures in the system or part of the device.
Another study [5] analyzed the effectiveness of mesh wick
heat pipes filled with CuO nanoparticles based on deionized
water. The heat pipe capacity is enhanced by about 31.5% by
the delayed dry-out condition. AdhamMakki et al. [6] inves-
tigated a solar photovoltaic-thermoelectric generator system
based on heat pipes. A theoretical model was made, and the
performance of the PV cell was improved by putting
together PV and TEC parts.

The thermal efficacy of the copper cylindrical heat pipe
(HP) using alumina suspended DI water was studied [7]. The
efficacy of the HP increased by 16.8% comparing to the base
fluid. Yunhua Gan et al. [8] premeditated the heat management
of battery packs using cylindrical cell-based heat pipes. A math-
ematicalmodel had been formed to analyze the distinct achieve-
ment of the battery cells and the outcomes had been validated
by comparing them with experimental results. They concluded
that the upsurge in the length of the heat dissipation section and
aluminum sleeves improved the thermal capacity of the system.
Wisoot Sanhan et al. [9] experimented with the thermal analysis
of the flattened heat pipe with a double heat source to cool the
condenser section effectively from the CPU and GPU in lap-
tops. The results indicated that the flat-shaped heat pipe from
the circular section reduces the heat resistance by 5.2%. Hassan
and Harmand analyzed [10] the effect of a flat-shaped heat pipe
which is used to cool the electronic components. A numerical
approach was carried out, because the impact of various perme-
ability of the wick structure would be time consuming to attain
with the experimental analysis. They revealed that increasing
the permeability of the wick structure could lead to a 19.0%
drop in heat pipe surface temperature and pressure. Samiya
Amir et al. [11] steered a numerical study on solar photovoltaic
panels to analyze the capability of heat pipes to remove exces-
sive heat. The incorporation of heat pipes into PV cells attains
a temperature reduction of 9°C as compared to the normal
panels. Another numerical study [12] was conducted on a U-
shaped pulsating heat pipe. The increase in evaporator side tem-
perature shows a uni-directional effect and increases convection
as well as boiling heat transfer.

Kumaresan et al. [13] characterized the function of heat
pipes by altering the wick structures. They have used sin-
tered, mesh, and sintered-mesh wicks in cylindrical heat
pipes. The heat transport capability of the device has
increased by about 18.75% as sintered wick structure com-
pared with mesh wicks. Miao et al. [14] identified phase
change heat transfer as the best method to transfer high heat
flux with minimal losses; a bent copper heat pipe was used in
the investigation. The copper-water heat pipe’s critical heat
flux has been enhanced, and when the working temperature
is above 50°C, the increasing slap was obtained. The feasible
analysis of sintered copper heat pipes was studied [15] and
the notable changes in the distribution of temperature with
respect to the axial distance in the heat pipe, and character-
istics limits are evaluated. When the bend angle of the cop-
per heat pipe is raised, the thermal efficacy of the HP is
seen to be lowered. Jing et al. [16] explored the capacity
and transport limitations of the HP by varying the wick
structure’s permeability. The capillary limitation is measured
in the way of accounting for the capillary pressure, porosity,
and permeability of the heat pipe. The results proved that
the irregular powder surface of the sintered wick structure
reduces 30% of the capillary pressure compared with
spherical-shaped powders.

A study was conducted on the heat pipe porous wick
structure by Hui Li et al. [17]. The authors confirmed that
the capillary limitation of the heat pipe is directly influenced
because of the particle size of the powder used to prepare the
wick structure. Jafari et al. [18] analyzed the thermal charac-
teristics of additively manufactured wick for heat pipes. The
wick structure is manufactured with a multi-scale sintered
powder that improves the properties of the wick structure.
The flat heat pipe’s thermal efficacy had been improved,
when it was occupied with 110% of working fluid. Vijayaku-
mar et al. [19] used CuO and alumina nanoparticles in the
sintered wick HP to improve the convection heat transmis-
sion properties and permeability of the HP. The author
found the optimum concentration achieved for CuO nano-
particles at 1.0wt%. The optimum results were obtained
for both CuO- and alumina-based heat pipes at a 45° inclina-
tion angle. The thermal characteristics at the evaporator as
well as condenser regions had been increased to 32.90%
and 24.51%, respectively, at the optimum tilt angle. Brautsch
and Kew [20] used different kinds of mesh wicks in the HP.
The outcomes confirmed the number of layers wounded in
the tube could develop the heat pipe’s effectiveness.

As of now, the literature does not justify the impact of
porosity and permeability of the wick structure on the ther-
mal performance enhancement of the HP. Ich-Long Ngo
and Chan Byon [21] numerically investigated the perfor-
mance of sintered wick heat pipes measuring their porosity
and permeability. They proved that the permeability of
microporous inverse wicks produces high performance
depending on the wick configuration and porosity. Shiwei
Zhang et al. [22] analyzed the capillarity characteristics of
sintered powder-based wicks in stainless steel heat pipes.
The authors experimentally measured the permeability and
porosity of irregular- and regular-sized particles. The
irregular-sized particles had proved a better permeability in
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terms of 1.5–4.8 factors. The hybrid nanofluids are another
variety of heat transfer mediums with a wide range of
uses, including electronic cooling, IC engine cooling, heat
pipes, and heat exchangers, coolants in welding and
machining, nuclear facilities, and many more. Bumataria
et al. [23] premeditated the use of heat pipes with the
presence of different nanoparticle combinations with the
base fluids. The nanofluids containing CuO as well as
ZnO nanoparticles and their hybrid mixture in 25 : 75,
50 : 50, and 25 : 75 mass ratios had been chosen by Buma-
taria et al. [24] while preparing aqueous nanofluids with
1.0 wt. percent of aforementioned nanoparticle combina-
tions. In a copper heat pipe with a straight tube shape, a
two-phase heat transfer study had been accomplished
using 60% of the evaporator volume to fill the working
fluid. The heat input was adjusted from 60W to 160W,
and the tilt was accustomed from 0° to 90° in 15° and
20W steps. The hybrid nanofluid comprising nanoparti-
cles of CuO and ZnO (75 : 25) in water demonstrated the
least increase in thermal resistance compared to base fluid.
The authors speculated that individual nanostructures in
the base medium might have induced a synergistic impact,
which would have demonstrated the hybrid’s improved
behavior. At 60° inclination angle and a 160W heat input,
the nanofluids have performed in a better manner com-
paring to other tilt angles and heat inputs. A cylinder-
shaped heat pipe with a copper screen mesh type of wick
structure was explored by another literature [25] and its
construction was improved by utilizing the investigational
data for nanofluids. The base fluid had been mixed with
Al2O3, CuO, and ZnO nanoparticles at a concentration
of 1.0 wt percent. The experimental results were com-
pared, particularly in terms of heat load (in a range of
60-160W with 20W incremental steps) and inclination
angle (in a range of 0° to 90° with 15° incremental steps).
The results ascertained that the nanofluids with CuO
nanoparticles displayed a better thermal enhancement
comparing to other working fluid at the inclination of 60°.

The extensive review on the published literature
revealed that the incorporation of sintered wicks with
regular-sized particles could increase strength and durabil-
ity of the wicks; however, the effect of such particles on
the permeability characteristics and performance of the
HP wick had not been properly dealt. The use of sintered
wick in heat pipes proved to have the greatest influence on
the capillary action of the working medium. The novelty
of the present work is that it has proposed and experimen-
ted the application of irregular-sized copper particles to
produce non-uniform pores in the sintered wick structure
for enhancing the permeability as well as performance of
the heat pipe, which was not adequately addressed in the
literature. The numerical analysis of the sintered wick heat
pipe has also been performed and the obtained results are
validated by comparing them with the experimental
results. Further, the investigation has been extended with
the aid of nanofluid containing different weight fraction
of nano-CuO particles within the heat pipe as working
medium and the optimum operating condition and orien-
tation angle are explored.

2. Properties of CuO nanofluid

The CuO nanoparticle (97.5% pure) is a commercial product of
Alfa Aesar, USA. However, CuO nanoparticles are allowed for a
high-energy ball milling process, which is operated at a
1200 rpm speed to uniform its size. The ball to particle ratio is
chosen as 5.21 and the process is extended to a 12-hour period.
After the process, the size of nanoparticles is confirmed using
HRTEM characterization. Thereafter, the crushed copper (II)
oxide nanoparticles are suspended in 250ml of DI water and
taken in a flask. The ultrasonicated (duration of one hour) solu-
tion is brought into the stability analysis. This fluid is kept stat-
ically for two months. During this period of time, no particles
settle, and it confirms that the prepared solution is stable.

The dimension andmorphology of the nanoparticles show
a major impact on the thermophysical properties of prepared
nanofluids [26]. The particles that are larger than 100nm
could be easily settled in the prepared solution, and
irregular-shaped nanoparticles may affect the fluid flow prop-
erties [27]. Figure 1 reports the HRTEM of nano-CuO parti-
cles used in this study. The report confirms the size of the
nanoparticles is around 40nm and fully spherical-shaped
nanoparticles are suspended in the fluid to improve the Brow-
nian motion and viscosity of the nanofluid. Figure 1 attests to
the size and shape of CuO nanoparticles used in this study.

3. Experimental Facility

The experimental test facility is created using calibrated
instruments and the layout setup given in Figure 2. Copper
element is selected as pipe wall material, sintered wick pow-
der, and nanoparticles in this study because it is having
highest thermal conductivity value in the metal segment, as
well as flexible for fabrication. The outer surface and inner
core temperature, volume flow rate of cooling water supplied
for the condensation process, and heat distributed to the
ceramic heater are measured. The heat pipe test section is
coupled with ten T-type thermocouples. Five of each ther-
mocouple are fixed at the outer surface and inner core of
the HP. A refrigerant-based temperature control unit is
attached to the experimentation, used to remain the cooling
water entry temperature to the condenser section. An AC
power variac controls the electric power supply to the
ceramic heater, which confirms the correct heat input at
the primary part of the HP. A digital logger is used to exam-
ine the steady-state values from the investigations. The
experimentation was conducted under atmospheric condi-
tions, i.e., 1 bar pressure and a 27°C temperature. The obser-
vations are made at steady-state conditions. Approximately
45 minutes duration is maintained between each
measurement.

4. Uncertainty Results

The uncertainty involved in the experimental work is evalu-
ated based on Holman [28]. The surface temperature and
mass flow rate of cooling water are the derivatives measured
during the experimentation. The uncertainty of experimen-
tal values has been determined and given in Table 1.
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5. Numerical Procedure

Experimental investigations of engineering problems are
essential in order to know the physical phenomena of the
problem. Moreover, solution accuracy and reliability are also
high in the experimental study. However, it has a few limita-
tions, such as high cost, more time, equipment cost, and
maintaining steady-state conditions and operating parame-
ters. Under these circumstances, numerical analysis comes
in handy [11]. In this study, a two-dimensional numerical
analysis was performed using the commercial CFD software
ANSYS FLUENT R 14.5. The CFD results were verified by
the experimental results. Further, the application of CFD is

rapidly expanding with the growth in computational
resources. The verification is helpful in identifying and
quantifying the errors in modeling and the solution. The
accuracy of the numerical analysis is affected by the assump-
tions made in the boundary conditions applied and the
errors like discretization, truncation, and rounding off. In
the current investigation, a numerical approach was per-
formed for the copper sintered HP to easily tackle the design
complications of two-phase heat transfer, liquid state fluid
flow through the wick structure, the interface between the
gaseous, and liquid regions.

The geometrical dimensions of the HP used in the exper-
imental investigations are shown in Table 2. A chemically
cleaned copper pipe was selected to fabricate the HP with
the outer section and a copper powder-based sintered wick
with a 1mm thickness is the wick structure of the heat pipe.
Sintered wick with a thickness and porosity of 1mm and
0.48, respectively, are considered. Because of symmetry
about the axis, only half of the section was taken in the anal-
ysis. In this work, the grid dependence test was conducted in

(a) (b)

Figure 1: High-resolution TEM images of CuO nanoparticles with (a) 100 nm and (b) 20 nm magnification.

Personal computer

Ceramic heater

Data logger

�ermocouples

Heat pipe test rig.

Temperature control unit

Multimeter
Variac

Figure 2: Schematic layout of experimental test rig.

Table 1: Uncertainty of the quantities.

S. No Quantity Uncertainty (%)

1. Heat input 0.329

2. Temperature difference 0.12

3. Thermal resistance 1.716
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order to ensure the optimized number of grids and size. For
this test, the heat pipe’s surface temperature was measured.
Its values were compared to three different grid sizes and a
grid size of 112 x 86 gave a surface temperature value closer
to the experimental value and was taken as the optimum.

6. Boundary Conditions

The following assumptions were made in the numerical
analysis of the heat pipe [12].

(i) Laminar and incompressible liquid flows

(ii) At t =0 (time), the vapor was saturated

(iii) All of the thermophysical properties of CuO nano-
fluid/DI water are assumed to stay the same
throughout the experiment, except for the vapor
flow density, which is calculated based on the pres-
sure at a certain point

(iv) Except for the evaporator and condenser units, the
entire heat pipe region has been insulated

(v) The heat pipe saturation temperature was estimated
at each location depending on the local pressure

The working fluid, i.e. 1.0% weight concentration of
CuO nanofluid/deionized water, is considered in the surface
area of the wick structure and the gaseous state in the central
core area of the HP. When heat is given in the evaporator
region, the CuO nanofluid/DI water gets vaporized and is
converted to a gaseous state, and the vapor travels to the
condenser region. The vapor reaches the cooling side at the
opposite end of the HP. It follows the wick surfaces back
to the starting point of the heat pipe.

7. Governing Equations

The fundamental principles governing liquid/vapor flow and
heat density variation are mathematically formulated using
the PDE (partial differential equation) equation. When the
Reynolds number for the vapor flow was in the range of 50
to 500, the laminar flow was taken. Also, when the temper-

ature varies with time at a point, the problem is called
unsteady.

7.1. Vapor Flow Region. Continuity equation:
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7.2. CuO Nanofluid/DI Water Region. The working fluid
passes by capillary action and is primarily influenced by
the flow through a porous material. Porosity and permeabil-
ity are the important parameters that decide the capillary
function of the wick structure. The experimentally measured
values of the copper sintered wick structure were used in this
analysis [29]. The CuO nanofluid/DI water flow is assumed
as an incompressible medium. The viscosity between the
layers is high (laminar) and unsteady flow conditions.

Continuity equation:

1
r
∂
∂r

rVlð Þ + ∂Wl

∂z
= 0: ð6Þ

Table 2: Specifications of sintered wick heat pipe.

Sl. No Description Value

1. Heat pipe material Copper

2. Total length 330mm

3. Evaporator length 100mm

4. A diabatic length 80mm

5. Condenser length 150mm

6. Outer diameter 12mm

7. Wick material Copper

8. Wick thickness 1mm

9. Wick type Sintered wick

10. Quantity of working fluid 7.3ml

11. Working pressure 13.45 kPa
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where ɛ is the wick porosity.
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where, the effective thermal conductivity, keff is given by

Keff =
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7.3. Heat Pipe Wall Region.
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Figure 3: Surface temperature distribution (in Kelvin) over the length of heat pipe with DI water for various tilt angles: (a) 0°, (b) 45°, and
(c) 90°.
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8. Results and Discussion

A numerical analysis has been carried out to study the tem-
perature difference, fluid velocity, and pressure reduction in
the sintered wick HP using the commercial CFD software
Ansys Fluent R14.5. The surface and vapor core tempera-
tures of the SWHP are continuously monitored using a per-
sonnel computer followed by a high-accuracy data
acquisition system. After that, numerical results are vali-
dated by comparing them with experimental values.

8.1. Temperature Distribution. The outer side temperature
for SWHP with deionized water and a 1.0% weight concen-
tration of CuO-based nanofluid is seen in Figures 3(a)–3(c)
and 4(a)–4(c). In these conditions, 300K and 13.45 kPa are
considered to represent the starting temperatures and pres-
sures, respectively. All the temperature contours are plotted
at 100W of heat input. The analysis was conducted for the
varying tilt angles of 0, 45, and 90°. The outside temperature

of the heating region is drastically higher than the vapor pas-
sage temperature. The temperature difference between the
evaporator and condenser regions is approximately 30°C,
as observed for deionized water heat pipes in a parallel ori-
entation. The distribution of temperature decreased during
the tilted condition of HP, because of the lower thermal
resistance at the tilted position.

The surface temperature is considerably decreased
when the HP has been angled to a 45°. The temperature
distribution follows the same trend as that of the horizon-
tal position, but a significant decrease has been noticed.
This is because the leaning of the HP increases the capil-
lary function, which makes the return of the condensate
to the evaporator section easy. However, the performance
deteriorates once the heat pipe has been tilted to 90°,
For 0°, 45°, and 90°, the thermal gradient between the
heating and cooling region is 30°C, 23°C, and 27°C,
respectively. The larger inclination angle helps to enhance
rate of return of working fluid from the cooling region.
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Figure 4: Surface temperature distribution (in Kelvin) over the length of the heat pipe with 1.0 wt.% of CuO/DI water nanofluid for various
tilt angles: (a) 0°, (b) 45°, and (c) 90°.
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The liquid film formation at the condenser part may also
affect the heat removal rate. Hence, the surface tempera-
ture increases for the heat pipe at the vertical position.

The spherical-shaped, 40 nm (preferably small in size)
CuO nanoparticles improved the thermal as well as fluid
flow properties of the working medium. The heat-
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Figure 5: Surface temperature distributions (in Kelvin) along its length for a tilt angle of 45°.
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Figure 6: Pressure contour (in Pa) of the heat pipe along with its axial length for DI water.
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Figure 7: Pressure contour of the heat pipe along its axial length for CuO nanofluid with 1.0 wt.%.
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absorbing capacity of the base fluid will be increased by add-
ing uniform-sized nanoparticles. Moreover, the liquid-vapor
interface is properly steam lined and thus also shows
enhancement in the results. The observed T values are 27,
20, and 24°C, respectively, which are considerably lower as
compared to the DI water results.

Figure 5 depicts the heat pipe’s surface temperature
distribution obtained from experimental and numerical
studies at 100W of heat input. In the experimental analy-
sis, thermocouples are located at fixed intervals, with the
last thermocouple at a distance of 50mm from the con-

denser, whereas in the numerical analysis, the full length
of the heat pipe is considered. Moreover, the inclusion of
copper (II) oxide nanoparticles results in the surface tem-
perature reduction of the HP. The minimum and maxi-
mum deviations in the temperature distributions for the
numerical and experimental values are 4.77% and
13.64%, respectively. This difference is greatest in the con-
denser section, because of the uncertainties associated with
condenser cooling. The temperature difference is the dom-
inant parameter in the present work. The main objective
of the study is to enhance the capacity of the heat pipe
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Figure 8: Comparison of vapor pressure of heat pipe working without and with CuO nanofluid for 45° orientation angle.
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Figure 9: Axial velocity distribution at a diabatic section (X =135 mm from evaporator end) in radial direction of the heat pipe with
nanofluid concentration 1% at tilt angle of 45°.
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by changing the orientation as well as functioning condi-
tions. The operation of the heat pipe is absolutely depen-
dent on the dry-out condition. It may be postponed by
lowering the temperature between the evaporator and con-
denser section. So, the difference between the surface tem-
perature and the vapor temperature is the most important
factor in how well heat pipes work.

8.2. Pressure Distribution. The pressure distribution of the
SWHP for DI water and CuO-based working fluid with a
1.0% weight concentration is presented in Figures 6 and 7.
The temperature, pressure, and velocity distribution in a
heat pipe are calculated using the mass, momentum, and
energy equations. At each point, the pressure value varies
because of the temperature and phase changes. In the evap-
orator region, the pressure is at its maximum because of its
higher temperature. The vapor core pressure gradually
decreases over the length of the condenser.

The local pressure has a direct effect on the saturation
temperature of the liquid, which is given by the equation,

T0 =
1
To

−
R
hf g

:ln Ps

Po

" #
, ð12Þ

where Po and To are the saturation pressure and tempera-
ture, respectively, and Ps is the vapor pressure.

In addition, it is observed that due to the inclusion of the
CuO nanoparticles, the local pressure deteriorated due to the
reduction in temperature at all the locations. The suspension
of CuO nanoparticles suppressed the thermal resistance and
thus the capillary action of the liquid from the condenser
section is increased. It results in a drop in vapor core and
surface temperature. The pressure gets proportionally

reduced with respect to the temperature as per Charles’s
law. It is also perceived that the pressure drop in the case
of a nanofluid is more than the base fluid as the suspended
CuO particles raise the viscosity and give rise to more pres-
sure drop. Figure 8 illustrates the gauge pressure of the heat
pipe with respect to the axial length. The pressure distribu-
tion curve is formed in the negative direction because the
heat pipe is working under vacuum pressure. The pressure
is evenly distributed for DI water heat pipe comparing to
the CuO nanofluid. The heat pipe using CuO nanofluid,
on the other hand, achieves the lowest pressure.

8.3. Axial Velocity Distribution. The axial velocity variation of
the SWHP in the radial direction is plotted in Figure 9. The
readings are taken from the adiabatic section of the HP. The
axial velocity of the vapor flow is extremely high at the center
core of the heat pipe and zero at the surface region due to the
no-slip conditions. After that, the graph passes in the negative
direction, because the working fluid is flowing in the reverse
direction. The maximum velocity of vapor flow is 1.1m/s
whereas it is only 0.39m/s for liquid flow, which clearly shows
the vapor velocity is more than double the time of that of
nanofluid/DI water flow in the vapor core region.

8.4. Result Validation. The SWHP heat resistance is esti-
mated experimentally using the temperature differential
between the heating and cooling regions. The heat delivered
to the heating end is estimated from the current and voltage
values noted from the data logger. It can be found in [19].

Rhp =
ΔTs

Qin
, ð13Þ

where ΔTs = �Te − �Tc:
Figure 10 represents the heat resistance of SWHP for the

cases of CuO nanofluid and DI water at a 120W heat supply.
The heat resistance reduces with the upsurge tilt angle till 45°

but tends to rise for inclination angles greater than that. At a
45° inclination angle, 1.0wt.% CuO/DI water nanofluid
shows a maximum decrease of 49.46% when compared to
DI water. The experimental results of the horizontal DI
water heat pipe are not represented in the graph. This is
due to the attainment of dry-out at this angle. The results
obtained from the numerical study show lower thermal
resistance than the experimental value, and this may be
due to the approximation made in the numerical analysis.
A maximum of 13.06% deviation is observed between the
studies for heat pipes filled with deionized water.

The heat flux of the heat pipe is compared with [29] for the
optimal weight concentration of 1.0% of CuO-based working
fluid. The tilt angle of the heat pipe increases from a flat to a per-
pendicular position. The numerical findings match well with
the experimental results. The thermal resistance is high irre-
spective of the working fluid when the HP is operating in a hor-
izontal position. Thermal resistance attained its lowest value at
an ideal tilt angle of 45°. Numerical values registered the lowest
thermal resistance value compared with experiments. This is
because the data prediction is more accurate in numerical,
whereas the experimental uncertainties influence the
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Figure 10: Effect of orientation angle on the thermal resistance of
deionized water and CuO nanofluid heat pipe (input =120W)
compared with Kumaresan et al. [30].
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experimental values. The greatest drop in heat resistance is
0.181°C/W for numerical prediction, which is 5.78% lower than
the experimental values. Zafar Said et al. [31] and Stalin et al.
[32] confirmed that the introduction of high conductive nano-
particles within the working medium could enhance the heat
transfer properties at a determined optimum weight fraction.

9. Conclusion

The numerical analysis of the irregular-shaped copper parti-
cles imposed sintered wick heat pipe was conducted using
CuO nanofluids as working fluid, and the findings were val-
idated by comparing them with the experimental data. The
following observations are made after critical analysis:

(i) A strong consensus was observed between the
numerical and experimental investigations. The
minimum and maximum deviations in surface tem-
perature had found to be 4.77% and 13.64%,
respectively

(ii) The pressure at the evaporator section was at its
maximum, and it had been gradually reduced, while
moving towards the condenser section. When 1.0%
weight fraction of CuO nanoparticles was supple-
mented, the heat pipe’s vapor pressure had gone
down compared to heat pipe with plain DI water

(iii) The pressure drop, which occurred in the heat pipe
using CuO nanofluids, was greater compared with
the plain DI water, because of the restriction to fluid
flow created by the nanofluid

(iv) With a weight concentration of 1.0% nano-CuO in
nanofluid, the pressure drop in heat pipe had been
decremented by 35.33%.

(v) The axial velocity of the vapor core was high at the
heat pipe’s central core and zero velocity was found
near the surface of the sintered wick structure. The
vapor velocity at the heat pipe’s core was 64.54%
higher than the liquid flow over the wick structure.
Axial vapor flow velocity was found to be 2.8 times
greater than the liquid phase

(vi) The thermal resistance of the heat pipe was reduced
by 49.46%, when 1.0% CuO nanoparticles had been
used. Contrarily, the required values had not been
obtained, when the heat pipe was being operated
in a horizontal orientation due to its dry-out condi-
tion. However, the data was predicted during the
numerical analysis

Nomenclature

A: Area (m2)
d: Particle size (nm), thickness of heat pipe
g: Body force/gravity
I: Current
k: Effective thermal conductivity (W/m°C)
m: Mass (kg)

P: Pressure (N/m2)
r: Radius (mm)
T: Temperature (°C)
V: Voltage (Volts), velocity (m/s)
W: Axial flow velocity (m/s)
ΔT: Difference in temperature (°C).

Subscript

bf: CuO nanofluid/DI water
c: Cooling end/condenser
e: Heating end/evaporator
eff: Effective
fg: Phase change
hp: Heat pipe
max: Maximum
ph: Phase transition
Q: Power input
q: Heat density
r: Radial coordinate
th: Thermal
v: Vapor
w: Wick.

Greek Symbols

θ: Orientation of heat pipe (degree)
ɛ: Wick porosity
μ: Dynamic viscosity (Ns/m2)
ρ: Density (kg/m3)
φ: Volume fraction (%)
ω: Weight concentration (wt.%)
Δ: Increment/decrement.
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In this study, the energy charging mechanism is mathematically modeled to determine the impact of design modifications on the
thermofluidic behavior of a phase change material (PCM) filled in a triplex tube containment geometry. The surface area of the
middle tube, where the PCM is placed, is supported by single or multi-internal frustum tubes in vertical triplex tubes to increase
the performance of the heating and cooling of the system. In addition to the ordinary straight triplex tubes, three more scenarios
are considered: (1) changing the middle tube to the frustum tube, (2) changing the inner tube to the frustum tube, and (3)
changing both the internal and central tubes to the frustum tubes. The impact of adopting the tube designs and gap width
were studied. The outcomes reveal that the heat storage rates are increased for all frustum tube systems compared to the
straight tube system. According to the results, the case of a gap width of 5mm is the optimal one among the studied cases in
terms of the melting time and the heat storage rate. Employing the frustum tube configuration with a 5-mm gap width would
save the melting time by 25.6% and increase the rate of heat storage by 32.8% compared to the base case of straight tubes.

1. Introduction

Saving global energy resources requires efficient conversion
methods and consistent renewable energy sources [1, 2].
Almost 1/3 of the worldwide energy supply is wasted

because of ineffective energy conversion techniques, harm-
ing the environment [3, 4]. Some renewable energy sources
like wind, geothermal, and solar thermal energies suffer from
erratically power supply, which creates a significant imbal-
ance between the production and consumption of energy
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[5–7]. Thermal energy storage (TES) system is a promising
technique to cover the gap; for instance, a thermal storage
system can store energy from the sun throughout the day
and utilize it during the night or when the demand is high
[8–10]. TES is classified into three modes: sensible heat,
latent heat, and thermochemical storage. The primary pur-
pose of TES mechanisms is to lower the energy loss and
the cost to permit the manufacture of well cost-efficient
energy conversion units [11, 12]. Phase change materials
(PCMs) are considered one category of the most encourag-
ing materials to store and recover the thermal energy in
demand [13, 14].

Recently, the research interest regarding latent heat ther-
mal energy storage (LHTES) increased due to the high ther-
mal efficiency and low phase change temperature point;
however, the thermal conductivity of the PCM is generally
poor and inappropriate for many applications [15–17].
Accordingly, various techniques have been modelled to
improve the heat transfer efficiency of the PCM during the
charging and discharging methods [18]. These techniques
include a combination with the high conductive materials
(nanoparticles) [19–23], utilizing an extended surface area
for the heat transfer (fins) [21, 24–26], combinations with
the metal foam [27–31], and using more efficient geometries
designs [28, 32, 33]. Moreover, natural convection is a criti-
cal mechanism that can assist the phase change heat transfer
in molten regions. The magnetic field can influence natural
convection heat transfer in molten regions of a PCM [34]
and viscosity alteration [35].

Many investigations have been achieved to improve the
thermofluidic behavior during the PCM’s melting and solid-
ification processes, which saves the required time for these
operations [36, 37]. Various geometrical aspects have been
considered for the LHTES system regarding the design and
the shape of the heat transfer fluid (HTF), number of the
channels, their positions, and distributions [38]. Park et al.
[39] numerically studied the melting process of the PCM
in a multichannel HEX LHTES. The impact of the channel
number and design on the melting performance of the
PCM was investigated regarding thermal management, pro-
vided power, and charging period. They found that the melt-
ing rate increases by increasing the number of the channels
in the early stage, whereas the volumetric energy increases
by 18.2% using eight HTF channels compared to a single
large channel. Kousha et al. [40] experimentally examined
the influences of utilizing different numbers and locations
of the HTF channels on the phase change processes of the
PCM at various temperatures of the inlet HTF (water). They
found that the phase change time reduces using multi-HTF
channels compared with the case of a single channel. They
also found that increasing the inlet temperature to 80 °C
accelerates the charging and the discharging rate by 43%
and 50%, respectively. Talebizadehsardari et al. [41] studied
the effect of various designs and the number of HTF chan-
nels utilizing a serpentine tube. They found that the dischar-
ging time and the output temperature of the HTF in the case
of the serpentine tube were 6 hours and 56 °C compared with
the straight tube, which was 13.6 hours and 41 °C. Moham-
med [42] studied the discharge improvement of a phase

change material-air-based thermal energy storage unit for
space heating applications using metal foams in the air sides.
The results showed that the HTF flow rate has a great influ-
ence on the discharging rate. The presence of the porous
medium in the system improves the discharging process by
116% compared with a non-porous medium system at the
same flow rate.

Heat exchangers (HEX) significantly impact
manufacturing and engineering functions [43, 44]. Because
of limited energy sources and cost considerations, more
attention has been paid to improving the performance of
the HEX [45, 46]. Thus, there is a significant demand to
improve the thermal efficiency of the HEX, which managed
to be employing and emerging various enhancement
methods [47, 48]. The most common HEX utilized in the
factories is shell and tube heat exchanger (STHE). A stan-
dard STHE contains a cylindrical shell, including many
channels. Pourakabara and Darzi [49] performed a numeri-
cal model to predict the charging and discharging processes
using different numbers of HTF tubes in the cylindrical and
elliptical shapes of the shell embedded in the metal foam.
They found that the peaks of the charging and discharging
rates achieve 92% and 94%, respectively, when the porous
medium is used compared with the system of alone PCM.
Likely, Qaiser et al. [50] performed a numerical and experi-
mental study by applying multi-finned channels with vari-
ous designs of shell form (circular, elliptical, and
rectangular). The thermal rate improved by 34% and 24%,
and the charging rate was increased by 28% and 22% when
utilizing two-vertical channels and v-array triple-channel
design, respectively, in the circular shell of the LHTES sys-
tem as compared to those in the reference case. Yang et al.
[51] studied the Design of non-uniformly distributed annu-
lar fins for a shell-and-tube thermal energy storage unit.
They found that moving fins down effectively improves the
melting fraction of middle and bottom PCMs. Also, they
detected that an 84.7% improvement in melting uniformity
was achieved by a non-uniform design. Guo et al. [52] stud-
ied the compression effect of metal foam on melting phase
change in a shell-and-tube unit. Yang et al. [53] investigated
the effect of fin number on the melting phase change in a
horizontal finned shell-and-tube thermal energy storage
unit, and they found that the melting time can maximally
be saved as high as 72.85% by increasing fin number. Guo
et al. [54] examined the thermal assessment of a solid-
liquid energy storage tube packed with non-uniform angled
fins. In a different work, Guo et al. [55] studied the melting
assessment on the angled fin design for a novel latent heat
thermal energy storage tube, and they stated that the angled
fins with small angles (5°, 10°, and 15°) markedly reduced full
melting time for the TES unit. Eisapour et al. [56] optimized
the configuration of a double elliptical LHTES through the
charging process. They found that the efficiency of the sys-
tem increases as the gap between the inner channel and
the lower wall of the external channel reduces. The best place
was located when the internal channel is at the minimum
distance of the elliptical wall by 2mm. Ren et al. [57] inves-
tigated the efficiency of shell-and-tube PCM in TES. They
found that the spiral tube design and the double serpentine
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tube design mostly have an advantage over the single serpen-
tine tube design. The melting duration 95% of the PCM
decreased by 16% if the single serpentine design was
replaced to spiral (at the tube length of 4055mm). Further,
Patel et al. [58, 59] investigated the impact of the longitudi-
nal fin inside the triplex tube in two different studies, and
they found that each parameter related to the fins, including
the arrangement, length, width and the number, has a great
impact on the thermal performance of the heat storage unit.

Alnakeeb et al. [60] modeled the thermal parameters of
the charging process influenced by a single planed tube with
various inside eccentricities (0, 0.25, 0.5, and 0.75) and
aspect ratios (0.5, 0.6, 0.7, 0.8, 0.9, and 1). The highest charg-
ing rate was found at 218.5% for the circular tube (aspect
ratio of 1). Zheng et al. [61] examined the impact of internal
circular tube eccentricity and Rayleigh number (Re) on
phase change material melting and solidification heat trans-
fer. They found that the highest eccentricity in the internal
channel to the shell bottom did not necessarily offer the fast-
est melting rate. The best eccentricity was detected to have a
linear relation with Re. The growth in the eccentricity
increased the discharging rate just when the Re ratio (Re of
discharging divided by charging) was greater than 2.0.
Pahamli et al. [62] performed a numerical analysis to exam-
ine the impact of eccentricity, velocity, and inlet temperature
of heat transfer fluid (HTF) on PCM charging characteris-
tics. Raising the eccentricity from 0 to 0.75 increased the
charging rate by 64% and 27%, respectively; simultaneously,
the velocity had a minimal effect on the charging rate.
Faghani et al. [63] modelled the behavior of the PCM charg-
ing in a variety of internal and exterior channel configura-
tions, including vertical, horizontal, and circular ellipses.
The shell’s horizontal ellipse configuration and the channel’s
vertical ellipse demonstrated the maximum charging rate.
Faghani et al. [63] modeled the operation of PCM charging
by utilizing various designs of internal and external channels
(circular, horizontal, and vertical ellipses). The arrangement
of the horizontal ellipse form of the shell and the vertical
ellipse form of the channel showed the highest charging rate.
Gorzin et al. [64] conducted a model to examine the impact
of various multi-tube LHTES system formations and PCM
mass allocations on the discharging rate at different concen-
trations of nanoparticles. The appropriate allocation of PCM
volume increases the discharging rate by 62%, while increas-
ing the loading of the nanoparticles to 4wt% reduces the dis-
charging time by 15%.

The studies in the literature confirmed that the phase
change process of PCM in TES systems is highly influenced
by the number of HTF tubes and their geometries, which
influence the melting rate and the required duration to com-
plete one cycle. Therefore, a comprehensive investigation
has been performed, including studying the angle of the
PCM shell. Instead of three circular tubes, a combination
of cone and frustum tubes has been utilized in the TES,
which may improve the heat transfer in the system through
the melting process. Thus, the current study aims to achieve
the fastest melting rate and the best thermal performance at
the specific distance between the internal and external chan-
nels (middle tube hydraulic diameter). The simulation of the

melting processes in the different cases was achieved using
ANSYS-Fluent software. Eventually, to improve the perfor-
mance of the novel combination of cone and frustum tube
latent heat thermal energy storage, sensitivity analysis of
the solidification process could be achieved with the same
procedures as the melting process.

2. Problem Description

A vertical triplex tube is examined as a latent heat TES in
this study. The surface area of the middle tube, where the
PCM is placed, is supported by single or multi-internal frus-
tum tubes to increase the rate of heat transfer during the
melting process. In the heat exchanger, the inner and outer
tubes pass the heat transfer fluid (HTF), considered water
in this study. The HTF flows in the opposite direction in
both the internal and the external channels. The direction
of the flow is affecting on temperature differences. The max-
imum temperature is shown at the inlet section and the min-
imum at the outlet section. The temperature differences
directly affect the heat transfer by convection and conduc-
tion as well. The height of the tube is considered 250mm.
In the system with straight tubes, the hydraulic diameters
of the inner, middle, and outer tubes are considered
20mm, and the thickness of the inner and outer tubes is also
considered 1mm. It should be noted that the dimensions of
the base system are chosen based on the triplex tube latent
heat storage systems in the literature [65, 66]. In addition
to the ordinary straight triplex tubes shown in Figure 1(a),
there are three more scenarios considered in this study,
including changing the middle tube to a frustum tube
(Figure 1(b)), changing the inner tube to a frustum tube
(Figure 1(c)), and changing both the inner and middle tube
to frustum tubes (Figure 1(d)). In addition to the various
tube designs, different gap widths are assessed considering
the hydraulic diameters of 5, 10, and 15mm for the middle
tube at the bottom of the heat exchanger. The hydraulic
diameter of the middle tube at the top of the heat exchanger
is then determined considering a constant volume for the
PCM equal to the PCM volume in the straight triplex tube
heat exchanger. It should be noted that in scenario 2 (chang-
ing the inner tube to frustum tube), it is not possible to use
5mm as the hydraulic diameter of the pipe at the bottom
due to the slope of the frustum and dimensions of the
system.

Because of the nature of the heat transfer issue being
examined and the scarcity of circumferential flow difference,
the unit is regarded as axisymmetric, as seen in Figure 2. The
boundary conditions and directions of the HTF flow, and
gravity, are also illustrated in Figure 2.

Table 1 presents the width of the PCM channel at the
bottom of the heat exchanger for different proposed scenar-
ios. As mentioned, the widths of the PCM at the top and
HTF channels at the bottom and top are then determined
according to the volume of the PCM compared with the base
case (straight pipes).

Paraffin RT-35 is used as the PCM, whose thermophysi-
cal characteristics are listed in Table 2. The HTF’s input
temperature and flow Reynolds number are set to 50 °C
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and 1000, respectively, to determine the optimal design. The
PCM’s initial temperature is regarded to be 15 °C.

3. Mathematical Modeling

In order to simulate the phase change of PCM, the enthalpy-
porosity approach developed by Brent et al. [67, 68] was
implemented. In this method, the liquid part and the poros-
ity were presumed to be the same in all cells of the compu-
tational domain. To simplify the numerical solution of the
governing differential equations, the following assumptions
are considered as follows:

(i) Utilizing the Boussinesq approximation to control
the density and buoyant force.

(ii) The fluid flow of molten PCM is transient, laminar,
and incompressible.

(iii) Gravitation acceleration is positive in the – (Ve) y
-axis direction.

(iv) The Boussinesq approximation is applicable to con-
trol the density and buoyant force.

(v) Perfect insulations are considered at the external
boundaries.

(vi) The no velocity-slip condition is applied at the solid
boundaries.

For the HTF and the molten PCM, the continuity,
momentum, and energy are then defined as follows [8]:

∂ρ
∂t

+∇:ρV
!
= 0, ð1Þ

ρ
∂V
!

∂t
+ ρ V

!
:∇

� �
V
!
= −∇P + μ ∇2V

!� �
− ρβ T − Tref

� �
g! − S

!
,

ð2Þ

ρCp∂T
∂t

+∇ ρCpV
!
T

� �
= ∇ k∇Tð Þ − SL, ð3Þ

The factor ðSÞ!
in the momentum formula is involved to

measure the impact of phase change, which is identified as

(a) Base case: straight tubes with no tube geometry modification (b) Scenario 1: changing the middle tube to the frustum

(c) Scenario 2: changing the inner tube to the frustum (d) Scenario 3: changing both the inner and middle tube to the frustum

Figure 1: The schematic of the vertical triplex tube TES system with different tube geometry modifications.
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Figure 2: A schematic of the studied triplex tube in axisymmetric
condition.
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the velocity inhibiting term in Darcy law [69] :

S
!
= Am

1 − λð Þ2
λ3 + 0:001

V
! ð4Þ

The parameter of the mushy zone Am is taken as 105 based
on the literature [68, 70]. To evaluate the phase transition
progression, λ (liquid part of PCM) is announced as follows
[71]:

λ =
ΔH
Lf

=

0 if T < TS

1 if T > TL

T − TS

TL − TS
if TS < T < TL

8>>>><
>>>>:

9>>>>=
>>>>;

ð5Þ

The Boussinesq approximation is used to calculate the
density variations because of the temperature variation
through the PCM’s phase change course. In this calculation,
mass density is treated as fix value, excluding in the gravity
term of the momentum formula, where density is observed
as a temperature-dependent variable [72]:

ρ = ρref 1 − β T − Tref

� �� � ð6Þ

In the above equation, the reference temperature is the
melting point (Tl +Ts/2), and the density is calculated at
the reference temperature which is the average density of
the PCM at the liquid and solid states. Then, the buoyancy
effect is calculated for the temperatures higher than the
melting temperature.

The source term SL in the energy formula is found as

SL =
ρ∂λLf

∂t
+ ρ∇ V

!
λLf

� �
: ð7Þ

The rate of energy stored through the charging progres-
sion is calculated as

_ET =
Eend − Eini

tm
, ð8Þ

where tm is the charging time and Ee and Ei are the whole
PCM’s energy at the start and the endpoints of the charging
progress. E is the total heat the sensible ðMCpdTÞ and latent
ðMLf Þ cases of the PCM.

4. Numerical Modeling, Grid Analysis,
and Validation

A combination of the SIMPLE algorithm for pressure-
velocity coupling and the Green-Gauss cell-based approach
was utilized within the ANSYS-FLUENT solver to assess
the heat transfer and fluid flow governing equations of
PCM through the phase transition progress. For the
momentum and energy equations, the QUICK differencing
technique was utilized with the PRESTO scheme for the
pressure correction equations. The under-relaxation factors
are adopted after careful selection as 0.3, 0.3, 0.5, and 1 for
pressure correction, velocity components, liquid fraction,
and energy equation, respectively. The convergence criteria
for terminating the iterative solution are set to be 10-4, 10-
4, and 10-6 for the continuity, momentum, and energy equa-
tions, respectively.

The mesh and the time step size independency tests are
performed. Accordingly, the various grid size of 28500,
43000, and 81620 are assessed utilizing the time step size
of 0.2 s for the straight triplex system. Table 3 presents the
melting time for various mesh densities. As illustrated, the
outcomes are almost the same for the cell numbers 43000
and 81620; the mesh size of 43000 is selected for the next
steps of this study. Table 3 also presents the melting time
for various sizes of time step sizes for the nominated cell
number. As demonstrated, the outcomes data are virtually
identical for the time step of 0.1, 0.2, and 0.4 s, especially
for the values 0.2 and 0.1 s. Thus, 0.2 s is selected as the time
step size in the current work.

To verify the appropriateness of the simulation model
describe above, the outcomes of Mat et al. [71] were utilized

Table 1: The dimensions of the PCM width at the bottom of the heat exchanger in various studied scenarios for various cases.

Base
case

Scenario 1 Scenario 2 Scenario 3

Case 0
δ = 20
mm

Case 1
δ = 5
mm

Case 2: δ = 10
mm

Case 3: δ = 15
mm

Case 4: δ = 10
mm

Case 5: δ = 15
mm

Case 6: δ = 5
mm

Case 7: δ = 10
mm

Case 8: δ = 15
mm

Table 2: Thermodynamic properties of the utilized PCM [35].

Properties
ρl

[kg/m3]
ρs [kg/m3]

Lf
[kJ/kg]

Cp [kJ/kg.K] K [W/m.K]
μ

[N.s/m2]
TL
[°C]

TS
[°C]

β
[J/K]

Values 770 860 170 2 0.2 0.023 36 29 0.0006

Table 3: Effect of grid size and time step size on the charging time.

Number of cells 28500 43000 81620

Time step size (s) 0.2 0.1 0.2 0.4 0.2

Melting time 4644 4733 4727 4701 4739
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as a benchmark since the designs analyzed in the two studies
are primarily the same. The system configuration investi-
gated in that work along with the boundary conditions and
governing equations was revised using the present simula-
tion model. The cited reference work examined the influence
of integrated fins attached to both the internal and external
tubes of the PCM shell at uniform wall-temperature condi-
tions. Two performance parameters were applied to evaluate
the validity of this model: the PCM’s thermal conduct and
the liquid fraction’s growth. Figure 3 illustrates the outcomes
of the validation case, which confirms that the numerical
and experimental data of Mat et al. [71] are close to the cur-
rent model estimates for both the liquid fraction and the
average temperature of PCM. A maximum percentage error
of less than 2% is reported in this validation test. Thus, the
current model can be adopted for examining the thermal
characteristics of the PCM-based triple-tube system with a
frustum tube.

5. Results and Discussion

A series of numerical simulation tests were conducted based
on the mathematical model formulated in the preceding sec-
tion to evaluate the tube geometry modification on the ther-
mal response of PCM contained in a triplex tube
containment design during the mode of the energy charging
(melting phase). The tube surface area, which is exposed to
the heating effect according to the target phase change
method, is enhanced by implementing a single internal frus-
tum tube in a vertical triplex tube system keeping the outer
shell unchanged. Frustum tube allows for a more compre-
hensive modification of the tube geometry over the heat-
transfer flow direction, making the approach relevant in
more design situations. Gap width, which denotes the radial
distance between the inner and middle tubes, was used as the
characteristic length of the PCM domain. Different gap
widths for the annulus holding the PCM between the middle
and inner tubes were investigated as the critical design

parameter to explore the benefits of the tube geometry vari-
ation along the heat-transfer flow direction. Three scenarios
were adopted to investigate the possible thermal response
improvement due to the tube geometry modification: Sce-
nario 1: changing the middle tube to a frustum tube; sce-
nario 2: changing the inner tube to a frustum tube; and
scenario 3: changing both the inner and middle tube to frus-
tum tubes. In each scenario, as indicated in Figure 1, there
are three cases with three different gap widths (δ = 5, 10,
and 15mm) except scenario 2 where only two gap widths
(δ = 10 and 15mm) were used. The effects of modifying
the tube geometry and gap width were evaluated by examin-
ing the contour lines and the profiles of liquid fraction and
average PCM temperature and the melting time and heat
storage/recovery rates.

5.1. Liquid-Fraction Evolution. Figure 4 illustrates the liquid-
fraction ∗∗evolution contours at four different periods of
melting (600, 1200, 2400, and 3600 s) for all scenarios, as
mentioned earlier. Heat conduction dominates the heat
transfer process initially for (t = 600 s). The melting fronts
marked in light green appear to be nearly parallel to the tube
walls, but there are no significant differences between all
cases throughout this period. As time proceeds to
(t = 1200 s), a role appears for natural convection, which
mainly accelerates the melting rate in the upper zones of
the PCM domain. This indicates that warm streams of liquid
PCM always tend to be settled at the top since the weight of
warm liquid PCM is less than the density of cold solid PCM.

Meanwhile, the melting front movement does not prog-
ress much at the bottom, as seen in all cases considered in
Figure 4. As time proceeds to (t = 2400 s), the melting fronts
show more uniformity in movement through the unsolidi-
fied layers of PCM. In contrast, liquid-fraction contours
show increasing shrinking in the blue zones, especially in
the upper parts. This is because natural convection predom-
inates the melting process over thermal conduction during
this period. This drives the melting fronts to show faster
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movement than in the preceding period. Through the last
period (t = 3600 s), even melting is terminated in the upper
parts of the domain in all cases; it ultimately terminated in
the whole domain only in case 1 (δ = 5mm) of scenario 1
and case 7 (δ = 10mm) of scenario 2. The reasons are as fol-
lows: (i) the heat exchanging area between HTF and PCM of
case 1 is bigger than that of other cases owing to its gap
width value (i.e., δ = 5mm), which is the smallest one used,
and (ii) the tilted heating wall from both sides in case 7 gives
the melted portions of PCM the potential to move faster and
better wash the not yet melted portions as the tilted heating
wall can provide a better buoyancy effect than a vertical

heating wall. Therefore, these findings suggest that applying
a smaller gap width leads to a higher tilt angle of the heating
walls, which provides a better potential for more vigorous
washing action at the melting fronts.

5.2. Velocity Field. Figure 5 provides a visual representation
of the velocity field for all cases within the three scenarios
considered for the tube geometry modification and over var-
ious melting periods (600, 1200, 2400, and 3600 s). Through
the early period (t ≤ 600 s), the major PCM domain experi-
enced no movement of liquid PCM as the major PCM has
not melted yet. Therefore, the velocity contours are almost

Scenario 1 Scenario 2 Scenario 3
Case 0 Case 1

𝛿 = 5mm
Case 2: 

𝛿 = 10mm
Case 3: 

𝛿 = 15mm
Case 4: 

𝛿 = 10mm
Case 5: 

𝛿 = 15 mm
Case 6: 

𝛿 = 5mm
Case 7: 

𝛿 = 10mm
Case 8: 

𝛿 = 15mm

600s

1200s

2400s

3600s

1.00

0.90

0.80

0.70
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0.50
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0.20

0.10

0.00

Figure 4: Contours of the liquid-fraction evolution for the investigated tube geometries over various melting times.
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identical and marked by blue as a sign of zero velocities.
Though this scenario is thermally unstable, the mode of heat
transfer is soon altered to contribute from natural convec-
tion and conduction during the second period
(600 < t ≤ 1200 s). This period also witnesses the appearance
of velocity boundary layers adjacent to the heating walls.
However, the values of velocities remain relatively low
within the order of 1 × 10−1 mm/s. Furthermore, modifying
the tube geometry into frustum results in minor changes in
flow velocity over the aforementioned periods. As moving
to the next period, the convection movement becomes stron-
ger and more effective at higher portions of the annulus,

where the convection rotating part start to expand from
below, moving warm liquid to the upper part, while cold liq-
uid with relatively high densities remains trapped below,
allowing the melting rate to increase more rapidly in this
region. Also explained by this is the production of compar-
atively high velocities at the top of the domain, which pro-
gressively decreases as the rotating cell moves lower, as
shown in Figure 5 (t = 2400 s). The velocity field appears to
show faster movement as the blue color of the velocity field
turns red with relatively big rotating cells at the top half of
the domain during the final period (t = 3600 s). The modifi-
cation of tube geometry as that in case 1 helps the better

Scenario 1 Scenario 2 Scenario 3

Case 0 Case 1
𝛿 = 5mm

Case 2: 
𝛿 = 10mm

Case 3: 
𝛿 = 15mm

Case 4: 
𝛿 = 10mm

Case 5: 
𝛿 = 15 mm

Case 6: 
𝛿 = 5mm

Case 7: 
𝛿 = 10mm

Case 8: 
𝛿 = 15mm

600s

1200s

2400s

3600s

Velocity (m
m

/s)
3.5e–01
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2.1e–01
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1.0e–01

7.0e–02

3.5e–02
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Figure 5: Contours of the velocity field for the investigated tube geometries over various melting times.
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movement of buoyancy-driven flow, which results in a fur-
ther increase in flow velocity over the final melting stages.
This is expected as the modification of tube geometry into
the frustum, especially in cases 1 and 7, helps the formation
of bigger rotating cells compared to other cases due to the
good role of natural convection, which empowers a substan-
tial propagation of melting as earlier indicated in discussing
the dynamic behavior of melting front movement.

5.3. Temperature Distribution. In Figure 6, the isotherm dis-
tribution contours for all cases in the discussion and over
different melting periods (600, 1200, 2400, and 3600 s) for

the studied scenarios of tube geometry modification are
given. During the initial stages (t = 600 and 1200 s), the
inhomogeneity of local natural convection across the differ-
ent parts of the PCM domain triggers the PCM temperature
to be higher at the bottom than the temperature at the top or
center of the PCM domain in all studied cases except case 1.
This implies that case 1 has a higher temperature gradient in
the gravity direction than other cases, which is advantageous
for developing natural convection during the later periods.
During the third period (t = 2400 s), the isotherms almost
have a similar appearance to each other, and some recircula-
tion cells started to appear near the center of the PCM

Scenario 1 Scenario 2 Scenario 3

Case 0 Case 1
𝛿 = 5mm

Case 2: 
𝛿 = 10mm

Case 3: 
𝛿 = 15mm

Case 4: 
𝛿 = 10mm

Case 5: 
𝛿 = 15 mm

Case 6: 
𝛿 = 5mm

Case 7: 
𝛿 = 10mm

Case 8: 
𝛿 = 15mm
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Figure 6: Contours of the temperature distribution for the investigated tube geometries over various melting times.
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domain, especially in the upper half of the domain. This is
because the buoyancy effect which originates from the tem-
perature gradient in the vertical direction, outweighs the
gravity impact, and triggers the melted portions of PCM to
flow, resulting in the formation of recirculation cells. There-
fore, natural convection has a greater impact on the temper-
ature field than conduction does during this time. This
confirms that during this period, modifying the tube geom-
etry into frustum further enhances the heat transfer by nat-
ural convection between the liquid PCM and the HTF
during the melting mode. For frustum tubes, a bigger one
with smaller gap width such as that in case 1 helps faster
heat diffusion across the PCM domain so that the whole
PCM reaches the highest temperature in the range, marked
in red at t = 3600 s. This indicates that the strength of natural
convection further improves as the gap width between the
frustum tubes decreases.

5.4. Melting Behavior Profiles. As the best performing among
the eight cases of frustum tubes, case 1, which involves
Changing the middle tube to a frustum tube with the gap
width (δ = 5mm), is selected to compare the effect of
employing frustum tubes over the straight tubes on melting
behavior of PCM in a triplex tube storage system. The time
histories for liquid-fraction profile and average temperature
behavior for cases, case 0 (straight tubes) and case 1 (frus-
tum tube), are compared in Figures 7(a) and 7(b), respec-
tively. As seen in the figure, modifying the tube geometry
does not significantly improve the PCM liquid-fraction pro-
file or average temperature behavior at the early durations of
melting (i.e., for t ≤ 2400 s). However, as time advances, it
can be observed that employing frustum tubes in case 1 typ-
ically provides better heat transfer into the PCM due to the
larger heat-exchanging area with the HTF than in the base
(case 0). This allows the PCM in case 1 to terminate melting
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within 3500 s of operation while case 0 needed about 5000 s
to complete melting. Moreover, the whole PCM in case 1
reaches the melting temperature (Tl = 49°C) in Figure 7(b)
faster than that in case 0 by about 600 s. The reason is that
the heat transport from HTF to the PCM during the early
periods via conduction is later stored as sensible heat in
the residual parts of PCM, leading to a rapid increase in
the PCM average temperature during the final periods. The
other reason is that the geometry of the frustum tube in case
1 enables a better dominating role of natural convection dur-
ing the final periods. It should be noted that natural convec-
tion in such a situation could serve as a further supply of
heat transport into PCM, helping the average temperature
of PCM to reach its maximum value in a shorter melting
duration in case 1. In fact, the higher the average tempera-
ture of PCM, the faster the melting rate and the better the
thermal storage process in the PCM-based energy storage
system.

5.5. Heat Storage Rates. Figures 8 and 9 show the values of
melting time and heat storage rate for each of the cases
under discussion. Data from Figure 8 indicates that the time
needed to melt the PCM completely is 4727, 3517, 4054,
4171, 3634, 3901, 3827, 3639, and 4023 seconds for cases 0,
1, 2, 3, 4, 5, 6, 7, and 8, respectively. By using case 0 as a ref-
erential case to compare with, the results reveal that the
melting time could be reduced by 25.6, 14.2, 11.8, 23.1,
17.5, 19.0, 23.0, and 14.9% for cases 1, 2, 3, 4, 5, 6, 7, and
8, respectively. Thus, altering the geometry of the triplex
tubes into frustum significantly improves the energy storage
process during the melting mode. As a result, all frustum
tube systems have shorter melting times than the straight
tube system. Furthermore, data from Figure 9 indicates that
the heat added to the PCM during the melting mode can be
stored at the rate of 35.66, 47.37, 41.39, 40.34, 45.99, 43.13,
43.39, 46.03, and 41.83 watts for cases 0, 1, 2, 3, 4, 5, 6, 7,
and 8, respectively. Therefore, when compared to case 0,
the heat storage rate could be increased by 32.8, 16.1, 13.1,

29.0, 21.0, 21.7, 29.1, and 17.3% for cases 1, 2, 3 4, 5, 6, 7,
and 8, respectively. As a result, heat storage rates are
increased for all frustum tube systems compared to straight
tube systems. To sum up, data from Figures 8 and 9 also
indicates that case 1 performs the best, reducing 25.6% of
melting time and increasing the heat storage rate by 32.8%.
This suggests that among the tested cases, changing the
geometry of the central tube to a frustum and employing a
smaller gap width (δ = 5mm) has the most potential for
improving the PCM thermal response during the melting
mode.

6. Conclusions

Numerical analyses of the melting process are performed to
evaluate the effects of the configuration modification on the
thermal response of the PCM contained in a triplex tube
storage system. The model is investigated in a three-
dimensional configuration via commercial software
(ANSYS-FLUENT). To enhance the heating and cooling
processes in the system, the surface area of the tube is treated
by single or multi-internal frustum tubes in vertical triplex
tubes, including the ordinary straight triplex tubes. There
are eight cases prepared in this work based on three scenar-
ios: scenario 1: changing the middle tube to a frustum tube;
scenario 2: changing the inner tube to a frustum tube; and
scenario 3: changing both the inner and middle tube to frus-
tum tubes. The cases were evaluated considering the charg-
ing duration and the heat storage rates. The main
conclusions can be summarized as follows:

(1) Heat storage rates for all frustum tube systems are
higher than those for straight tube systems. Because
of the small gap width of case 1, which makes the
surface area between heat transfer fluid and PCM
bigger than that of other cases, case 1 was found to
be the optimal case for the melting time-saving
potential and the overall heat storage rate
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Figure 9: The heat storage rate during melting mode for different tube configurations.
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(2) Using smaller values for the gap width between the
tubes currying the heat-transfer fluid (HTF)
increases the heat-exchanging areas between the
PCM and HTF in charge. Therefore, the frustum
tube configurations with smaller gap widths have a
better potential for enhancing the PCM thermal
response during the melting process

(3) In comparison to the straight tube configuration, the
total melting times could be saved by 25.6, 14.2, 11.8,
23.1, 17.5, 19.0, 23.0, and 14.9% for the studied cases
from 1 to 8, respectively. The results also indicate
that the heat storage rate for the same studied cases
could be raised by 32.8%, 16.1%, 13.1%, 29.0%,
21.0, 21.7, 29.1%, and 17.3%, respectively
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In this exploration, we decided to investigate the significance of prescribed thermal conditions on unsteady 3D dynamics of water-
based radiative hybrid nanofluid with the impact of cylindrical-shaped nanosized particles (alumina (Al2O3) and titania (TiO2)).
For physical relevancy, the impact of the Lorentz force is also included. The combination of suitable variables has been used to
transform the transport equations into the system of ordinary differential equations and then numerically solved via the Keller-
Box approach. Graphical illustrations have been used to predict the impact of the involved parameters on the thermal setup.
Convergence analysis is presented via the grid independence approach. Skin frictions and local Nusselt numbers against
various choices of involved parameters are plotted and arranged in tabular forms. It is observed through the present
investigation that temperature distribution is increased with the higher choices of radiation parameter 0:0 ≤ Rd ≤ 2:0 and
decreased with the improvement in the choices of temperature maintaining indices (i.e., −2:0 ≤ r, s ≤ 2:0). Moreover, the
thermophysical properties except specific heat for hybrid nanofluid are improved with the involvement of cylindrical-shaped
nanoparticles. The temperature of the hybrid nanofluid is observed to be higher for variable thermal conditions as compared
to uniform thermal conditions. Outfalls for a limited version of the report have been compared with a previous published paper.

1. Introduction

Nanofluids have been widely used in many technological and
industrial processes like nuclear reactors, automobile radia-
tors, and solar aircrafts because their superior thermal conduc-
tivity as compared to conventional fluids as the rate of heating/
cooling is extremely reliant on the performance of thermal
conductivity of the nanosized particles. Various mathematical
relations [1, 2] have been adopted to investigate the thermo-
physical properties of nanosized particles but the most appro-
priate mathematical relations regarding these properties are
developed/discussed by Masoumi et al. [3]. The boundary
regime flow of nanofluid due to an expanding device is firstly

numerically deliberated by Khan and Pop [4] with random
motion and thermodiffusion effects of tiny-sized particles.
Sheikholeslami and Rokni et al. [5] elaborated the heat transfer
mechanism by using single-phase and double-phase estima-
tions of magneto-nanofluid and proved that higher estimation
of tiny particle concentration augments the temperature gradi-
ent. Ganvir et al. [6] summarized the combined performance
of convective heat transference, particle size, thermophysical
properties, inlet velocity, volume concentration, and liquid
temperature, both analytically and numerically.

An improved approach to overcome the thermal needs
of industrial and engineering processes is famous with the
name of hybrid nanofluid. The investigation about the
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importance of hybrid nanofluid has gained a tremendous
height due to their wide applications in domestic refrigerators,
engine cooling, microelectronics, heat exchanger devices,
pharmaceutical processes, fuel cells, grinding processes, ultra-
sonic radiations, thermal diffusion processes, and many more.
Hybrid nanofluid can be formed by submerging two or more
nanoparticles into the host liquid. These nanoparticles may
include metals, dielectrics, liquid materials, polymeric, lipids,
and semiconductors. Some common examples of nanoparti-
cles are copper, zinc-oxide, carbon nanotubes, phosphates,
zinc sulfide, cadmium telluride, etc. Alumina and titania nano-
particles are widely used in engineering applications, and these
are prepared from metal precursors. These tiny-sized particles
can be synthesized by electrochemical, chemical, or photo-
chemical methods. These nanoparticles have commercial
applications due their structure, high strength, electron affin-
ity, and electrical conductivity. The most widely used oxide
ceramic material is alumina, and it has applications in cutting
tools, tap washers, spark plugs, etc. The most abundantly used
nanomaterial for human life is titania, and it is used in sun-
screen, biomedical applications, photovoltaic devices, phar-
maceutical drugs, and waste water treatment and as a food
additive. Sarkar et al. [7] reviewed the advantages and disad-
vantages of nano as well as hybrid nanofluids and recom-
mended that hybrid nanofluids have various advantages as
compared to conventional nanofluids because of their auspi-
cious heat transference enhancement, pressure drop ability,
improved thermal network, and favorable aspect ratio. Sidik
et al. [8] disclosed the recent progress related to the field of
hybrid nanofluids by discussing the factors affecting their ther-
mal properties and stability. Unsteady dynamics of hybrid
nanofluid with heat transference characteristic due to the
expanding/contracting device is numerically explored by
Waini et al. [9] and presented the stability analysis regarding
the dual solutions. Numerical evaluation regarding pure
water-based hybrid nanofluids with the combination of nano-
particles (alumina, titania, and silica) is explored by Minea
[10]. Investigation concerning water-based hybrid nanofluids
with the optical properties of titania and alumina nanoparti-
cles is made by Leong et al. [11] along the stability of the
obtained solution. Moldoveanu et al. [12] glimpsed the exper-
imental evaluation regarding the hybrid mixture of alumina
and titania nanoparticles with viscosity as the main focus of
the investigation. Moldoveanu et al. [13] also evaluated the
hybridmixture of titania and alumina nanoparticles with ther-
mal conductivity as the foremost point of the exploration.
Shirazi et al. [14] experimentally discussed the mixture of tita-
nia nanoparticles and water in order to observe the level of the
oil recovery enhancement process. Khan et al. [15] elaborated
the mixed convective stagnation dynamics of the radioactive
mixture of titania, copper, and water in the magnetic environ-
ment towards an expandable device. An experimental evalua-
tion regarding the stability, characterization, and dynamic
viscosity of the hybrid mixture of titania and cupric oxide with
water as working fluid is completed by Asadi et al. [16]. Ahmad
et al. [17] explained the heat/mass transference attributes in the
hybrid interpretation of alumina and copper nanoparticles
through porous media. A comparative depiction regarding
unsteady transport of magnetically influenced water-based fluid

with the hybrid mixture of nanoparticle combinations (copper-
alumina and alumina-titania) towards an expanding device
using finite element approach is elaborated by Ali et al. [18].
Some recent scientific contributions about hybrid nanofluids
have been addressed by some scholars/researchers (refs.
[19–21]) and their applications (refs. [22–26]).

In the last few years, researchers are interested to discuss
the novel impact of the shape of nanoparticles in the improve-
ment of heating/cooling processes, solar aircrafts, effective
thermal conductivity, and other thermophysical characteris-
tics. Zhang et al. [27] measured the values of effective thermal
conductivity and thermal diffusivity of nanofluids by consid-
ering the spherical as well as cylindrical-shaped nanoparticles
using transient technique and predicted that Hamilton and
Crosser models provide the best approximation for these ther-
mophysical characteristics. Later on, Timofeeva et al. [28] the-
oretically explained the effect of the nanoparticle shape on
thermophysical behaviour of alumina with the help of experi-
mental data. Yang and Ma [29] provided the computer simu-
lation for the understanding of translocation processes of
nanoparticles with the usages of different shapes (ellipsoids,
discs, rods, and spheres) of nanoparticles across a lipid bilayer.
Maheshwary et al. [30] experimentally discussed the signifi-
cance of the particle shape, particle size, and concentration
on thermal conductivity of water-conveying titania nanofluid
and predicted that thermal conductivity of the mixture is
improved by intensifying the choices of the particle shape, size,
and concentration. Sheikholeslami [31] discussed the effect of
various shapes (platelet, brick, cylinder, and sphere) of nano-
particles on the forced convective flow of water-conveying
cupric oxide nanofluid within a permeable lid-driven enclo-
sure in the magnetic environment by using CVFEM and indi-
cated that the Nusselt number declines with the augments of
the Lorentz force. Rashid and Liang [32] numerically investi-
gated the implication of the nanoparticle shape (sphere and
lamina) on the dynamics of magnetized nanofluid with heat
transference phenomenon, thermal radiation effect, and joule
heating process towards an expanding disk through a porous
space in a rotating frame. Dinarvand and Rostami [33] ana-
lyzed the shape factor influence of nanoparticles (graphene
oxide and magnetite) for bidirectional unsteady dynamics of
water-conveying hybrid nanofluid squeezed between two par-
allel surfaces using the Tiwari-Das model and predicted that
the shape factor effect of nanoparticles has a crucial role in
food processing, polymer processing, injection modeling,
lubrication, etc. Bhattad and Sarkar [34] theoretically exam-
ined the significances of the nanoparticle size and shapes
(brick, platelet, sphere, and cylinder) on the thermohydraulic
enactment of a sheet evaporator by using hybrid nanofluids
having various combinations of mixtures.

The combined significances of thermal radiation and
Lorentz force space contribute a vital role in the development
of combustion processes, nuclear weapons, electron ramifica-
tions, polarization process, stellar evolution, heat conduction
process, petroleum reservoirs, etc. Turkyilmazoglu and Pop
[35] numerically addressed the natural convection dynamics
of radiative water-conveying nanofluid containing copper,
alumina, titania, cupric oxide, and silver nanoparticles across
a flat device. Devi and Devi [36] numerically examined the
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effects of Newtonian heating and Lorentz force on bidirec-
tional dynamics of water-conveying hybrid nanofluid with
the mixture of copper and alumina. From this exploration, it
is conveyed that hybrid nanofluid provides the better rate of
heat transference than conventional nanofluid. Sheikholeslami
and Sadoughi [37] numerically disclosed the MHD effect on
the flow of nanofluid inside a porous enclosure with four
square heat sources by considering the importance of nano-
particle shapes. Hayat et al. [38] discussed the radiative and
heat transfer characteristics for hybrid mixture of silver and
cupric oxide nanoparticles with water as base liquid in a rotating
frame. It is deduced that rotation and radiation phenomena
boost the thermal environment of the hybrid mixture. Some
more recent exploration regarding the implications of the
Lorentz force and porous media is found in the refs. [39–43].

The variation in the temperature fluctuation at the geo-
metric surfaces is beneficial for several industrial and engineer-
ing applications. Liu and Andersson [44] implemented the
variable thermal conditions to investigate the heat transference
characteristics for 3D dynamics of a liquid towards a bidirec-
tional expanding device. Both the heating processes, namely,
PST (prescribed surface temperature) and PHF (prescribed
heat flux), have been discussed by Liu and Andersson, and it
was predicted that variable thermal conditions provide an
improved rate of heat transference than arbitrary thermal con-
ditions at the geometric surface. Oliveira et al. [45] discussed
the practical applications of variable thermal conditions in
the engineering processes like power converters, motor con-
trollers, passive thermosyphons, and air conditioning process.
Waini et al. [46] discussed the heat transference characteristic
for the steady dynamics of hybrid nanofluid past a vertical thin
needle by considering the variable heat flux at the geometric
surface.Waini et al. [47] also investigated the heat transference
process along with variable heat flux for the stagnated dynam-
ics of hybrid nanofluid (alumina and copper) with water as
working liquid on a contracting cylindrical geometry. Some
more recent contributions related to the variable temperature
of the geometrical surfaces are found in the refs. [48–52].

In the view of abovementioned comprehensive literature
survey, it is noticed that much attention has not been given to
the dynamics of hybrid nanofluid towards bidirectional elon-
gating geometry. The main theme of the present contribution
is to predict the effects of cylindrical-shaped nanoparticles (alu-
mina and titania) for radiative water-conveying hybrid nano-
fluid flow towards an unsteady bidirectional elongating device
with prescribed thermal conditions, and this type of contribu-
tion is not found in literature to the best of the author’s knowl-
edge. Additionally, influence of the Lorentz force is also
incorporated in themathematical model. Suitable mathematical
relations have been used to transform the transport equations
into dimensionless forms, and then, computer simulation is
made via the Keller-Box method [53–59]. Finally, the foremost
outcomes obtained through present numerical investigation are
presented through various plots and tables.

2. Mathematical Formulation

In order to frame the unsteady mathematical model for bidi-
rectional dynamics of water-conveying hybrid nanofluid

with cylindrical-shaped nanoparticles (alumina (Al2O3)
and titania (TiO2)), the Cartesian configuration is adopted.
The mathematical relation of the Lorentz force is used to
inspect the MHD (magnetohydrodynamics) effects with
strength B0 = b0/

ffiffiffiffiffiffiffiffiffiffiffi
1 − ct

p
(b0 represents the initial strength

of the magnetic field). The mathematical relation of Rosse-
land approximation is then followed to examine the effects
of thermal radiation. The tiny particles are considered in
thermal equilibrium. The no-slip phenomenon is considered
at the surface to keep the flow incompressible as well as lam-
inar. Expansion velocity uw = ax/ð1 − ctÞ ; a > 0, c > 0 is
opted along the x-axis, and the expansion velocity vw = by/
ð1 − ctÞ ; b ≥ 0 is decided along the y-axis, whereas 0 < z <
∞ is the region covered by the hybrid nanofluid (as sketched
in Figure 1). In order to provide the variable temperature
mechanism at the surface, two types of thermal conditions,
namely, PST and PHF, are applied. Table 1 is constructed
to summarize the thermophysical characteristics of water
H2O, alumina, and titania.

In the continuation of the abovementioned assumptions
with a boundary layer theory, the transport equations are
manifested as follows (refs. [38, 52]):

∂u
∂x

+
∂v
∂y

+
∂w
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The velocity and thermal conditions for equation (1) are
conveyed as follows (ref. [41]):

z = 0 : u = uw x, tð Þ = ax
1 − ct

,

v = vw y, tð Þ = by
1 − ct

,

w = 0,

z⟶∞ : u⟶ 0,

v⟶ 0,

PST case : z = 0 : T = Tw x, y, tð Þ = T∞ + T0
xrys

1 − ct

� �
,

z⟶∞ : T ⟶ T∞,

PHF case : z = 0 : −khnf
∂T
∂z

� �
w

= qw x, y, tð Þ = T1
xrys

1 − ct

� �
,

z⟶∞ : T ⟶ T∞:

ð2Þ
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Here, ðu, v,wÞ designates the velocity components along
the x-, y-, and z-directions, respectively, T shows the tem-
perature at the surface, time factor is symbolized by t, ðr, sÞ
are the indices that are used to control the temperature
at the surface, T0 and T1 are dimensional constants, μhnf
is opted to describe the effective viscosity of the hybrid
mixture, ρhnf is chosen to label the density of the hybrid
mixture, khnf is taken to mark the thermal conductivity of
the hybrid mixture, αhnf = khnf /ðρCpÞhnf is picked to state
the thermal diffusivity of the hybrid mixture, Cphnf

is
selected to represent the specific heat capacity, and σhnf is
typified to express the influence of electrical conductivity
of the hybrid nanofluid.

The mathematical relations to introduce the cylindrical
shaped nanoparticles for present evolution of hybrid nano-
material are composed as follows (refs. [2, 27, 31]):

ρhnf = ψ1ρp1 + ψ2ρp2 + 1 − ψ1 − ψ2ð Þρf ,

ρCp

� �
hnf = ψ1 ρCp

� �
p1 + ψ2 ρCp

� �
p2 + 1 − ψ1 − ψ2ð Þ ρCp

� �
f
,

khnf
kbf

=
kp2 + 3:82kbf
� �

− 3:82ψ2 kp2 − kbf
� �

kp2 + 3:82kbf
� �

+ ψ2 kp2 − kbf
� � ,

kbf
kf

=
kp1 + 3:82kf
� �

− 3:82ψ1 kp1 − kf
� �

kp1 + 3:82kf
� �

+ ψ1 kp1 − kf
� � ,

σhnf
σbf

= 1 +
3 σp2/σbf
� �

− 1
� �

ψ2

σp2/σbfð Þ + 2 − σp2/σbf
� �

− 1
� �

ψ2
,

σbf
σf

= 1 +
3 σp1/σf

� �
− 1

� �
ψ1

σp1/σf

� �
+ 2 − σp1/σf

� �
− 1

� �
ψ1

,

αhnf =
khnf

ρCp

� �
hnf

,

μhnf
μbf

= 1 + 13:5ψ2 + 904:4ψ2
2,

μbf
μf

= 1 + 13:5ψ1 + 904:4ψ1
2: ð3Þ

Table 1: Thermophysical features of water, alumina, and titania nanoparticles (refs. [15, 17, 18]).

Thermophysical features
Base fluid Nanoparticles

H2O Al2O3 ψ1ð Þ TiO2 ψ2ð Þ
Density ρð Þ: kg/m3 997.1 3970 4250

Thermal conductivity kð Þ: W/mK 0.613 40.0 8.9538

Specific heat Cp

� �
: J/kgK 4179 765 686.2

Electrical conductivity: σð Þ: S/m 5:5 × 10−6 35 × 106 0:24 × 107

Prandtl number: Pr 6.20 — —

Water based hybrid
nanofluid regime

Magnetic field

Microscopic view of nanoparticles

TiO2

Al2O3

uw =
1 − ct

Unsteady
bidirectional

stretching sheet

y-axis

z-
ax

is
x-

ax
is

ax

vw =
1 − ct

by

Tw = T∞ + T0 1 − ct
xr ys

Figure 1: Graphical abstract of the considered hybrid nanofluid model.
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Here, quantities of volume fractions for alumina and
titania nanoparticles are expressed through ψ1 and ψ2,
respectively. The case of conventional fluid can be recovered
by considering ψ1 = ψ2 = 0.

The equation for radiative heat transfer is defined as
follows (refs. [35, 38]):

qrad = −
16σ∗

3k∗
T∞

3 ∂T
∂z

: ð4Þ

Here, qrad describes the radiative heat transference, σ∗

illustrates the Stefan Boltzmann factor, and k∗ explains the
effect of the mean absorption factor.

The set of relations used to nondimensionalize the
present mathematical model is conveyed as follows (refs.
[41, 52]):

u =
ax

1 − ct
f ′ ηð Þ,

v =
ay

1 − ct
g′ ηð Þ,

w = −
aϑf
1 − ct

� �1/2

f ηð Þ + g ηð Þ½ �,

η =
a

ϑf 1 − ctð Þ

 !1/2

z,

ð5Þ

PST case : θ ηð Þ = T x, y, z, tð Þ − T∞
Tw x, y, tð Þ − T∞

,

PHF case : T − T∞ = T1
kf

ϑf
a 1 − ctð Þ
� �1/2

xrysϕ ηð Þ:
ð6Þ

With the involvement of equations (6) and (7), the
transport equations become

ε1 f ′′′ − f ′2 + f + gð Þf ′′ − S f ′ + η

2
f ′′

� �
− ε2M

2 f ′ = 0,

ð7Þ

ε1g′′′ − g′2 + f + gð Þg′′ − S g′ + η

2
g′′

� �
− ε2M

2g′ = 0,

ð8Þ

PST case : ε3 1 + Rdð Þθ′′ + Pr f + gð Þθ′ − rf ′ + sg′
� �

θ − S θ +
η

2
θ′

� �� �
= 0,

ð9Þ

PHF case : ε3 1 + Rdð Þϕ′′ + Pr f + gð Þϕ′ − rf ′ + sg′
� �

ϕ − S ϕ +
η

2
ϕ′

� �� �
= 0,

ð10Þ

with boundary restrictions

f 0ð Þ + g 0ð Þ = 0,

f ′ 0ð Þ = 1,

g′ 0ð Þ = α,

f ′ ∞ð Þ⟶ 0,

g′ ∞ð Þ⟶ 0,

PST case : θ 0ð Þ = 1,

θ ∞ð Þ⟶ 0,

PHF case : ϕ′ 0ð Þ = −
kf
khnf

, ϕ ∞ð Þ⟶ 0:

ð11Þ

Here, the Hartmann number is recognized by M =
ðσf /aρf Þ1/2b0, the unsteady factor is stated by S = c/a, the
elongation ratio is expressed by α = b/a, the Prandtl factor
is indicated by Pr = υf /αf , Rd = ð16σ∗/3k∗kf ÞT∞

3 is the
radiation factor, and ðε1, ε2, ε3Þ are the relations for the
present hybrid mixture and these relations are elaborated
as follows:

The most fascinating quantities for thermal processes
and most used in the improvement of heat exchanger

devices are termed as skin-friction coefficients (i.e., Cf x and
Cf y) and the local Nusselt number (i.e., Nux). The

ε1 =
1 + 13:5ψ2 + 904:4ψ2

2� �
1 + 13:5ψ1 + 904:4ψ1

2� �
ψ1 ρp1/ρf

� �
+ ψ2 ρp2/ρf

� �
+ 1 − ψ1 − ψ2ð Þ

� � ,

ε2 =
1 + 3 σp2/σbf

� �
− 1

� �
ψ2

� �
/ σp2/σbf
� �

+ 2 − σp2/σbf
� �

− 1
� �

ψ2
� �� �� �

1 + 3 σp1/σf

� �
− 1

� �
ψ1

� �
/ σp1/σf

� �
+ 2 − σp1/σf

� �
− 1

� �
ψ1

� �� �� �
ψ1 ρp1/ρf

� �
+ ψ2 ρp2/ρf

� �
+ 1 − ψ1 − ψ2ð Þ

,

ε3 =
kp2 + 3:82kbf
� �

− 3:82ψ2 kp2 − kbf
� �� �

/ kp2 + 3:82kbf
� �

+ ψ2 kp2 − kbf
� �� �� �

kp1 + 3:82kf
� �

− 3:82ψ1 kp1 − kf
� �� �

/ kp1 + 3:82kf
� �

+ ψ1 kp1 − kf
� �� �� �

ψ1 ρCp

� �
p1/ ρCp

� �
f

� �
+ ψ2 ρCp

� �
p2/ ρCp

� �
f

� �
+ 1 − ψ1 − ψ2ð Þ

:

ð12Þ
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mathematical formulations of these quantities are communi-
cated as follows (refs. [36, 44, 51]):

Cf x =
τwx

ρf uw
2 ,

Cf y =
τwy
ρf vw

2 ,

τwx = μhnf
∂u
∂z

� �
z=0

,

τwy = μhnf
∂v
∂z

� �
z=0

,

PST case : Nux =
xqh

kf Tw − T∞ð Þ ,

qh = −khnf
∂T
∂z

� �
z=0

+ qradð Þw,

PHF case : Nux =
xqh

kf T − T∞ð Þ ,

qh = −khnf
∂T
∂z

� �
z=0

+ qradð Þw:

ð13Þ

The dimensionless formulations of the abovementioned
quantities using Reynold’s numbers Rex = xuw/ϑf , Rey = y
vw/ϑf are transported as follows:

Rex1/2Cf x = 1 + 13:5ψ1 + 904:4ψ1
2� �

� 1 + 13:5ψ2 + 904:4ψ2
2� �
f ′′ 0ð Þ,

ð14Þ

Rey1/2Cf y = α−3/2 1 + 13:5ψ1 + 904:4ψ1
2� �

� 1 + 13:5ψ2 + 904:4ψ2
2� �
g′′ 0ð Þ,

ð15Þ

Rex−1/2Nux =
−
khnf
kf

1 + Rdð Þθ′ 0ð Þ PST caseð Þ,

1 + Rdð Þ 1
ϕ 0ð Þ PHF caseð Þ:

8>>><
>>>:

ð16Þ

3. Keller-Box Simulation

The final form of the system of equations obtained through
the aforementioned modeling along with boundary condi-
tions is simulated via the Keller-Box approach. This numer-
ical approach has accuracy of up to second order and has
rapid convergence ability than other routine work numerical
approaches (shooting method, RK-method, BVP4c, etc.).
This approach also provides the flexibility about adoption
of the step size for the computational domain and is more
appropriate for the solution of boundary layer flow prob-
lems. The major advantage of this method over other
numerical methods is its unique conversion procedure of
differential equations into algebraic equations using central
difference approximations. Foremost steps to implement

this numerical approach are stated below and summarized
via the flow chart (Figure 2):

(i) The first step is to transform the higher-order
differential equations into first-order differential
equations

(ii) The next step is to transmute the obtained differen-
tial system into the difference equation system via
central difference numerical approximations

(iii) Linearization of the system of difference equations
is completed with the courtesy of Newton’s lineari-
zation standard method

Table 2: Convergence of the Keller-Box simulation for α = S =M
= 0:5, r = s = 1:0, ψ1 = ψ2 = 0:04, Rd = 0:5.

np −f ′′ 0ð Þ −g′′ 0ð Þ −θ′ 0ð Þ 1/ϕ 0ð Þ
500 0.6718217 0.317969 2.631693 3.556174

1000 0.6718218 0.317969 2.631367 3.555733

1500 0.6718218 0.317969 2.631306 3.555651

2000 0.6718218 0.317969 2.631285 3.555623

2500 0.6718218 0.317969 2.631275 3.555609

3000 0.6718218 0.317969 2.63127 3.555602

3500 0.6718218 0.317969 2.631267 3.555598

4000 0.6718218 0.317969 2.631265 3.555595

4500 0.6718218 0.317969 2.631263 3.555593

5000 0.6718218 0.317969 2.631262 3.555592

10000 0.6718218 0.317969 2.631262 3.555592

Start

Conversion of second and higher order
ODEs into first order ODEs

Discretization of physical domain

Linearization process using Newton’s method

Finish

Formation of block tridiagonal matrix
of the form A𝛿 = r

Solution by using LU-decomposition
process

Updating of solution vector

Termination criteria

Figure 2: Flow chart of numerical procedure.
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𝛼 = M = S = 0.5, 𝜆 = 0.2, r = s = 1.0, 𝜓1 = 𝜓2 = 0.01
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Figure 3: (a, b) Temperature fluctuation against the variation of radiation factor Rd for the PST case and for the PHF case.

Table 3: Outcomes in the nonappearance of nanoparticles, magnetic and unsteadiness aspects.

α = 1:0 −f ′′ 0ð Þ f ∞ð Þ −g′′ 0ð Þ g ∞ð Þ
Present 1.173722 0.751498 1.173722 0.751498

Liu and Andersson [44] 1.173721 0.751494 1.173721 0.751494

α = 0:5 −f ′′ 0ð Þ f ∞ð Þ −g′′ 0ð Þ g ∞ð Þ
Present 1.093095 0.842387 0.465205 0.451678

Liu and Andersson [44] 1.093096 0.842360 0.465206 0.451663

α = 0:0 −f ′′ 0ð Þ f ∞ð Þ −g′′ 0ð Þ g ∞ð Þ
Present −1.0 1.0 0.0 0.0

Liu and Andersson [44] −1.0 1.0 0.0 0.0
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(iv) The linearized equations are then arranged into
matrix-vector forms

(v) The LU decomposition technique is opted to solve
the obtained matrix-vector problem

(vi) Finally, the value of the unknown vector provides
the numerical solution of the aforementioned math-
ematical problem

During the implementation of the abovementioned
steps, the computational domain ½0∞Þ is truncated into
the finite domain ½η0 η∞�. In order to obtain the first approxi-
mation of the numerical solution, we selected η0 = 0, η∞ = 20,
np = 500, h = ðη∞ − η0Þ/np, and then, the desired accuracy,
i.e., ε = 10−6, is achieved by varying the value of np (the numbers
of grid points) with the reduction in the value of h (step size).

Table 2 is designed to estimate the rate of convergence of
the Keller-Box simulation as well as to find the best choice of

np for the simulation of the local Nusselt number and skin-
friction coefficients. It is deduced through Table 2 that one
thousand grid points are enough for the convergent solution
of f ′′ð0Þ and five hundred grid points are sufficient to
achieve the convergence criteria for g′′ð0Þ, whereas five
thousand grid points are necessary to attain the convergent
approximation for both θ′ð0Þ as well as 1/ϕð0Þ. In order to
check the stability of the Keller-Box solution, the value of
np is increased up to ten thousand and the solution is found
consistent. The convergent solution obtained through
Table 2 is used for further manipulations in order to find
the impact of involved parameters on the thermal setup,
local Nusselt number, and skin-friction coefficients.

4. Code Validation

In order to validate the numeric code for the solution of the
considered problem, the outfalls reported in the present con-
tribution have been compared with the outfalls discussed in

𝛼 = M = S = Rd = 0.5, 𝜆 = 0.2, s = 1.0, 𝜓1 = 𝜓2 = 0.01
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Figure 4: (a, b) Temperature fluctuation against the variation of the index r for the PST case and for the PHF case.
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the article (Liu and Andersson [44]) for f ′′ð0Þ, g′′ð0Þ, f ð∞Þ
and gð∞Þ in the absence of nanoparticles. A convincing sci-
entific connection has been found between the present scru-
tiny and the published activity. In this regard, Table 3 is
arranged in the analysis.

5. Results and Discussion

The present heading describes the importance of the
involved important parameters like radiation factor Rd and
temperature maintaining indices ðr, sÞ on thermal setups ½θ
ðηÞ, ϕðηÞ� via various plots, whereas the physical quantities
like the local Nusselt number and skin friction coefficients
are discussed for various estimations of involved constraints
via various graphs and tables. Moreover, the thermophysical
properties for the present hybrid mixture are also computed
at the end of this section and discussed deeply. Figure 3
describes the impact of radiation factor Rd on θðηÞ and on
ϕðηÞ. It is detected through Figures 3(a) and 3(b) that the

escalating choice of Rd enhances the worth of thermal
setups. The thickness of the thermal layer is observed larger
for smaller choices of Rd as compared to larger estimations
of Rd . The maximum temperature for the PST mechanism
is observed as one, whereas the maximum temperature for
the PHF case is noticed as 0.5 when Rd is increased from 0
to 2.0. Overall, the strength of the thermal setup for the
PHF case is observed to be more prominent than that for
the PST case. Physically, the abovementioned changes are
produced because Rd is the mathematical ratio of Stefan
Boltzman number σ∗ to mean absorption factor k∗. The
value of σ∗ is increased whereas the value of k∗ is diminished
with the positive tendency of Rd . Figure 4 explains the influ-
ence of temperature maintaining index r corresponding to
the x-direction on θðηÞ and on ϕðηÞ while other parameters
are being fixed. The temperature of hybrid nanofluid is
diminished for both the PST and PHF cases with the escalat-
ing amount of r. The value of temperature is detected higher
for the PHF case than the PST case for r ≤ −2 and is deduced

𝛼 = M = S = Rd = 0.5, 𝜆 = 0.2, r = 1.0, 𝜓1 = 𝜓2 = 0.01
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Figure 5: (a, b) Temperature fluctuation against the variation of the index s for the PST case and for the PHF case.
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higher for the PST case than the PHF case for other choices
of r. Physically, the temperature distribution is well domi-
nant for variable thermal conditions than arbitrary thermal
conditions. The wideness of the thermal layer is larger in
the PHF case than the PST case. Figure 5 is plotted to
explain the worth of temperature maintaining index s corre-
sponding to the y-direction on θðηÞ and on ϕðηÞ by keeping
the other involved factors fixed. The temperature with the
higher estimations of s is reduced for both the PHF and
PST mechanisms. The value of temperature fluctuation is
attained higher for PST conditions than PHF conditions
for all the choices of s, but the thermal thickness is achieved
quite dominant for the PHF case as associated with the PST
case.

Figure 6(a) manifests the combined influence of ψ1 and
M on Cf x for fixed values of other involved parameters.
Skin-friction coefficient Cf x is reduced with increasing
amounts of both M and ψ1. Physically, more electric con-
duction is produced in the flow of the hybrid mixture with

the positive growth in M from 0.5 to 3.5. Skin-friction coef-
ficient Cf x is reduced with the phenomenon of electric con-
duction. Moreover, the electrical conductivity of alumina is
much higher than the electrical conductivity of host liquid
and this phenomenon produces the reduction in the value
of Cf x. The smaller selection of ψ1 produces the stream of
moderate thickness, whereas the thickness of the stream is
observed to be double when ψ1 reached 0.10. Figure 6(b)
explains the combined influence of ψ1 and S on Cf x for fixed
selections of other involved constraints. Skin-friction coeffi-
cient Cf x is reduced with the higher estimation of S. Physi-
cally, expansion rate a is reduced with the improvement in
the value of S, and therefore, reduction in the computation
of Cf x is attained. Figure 7(a) reveals the collective effect of
ψ2 and λ on Cf y with other parameters being kept fixed.
Skin-friction coefficient Cf y is abridged with growing
amounts of both λ and ψ2. Actually, a less elongation rate
is produced with the development in λ from 0.2 to 1.4.

𝛼 = s = 0.5, 𝜆 = 0.2, 𝜓2 = 0.01
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Figure 6: (a, b) Skin-friction coefficient Cf x against the variations in ψ1&M and ψ1&S.
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Skin-friction coefficient Cf y is diminished with the produc-
tions of a less elongation rate. Moreover, the electrical con-
ductivity of titania is much higher than the electrical
conductivity of host liquid and this phenomenon produces
the reduction in the computation of Cf y . As electrical con-
ductivity of titania is higher than the electrical conductivity
of alumina, therefore, faster reduction in Cf y is achieved
than Cf x. The smaller assortment of ψ2 yields the stream
of minute thickness, whereas the thickness of the stream is
observed triple when ψ2 reached 0.10. Figure 7(b) elucidates
the joined impact of ψ2 and α on Cf y for stationary values of
other mathematical constraints. Skin-friction coefficient Cf y

is enhanced with the advancement in α. Precisely, expansion
rate b is enhanced and expansion rate a is diminished with
the development in α, and therefore, enhancement in the
computation of Cf y is attained.

Figure 8(a) explores the graphical assessment of Nusselt
number Nux against the variations in Rd and r with other

parameters being retained as fixed. Nusselt number Nux is
improved with the enhancement in r from −2.0 to 2.0, and
also, it is increased with the escalation in Rd from 0.0 to
2.0. Energy is transformed in the form of electromagnetic
waves with the involvement of thermal radiation, and it is
more efficient in porous space or vacuum because it is the
ideal situation for full transmission of the radiation energy.
The value of Nux is augmented with the escalation in Rd
from 0.0 to 2.0. The rate of heat transference is observed
slower for negative values of r than positive values of r
because the surface temperature is mentioned higher for
the negative value of r than the positive value of r, and there-
fore, the thermal flux across the surface will be higher for the
positive value of r than its negative value. As a result, the
Nusselt number Nux is tremendously improved.

Figure 8(b) describes the graphical evaluation of Nusselt
number Nuy against the variations in S and s with other
parameters being taken as fixed. Nusselt number Nuy is
improved with the enhancement in s from −2.0 to 2.0, and
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Figure 7: (a, b) Skin-friction coefficient Cf y against the variations in ψ2&λ and ψ2&α.
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Figure 8: Nusselt number Nux against the variations in (a) Rd&r and Nuy against the variations in (b) S&s.

Table 4: Contribution of solid volume fractions ψ1 and ψ2 on thermal interest quantities for α = S =M = 0:5, r = s = 1:0, Rd = 0:5.

Nanoparticle volume
fractions −Rey1/2Cf x −Rey1/2Cf y

Rex−1/2/ 1 + Rdð Þ� �
Nux

ψ1 ψ2 VST case VHF case

0.01 0.01 1.818652 2.354086 3.165999 3.165999

0.04 0.01 3.199621 4.200442 3.392241 3.392241

0.07 0.01 5.443228 7.263307 3.584352 3.584352

0.10 0.01 8.510418 11.50723 3.751383 3.751383

0.13 0.01 12.42493 16.96354 3.903712 3.903712

0.16 0.01 17.20563 23.65449 4.046176 4.046176

0.01 0.04 3.207035 4.209267 3.351655 3.351655

0.01 0.07 5.46183 7.285107 3.50311 3.50311

0.01 0.10 8.542308 11.54414 3.630213 3.630213

0.01 0.13 12.47104 17.01642 3.743252 3.743252

0.01 0.16 17.26637 23.72367 3.846784 3.846784
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also, it is increased with the escalation in S from 0.0 to 2.0.
The transmission of heat is perceived slower for negative
selections of s than positive selections of s because the
stretching device is maintained at higher temperature for
the negative value of s than the positive value of s, and there-
fore, thermal flux across the stretching device will be higher
for the positive value of s than its negative value. As a result,
the Nusselt number Nuy is extremely enriched. Physically,
unsteady expansion parameter S is involved in equation (9)
with the sum of dimensionless temperature and its deriva-
tive with respect to η. As a result, the rate of heat transfer-
ence across the yz plane is increased.

Roles of solid volume fractions ψ1 for alumina and ψ2
for titania on the local Nusselt number as well as on skin
friction coefficients are discussed in Table 4. It is attained
in Table 4 that escalating selections of ψ1 and ψ2 improve
the skin-friction coefficients for the present model. It is also
observed that the impact of ψ1 and ψ2 is more dominant for
the flow along the y-direction as compared to the x-direc-
tion. Mathematically, the involvement of α is absent in equa-
tion (14), whereas it is involved in the reciprocal form as
described in equation (15). As in our study, the value of α
is selected to be 0.5, so the numerical value of g′′ð0Þ is
observed to be higher than the numerical value of f ′′ð0Þ.
Moreover, the roles of ψ1 and ψ2 on the local Nusselt num-
ber are also discussed in Table 3 and it is deduced that
higher estimations of ψ1 and ψ2 in the range ½0:01 0:16�
improve the rate of heat transference which is beneficial
for many industrial and engineering applications. Further-
more, the rate of heat transference is observed to be equal
quantitatively for both the PST and PHF mechanisms. The
thermophysical features for the present hybrid mixture are
discussed in Table 5 for various choices of ψ2 (the weightage
of titania) by adjusting ψ1 = 0:01. The escalating estimation
of ψ2 enhances the density, thermal conductivity, and elec-
trical conductivity of the hybrid mixture whereas the heat
capacity is reduced with the present development in ψ2.
Physically, the mixture of alumina and titania with the
working fluid, i.e., water, provides the improvement in the
thermophysical features as compared to that in Table 1. In
Table 6, thermophysical characteristics for present hybrid
combination are computed for different selections of ψ1
(the solid volume fraction of alumina) by taking ψ2 = 0:01.
With the increase of ψ1, the density, the electrical conductiv-
ity, and the thermal conductivity are improved but the heat
capacity is condensed with this variation. The base fluid, i.e.,

water, delivers enlargement in thermophysical properties of
hybrid nanofluid associated to Table 1 with the chemically
mixture of alumina and titania.

6. Conclusions

This study provides the mathematical analysis for unsteady
bidirectional dynamics of radiative water-conveying hybrid
nanofluid (i.e., the combination of titania and alumina) with
the significance of variable thermal conditions (PST and
PHF) and impact of the cylindrical shape of nanoparticles.
The influence of the Lorentz force is also incorporated to
make the investigation more impactful. Numerical simula-
tion is made via the Keller-Box approach, and key observa-
tions are listed as follows:

(i) The thermophysical features of the hybrid nanofluid
except specific heat are improved with the involve-
ment of the cylindrical shape of nanoparticles, i.e.,
titania and alumina

(ii) The rate of heat transference is observed identical
for both the PST and PHF cases

(iii) The magnitude of the stress applied on the y
-direction is observed to be higher than the magni-
tude of the stress applied along the x-direction with
the positive estimations of volume fractions of
nanoparticles

(iv) The temperature of the hybrid nanofluid is
increased with the development in the choice of
Rd and decreased with the improvement in the
choices of temperature maintaining indices ðr, sÞ

(v) Skin-friction coefficients are reduced with progres-
sions in the values of the Hartmann number,
unsteady parameter, and volume percentages of
nanoparticles

(vi) The local Nusselt number is improved with devel-
opments in the amounts of radiation and unsteady
parameters

This scientific contribution has many mechanical, bio-
medical, and commercial applications. These are coating a
sheet with hybrid nanomaterials, manufacturing of printing
ink, degrading organic contaminants, manufacturing of
sodium vapour lamps, etc. This study is also really helpful

Table 5: Fluctuations in the thermophysical behaviours for the
existing hybrid mixture with ψ1 = 0:01.

ψ2 ρhnf ρCp

� �
hnf × 103 khnf σhnf × 10−6

0.00 1026.829 4.14486 0.6407428664 5.666667

0.01 1059.358 4.109932 0.6634263686 5.838384

0.03 1124.416 4.040076 0.7098079091 6.19244

0.05 1189.474 3.97022 0.7575933453 6.561404

0.07 1254.532 3.900364 0.8068473972 6.946237

0.09 1319.59 3.830508 0.8576388251 7.347985

Table 6: Fluctuations in the thermophysical behaviours for the
existing hybrid mixture with ψ2 = 0:01.

ψ1 ρhnf ρCp

� �
hnf × 103 khnf σhnf × 10−6

0.00 1029.629 4.144072 0.6349801229 5.666667

0.01 1059.358 4.109932 0.6634263686 5.838384

0.03 1118.816 4.041652 0.7218911348 6.19244

0.05 1178.274 3.973372 0.7825545636 6.561404

0.07 1237.732 3.905092 0.8455479603 6.946237

0.09 1297.19 3.836812 0.9110132942 7.347985
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for the researchers working in the field of nanomaterials and
can be protracted in the future by considering different
geometries.

Nomenclature

B0: Strength of magnetic field
a, b: Stretching rates
t: Time
c: Time coefficient
x, y, z: Space coordinates
uw, vw: Stretching velocities
PST: Prescribed surface temperature
PHF: Prescribed heat flux
Tw: Surface temperature
r, s: Thermal indices
T0, T1: Dimensional constants
T∞: Ambient temperature
u, v,w: Velocity field components
T : Temperature
hnf : Hybrid nanofluid
μhnf : Dynamic viscosity of hnf
ρhnf : Density of hnf
σhnf : Electrical conductivity of hnf
khnf : Thermal conductivity of hnf
αhnf : Thermal diffusivity of hnf
Cphnf

: Specific heat capacity of hnf
ψ1: Volume fraction of alumina
ψ2: Volume fraction of titania
f : Fluid
bf : Base fluid
p1: Alumina nanoparticles
p2: Titania nanoparticles
qrad: Radiative heat transfer
σ∗: Stefan Boltzmann constant
k∗: Mean absorption coefficient
η: Similarity variable
f ′, g′: Dimensionless velocities
θ, ϕ: Dimensionless temperatures
Pr: Prandtl number
Rd : Radiation parameter
S: Unsteady parameter
M: Hartmann number
ε1, ε2, ε3: Dimensionless quantities
Rex, Rey: Reynolds numbers
Nux: Nusselt number
Cf x, Cf y: Skin friction coefficients
α: Stretching ratio parameter
ρ, k, Cp, σ: Thermophysical properties
h: Step size
ε: Convergence criterion
np: Numbers of grid points.
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In this paper, the flow of hybrid nanofluids in a three-dimensional rectangular channel consisting of three perpendicular blocks
will be analyzed in terms of heat transfer. The two perpendicular rectangular blocks are rotating with speed ω. The hybrid mixture
consists of aluminum oxide and copper, and each of them will contain in volume fraction of 0.001 to 0.25. The κ-ε model of
turbulent flow along with Navier and energy equation will be brought into action by using the finite element package
COMSOL Multiphysics 5.6. Volume fraction and speed of rotation will be used as the parameters, and a parameter study will
be done by fixing the Reynolds number Re = 50,000 with energy dissipation rate (ε) (m2/s3) (3:46E − 6 to 3:76E − 5), kinetic
energy (κ) (m2/s2) (2:50E − 06 to 1:23E − 05), and the Prandtl number (0.98506 to 1.2625). It was deducted that the local
Nusselt number is minimized at the outlet for stationary blocks and the maximum for the moving blocks. In addition, the
mean number of Nusselt on the upper surface of the rectangular channel increases when the blocks are stationary and
decreases when the blocks are moving. The study suggests that to maximize the conduction process in the channel the blocks
must rotate with a certain velocity. This study also determined that with increasing the total viscosity of hybrid nanofluids, the
average temperature is decreasing linearly in the middle of the channel whether the blocks are rotating or not. The
temperature gradient along the z-axis decreases with increasing volume fraction only when blocks are stationary. In addition, it
has been determined that the maximum average temperature occurs when the volume fractions of copper and oxide are equal
to 0.001.

1. Introduction and Literature Survey

The study of imposing a hybrid nanofluid in the domain to
increase the heat transfer rate is increasing these days due to
having a large number of applications in industrial develop-
ment. The hybrid nanofluid can be a mixture of metallic,
nonmetallic, and polymeric nanosized particles which are

suspended in pure fluid like water and ethanol glycol. It
was approved by many researchers with and without exper-
iment, adding nanofluid in the pure fluid will increase the
heat transfer rate. At Argonne National Laboratory, the first
experiment based on nanofluid was performed [1]. In this
experiment for the first time, the tremendous properties of
the nanofluid in terms of heat transfer were explained. In
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the experiment, it was also suggested to improve these prop-
erties by certain modifications. The study beings a revolution
in the field of engineering due to having a large number of
applications of heat production. Later, several experimental
and numerical investigations for heat transfer have been
done by taking nanofluids under consideration [2, 3]. The
applications of the nanofluids can also be seen in making
efficient heat exchanger tubes. In the research study [4],
WO3/water-based nanofluids were investigated in the triple
tube for the purpose to produce an efficient heat exchanger.
The tube was comprised of a porous plate along with the rib
type and twisted tape. In [5], a survey was written about the
advantage of nanofluids when used as the coolant to make
the efficient heat exchangers. In the survey, the author
reported several findings regarding the previous literature
which contribute to increasing the rate of heat transfer, like
pressure drop, Reynolds number, flow regime, temperature,
kind of base fluid, and the size of nanomaterials. Later on,
the recent advancements in the thermophysical properties
of the nanofluid were discussed in [6] along with the heat
transport, dynamic motion, and the new challenges while
studying the heat transportation with the help of nanofluids.
The author of this article specially discussed the heat trans-
port and the dynamic motion of the nanofluids in the media.
The applications of nanofluids can largely be seen in making
efficient solar collectors. For example, in [7], the hybrid
nanofluids were used to observe the heat transfer by using
the two nanofluids copper and aluminum oxide in the solar
collector. It was found that the copper nanofluids have a
finer capability than the aluminum oxide to hike up the heat
transfer up to 6.4%. In producing efficient batteries, the flow
of nanofluid along the heat transfer was also investigated in
[8]. In this article, the author used the most advanced tech-
nique of machine learning on the experimental data of vis-
cosity and density of the ternary nanofluids at various
temperatures to improve the performance of the battery.

Recently, the study of mixing the different nanofluids is
gaining importance due to their reliable results for heat
production in the interested domain. The concept of hybrid
nanofluid was initiated [9, 10] with experiments and
numerical solutions. It was suggested by them that the
usage of hybrid nanofluid will increase more heat transfer
rate as compared to an individual nanofluid through the
base fluid. After that idea, several researchers started work-
ing on better understanding the hybrid nanofluids. A cop-
per tube was investigated for the Al2O3-water nanofluid
flow through several experiments [11–14]. With these
experiments, it was explained that including the Al2O3
nanoparticles will boost the convection process in the cop-
per tube, and also, it is much enhanced by increasing the
Reynolds number and the concentration of the nanoparti-
cles. The impact on the heat transfer by the constant mag-
netic effect as well as radiation on the stretching sheets was
investigated in [15] while taking the water as the base fluid
with copper and aluminum oxide as nanofluids. It was
found that the constant magnetic effect and the radiation
both enhance the rate of heat transfer. From many experi-
ments [16–20], it is proved that even mixing a small
amount of any nanoparticles or copper with the aluminum
oxide will improve the thermal conductivity without
harming the strongness of the nanofluids. The tremendous
mixture of Cu-Al2O3 which is mostly used to analyze the
convection process in the channel is formed by imple-
menting the hydrogen reduction reaction on the CuO-
Al2O3 combination [21]. It can also be produced by
blending the pure Al2O3 and the very small-sized nanopar-
ticles of CuO [22–24]. Also, the mixture CuO-Al2O3 has
various importance in the engineering field. Among them,
one of the applications is used there for the heat distribu-
tion in the electronic heat sink production [25–27]. The
application of this mixture can widely be found in making
efficient solar collectors [28, 29].

Normal inflow velocity uin = f (Re) Outflow p = 0

Th

Ly Lx

Tc

Lz

(a)

𝜔 = 0, 0.5 and 1.5

(b)

Figure 1: (a, b) Schematic diagram of the three-dimensional rectangular channel containing the perpendicular blocks.
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The object of this study is to observe the heat distribu-
tion by passing a hybrid mixture of Cu-Al2O3 through the
three-dimensional rectangular channel which contained the
perpendicular blocks of a certain thickness. The perpendicu-
lar blocks are rotated with some speed. The problem is sim-
ulated by using the latest and emerging finite element
package COMSOL Multiphysics 5.6 by using the Navier-
Stokes equation, energy equation, and κ − ε model of turbu-
lent flow. By considering different volume fractions of the
contents of the mixture with some speed of the perpendicu-
lar blocks, the parametric study for the heat transfer of the
mixture contents will be observed. In the first section, we
will describe the problem formulation along with the ther-
mophysical properties of the chosen nanofluid. In the 2nd

section, we will apply the mesh independent study and com-
pare the results for the average Nusselt number with the
available correlations from the literature. In the 3rd section,
we will calculate the results for average temperature, temper-
ature gradient, local Nusselt number, and average Nusselt
number on the chosen domain. And, finally, we will write
the conclusion. The selected geometry has not been dis-
cussed in the previous research work.

2. Problem Formulation

In the current research article, we are going to establish a
simulation for the heat transfer and a turbulent flow in the
three-dimensional rectangular channel containing the two

Table 1: Thermophysical properties of the nanofluid and parameters to geometry building [30].

Symbol Value Explanation

ϕ1 0.001, 0.01, 0.09, 0.1, and 0.25 Volume fraction of aluminum oxide

ϕ2 0.001, 0.01, 0.09, 0.1, and 0.25 Volume fraction of copper

ρnp1 3880 (kg/m3) Density of alumina

ρnp2 8954 (kg/m3) Density of copper

ρnp ϕ1ρnp1 + ϕ2ρnp2

� �
/ϕ1 + ϕ2 The total density of the nanoparticles

cp
� �

np1 765 (J/kgK) Specific heat of aluminum oxide

cp
� �

np2 383.1 (J/kgK) Specific heat of copper

cp
� �

np ϕ1ρnp1 cp
� �

np1 + ϕ2ρnp2 cp
� �

np2/φρnp Specific heat of particles

ϕ ϕ1 + ϕ2 The total volume fraction of nanoparticles

κnp1 40 (W/mK) Thermal conductivity of the aluminum oxide

κnp2 386 (W/mK) Thermal conductivity of copper

κnp ϕ1κnp1 + ϕ2κnp2/ϕ1 + ϕ2 Total thermal conductivity of nanofluids

ρbf 998 (kg/m3) The density of the base fluid

ρnf ρbf 1 − ϕð Þ + ϕρnp Density of nanofluid

cp
� �

bf 4182 (J/kgK) Specific heat of the base fluid

cp
� �

nf
ρbf 1 − ϕð Þ cp

� �
bf + ρnp 1 − ϕð Þ cp

� �
np/ρnf Specific heat capacity of nanofluid

κbf 0.597 (W/mK) Thermal conductivity of the base fluid

κnf κbf κnp + 2κbf + 2 κnp − κbf
� �

ϕ/κnp + 2κbf − κnp − κbf
� �

ϕ
� �

Thermal conductivity of the nanofluids

μbf 0.000998 (Pa s) The viscosity of the base fluid

μhnf μbf / 1 − ϕð Þ2:5 (Pa s) Viscosity of nanofluid

Dh 0.333 (cm) Hydraulic diameter

Re 50,000 Reynolds number

uin μhnf Re/ρnfDh Inlet velocity

Lx 1 (cm) Length along the x-axis

Ly 0.5 (cm) Length along the y-axis

Lz 0.5 (cm) Length along the z-axis

ω 0, 0.5, and 1.5 (m/s) The rotational velocity of perpendicular blocks along the z-direction

Tc 293.15 (K) Cold temp

Th 323.15 (K) Hot temp
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perpendicular rectangular blocks with a certain thickness. A
hybrid-type nanofluid containing the aluminum oxide and
copper in the water base fluid will be undergone from the
inlet of the channel. The perpendicular blocks inside the
three-dimensional channel are capable to rotate along the z
-axis at the speed of ω. Let Lx × Ly × Lz be the dimensions
of the three-dimensional rectangular channel, and then, the
thickness of perpendicular blocks will be taken as 5% of
the length of the channel Lx and the gap ratio from the side
of the channel is taken to 12.5%Ly; see Figures 1(a) and 1(b).
A zero-pressure value is taken at the outlet of the channel
and an average velocity uin profile which is the function of
the Reynolds number will be imposed from the left entrance
of the channel. The perpendicular block will be allowed to
rotate along the z-axis at a uniform speed ω. Let the sur-
rounding of the channel bear a cool temperature Tc and
the perpendicular blocks are facing a hot temperature Th.
A hybrid nanofluid composed of aluminum oxide and cop-
per mixed with the water is under observation. Let subscript
ð1Þ present the aluminum oxide and subscript ð2Þ present
the thermophysical properties of copper, and then, we are
in a position to explain all parameters to develop this simu-
lation in Table 1.

The present model of hybrid nanofluid will be investi-
gated by using the finite element package of COMSOL
Multiphysics 5.6 in the space coordinate system. The
three-dimensional incompressible Navier-Stokes is along
with κ − ε turbulence model of Reynolds Navier-Stokes
equations. Let the velocity field of the flow be presented
by the vector u = <u, v, w > , and then, the governing par-
tial differential equations and the energy equations are
given as follows:

Continuity equation:

ρnf ∇ ⋅ uð Þ = 0: ð1Þ

Momentum equation:

ρnf u ⋅ ∇ð Þu = ∇ ⋅ −pI + μhnf + μTð Þ ∇uð + ∇uð ÞT
h i

: ð2Þ

κ − ε turbulence model:

ρnf u ⋅ ∇ð Þκ = ∇ ⋅ μhnf +
μT
σκ

� �
∇κ

� 	
+ pκ − ρnfε,

ρnf u ⋅ ∇ð Þε = ∇ ⋅ μhnf +
μT
σκ

� �
∇ε

� 	
+ cε1

ε

κ
− cε2ρnf

ε2

κ
,

ð3Þ

where

μT = ρnf cμ
κ2

ε
,

pκ = μT ∇u : ∇uð + ∇uð ÞT
h i

,

ρnf cp
� �

nfu ⋅ ∇T = 0:

ð4Þ

Boundary conditions:
Inlet: x = 0, 0 ≤ y ≤ Ly, 0 ≤ z ≤ Lz : Uav = uin, κ0 = ð3/2Þ

ðU inITÞ2, ε0 = c3/2μ ðκ03/2/LTÞ, ∂T/∂n = 0.
Outlet: x = Lx, 0 ≤ z ≤ Lz , 0 ≤ y ≤ Ly : p = 0, ∇κ ⋅ n = 0 and

∇ε ⋅ n = 0, ∂T/∂n = 0.
Along the outer surface of the rectangular box: a no-slip

condition u = 0, v = 0,w = 0 will be imposed with T = Tc and
∇κ ⋅ n = 0, ε = ρnf ðcμκ2/κvδ+wμnf Þ.

Along with the blocks u = 0, v = 0, and w = ω, ∇κ ⋅ n = 0
and ∇ε ⋅ n = 0 and T = Tc, where n is the normal vector to
the surface of the selected boundary IT = 0:05, LT =
0:01850, and δ+w = 11:06.

COMSOL workflow

Algorithm 1: Select the parameters for the geometry and the thermophysical
properties.

Algorithm 2: Making the geometry by using the tools of geometry and
graphic window.

Algorithm 3: Assigning the boundary condition to each face of the geometry.

Algorithm 4: To achieve the maximum accuracy in the numerical solution by
doing a mesh independent study.

Algorithm 5: Validating the numerical results.

Algorithm 6: Post-processing.

Figure 2: Working wagon wheel of COMSOL Multiphysics 5.6.
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Turbulence variable:

2.1. Computational Parameters. Finally, we are enlisting the
computational parameters as follows:

(i) Prandtl number: Pr = μhnf ðcpÞnf /κnf
(ii) Heat flux: Q = ðκnf /κf Þ∇T
(iii) Heat transfer coefficient: h =Q/AðT − TbÞ
(iv) Bulk temperature: Tb =

Ð
Ω
uT dΩ/

Ð
Ω
u dΩ

(v) Local Nusselt number: Nu = h x/knf
(vi) Average Nusselt number: Nuavg = ð1/AÞÐ

Ω
Nux dA

where A is the area of the selected boundary

The governing equations given above subject to the
boundary conditions will be considered to obtain the
numerical solution by using the COMSOL Multiphysics 5.6
software. The software implements the finite element proce-
dure to discretize the governing partial differential equation
into a set of algebraic equations, and then, the set of alge-
braic equations will be solved by the Newton-Raphson pro-
cedure. About 75 simulations will be obtained by using the
parametric study for the volume fraction of aluminum oxide
and copper along with the rotational speed of the perpendic-
ular blocks. The working algorithms of COMSOL software
are given above; see Figure 2.

Figure 3: Schematic diagram of the meshing procedure in the twisted rectangular channel with tetrahedral elements.
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Figure 4: Average velocity magnitude at the outlet of twisted tube channel at Re = 50,000 and ϕ = ϕ1 + ϕ2 = 0:002.
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3. Mesh Independent Study

To get the maximum accuracy level for a numerical method
that is based on the meshing process, the mesh independent
procedure will be the crucial step. According to the proce-
dure, a targeted variable will be chosen at a certain boundary
or location in the interested domain and then finding the
numerical solution by increasing the number of elements.
A point is reached where the numerical solution for the tar-
geted variable will not be improved further. It is the stage
where the numerical results will have reliable accuracy. For
the current problem, the meshing process is applied to the
selected three-dimensional geometry by using the various
types of elements, i.e., tetrahedral, prisms, triangles, and
quads; see Figure 3. The number of elements used is between
55,000 and 100,000; see Figure 4. The average velocity was
chosen at the exit of the channel. The numerical results were
obtained by using Re = 50,000, ϕ = 0:002, and ω = 0 where

the volume fraction of aluminum oxide and copper is equal
by the value of 0.001. It can be seen that as the number of
elements is increased, the numerical solution for the average
velocity at the outlet of the channel is improved. The solu-
tion gets the mesh independent stage when the number of
elements is greater than 88,000.
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Figure 5: Validation and comparison of average Nusselt number at the exit of the channel against ϕ1 when Re = 50,000, ϕ2 = 0:001, and
ω = 0.

Table 2: Average Nusselt number at the outlet of the channel against volume fraction of Al2O3.

ϕ1 [31] [32] [33] [34] [35] Present work

0.001 129.6963 141.0264 152.6951 133.3071 122.1352 125.9100

0.01 129.8972 141.245 152.891 133.5125 122.4697 126.1830

0.09 131.6322 143.1327 154.5806 135.2858 125.3763 128.5140

0.1 131.8412 143.3602 154.784 135.4996 125.7287 128.987

0.25 134.612 146.3746 157.4765 138.3343 130.4428 132.5200

Table 3: The percentage errors with Dittus-Boelter and Dawid
et al.

ϕ1 [31] [35]

0.001 2.919359 3.09067

0.01 2.859338 3.03202

0.09 2.368873 2.50263

0.1 2.164877 2.59153

0.25 1.554096 1.59242
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4. Validation and Comparison with
Various Correlations

After doing the mesh independent study, the numerical
solution obtained with FEM will be compared with the cor-

relations of the average Nusselt number given in the litera-
ture [31–35]. Five different correlations are compared with
the present work of the average Nusselt number at the outlet
of the channel; see Figure 5. It can be seen in Table 2 that the
present work for the average Nusselt number nearly satisfies
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Figure 6: (a, b) Local Nusselt number along the length of the channel for all volume fractions of aluminum oxide at ω = 0.
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the experimental result of the Dittus-Boelter equation [31]
and the numerical result of Dawid et al. [35] for the average
Nusselt number.

Moreover, it can be perceived from Table 3 that, as we
increase the volume fraction of aluminum oxide in the mix-
ture, the percentage error is decreasing.
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Figure 7: (a, b) Local Nusselt number along the length of the channel for all volume fractions of aluminum oxide at ω = 0:5.
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5. Result Discussion

5.1. Local and Average Nusselt Number. In this section, we
are going to discuss the impact of the volume fraction of
aluminum oxide and the copper on the local and average

Nusselt number along the x-direction of the channel and
altering the speed of the perpendicular blocks. The schema
to check the pattern is like that of any two of the three
parameters ϕ1, ϕ2, and ω and will be fixed and one will
be changed.
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Figure 8: (a, b) Local Nusselt number along the length of the channel for all volume fractions of aluminum oxide at ω = 1:5.
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Figures 6(a) and 6(b) are produced by fixing the volume
fraction of the copper (0.001 and 0.25) and the speed of the
perpendicular block (ω = 0), and then, the impact of the
local Nusselt number is checked by increasing the volume
fraction of aluminum oxide. In Figure 6(a), it can be
seen that the local Nusselt number is increasing along

the x-direction first and then declined near the outlet
of the channel when ϕ2 = 0:001, although, with the increasing
volume fraction for aluminum oxide (0.001-0.25), the local
Nusselt number is improved gradually along the x-direction
of the channel. Figure 6(b) is produced by fixing ϕ2 = 0:25
and w = 0; it can be seen that the local Nusselt number along
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Figure 9: (a, b) Local Nusselt number along the length of the channel for all volume fractions of copper at ω = 0.
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the x-direction is increasing with the higher rate of increase
and decrease near the outlet of the channel. Also, the values
of the local Nusselt number are improved gradually by add-
ing the volume fraction of the copper in the mixture. In both

Figures 6(a) and 6(b), it can be understood that the increas-
ing of the volume fraction of the aluminum oxide will always
give favor to increasing the local Nusselt number along the
x-direction.
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Figure 10: (a, b) Local Nusselt number along the length of the channel for all volume fractions of copper at ω = 0:5.
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Figures 7(a) and 7(b) are produced for ω = 0:5 and
ϕ2 = 0:001, 0:25. In the case in Figures 2(a) and 2(b), when
we have obtained the simulation by increasing the rota-
tional speed of perpendicular blocks, the local Nusselt
number along the x-direction is increasing abruptly very

near to the entrance of the channel and then decreases
up to the middle of the channel and finally increases up
to the exit of the channel. Unlike in the case discussed
in Figures 6(a) and 6(b), in this case, the local Nusselt
number is decreased with the increase in volume fraction
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Figure 11: (a, b) Local Nusselt number along the length of the channel for all volume fractions of copper at ω = 1:5.
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Figure 12: Continued.
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of aluminum oxide ϕ1 from 0.001 to 0.25 as shown in
both Figures 2(a) and 2(b). In Figure 7(b), it can be also
seen that with increasing the volume fraction of copper,
the pattern of the local Nusselt number is changed due
to an increase in the volume fraction of alumina. Though,
in this case, the local Nusselt number is decreasing with
the increase in volume fraction, the pattern is obvious as
compared in Figure 6(a). Moreover, the addition of the
copper in the hybrid mixture by the fraction of 0.25 will
increase the values of the local Nusselt number along the
length of the channel.

In Figures 8(a) and 8(b), again we have focused on the
pattern of the local Nusselt number with the increase in
the rotation of perpendicular blocks by 1.5 in the domain
and fixed the volume fraction of the copper by 0.001 and
0.25. The same pattern can be seen along the length of the
channel; the local Nusselt number is increasing near the inlet
in a very quick manner and then decreasing up to the middle
of the channel and finally increasing up to the exit of the
channel. But for the fixed volume fraction ϕ2 of copper
oxide, the local Nusselt number along the length of the chan-
nel is decreasing with an increase in the volume fraction of
the aluminum oxide. Moreover, the speed of rotation of
the perpendicular blocks will improve the local Nusselt
number values along the length of the channel. It can be
concluded that whenever the perpendicular blocks are not
rotated, then the local Nusselt number at the exit of the
channel is maximum; but when the block is rotating at the
same speed, then the local Nusselt number at the outlet of

the channel is maximum comparing Figures 6(a) and 6(b)
and 7(a) and 7(b).

In Figures 9(a) and 9(b), the local Nusselt number is calcu-
lated by fixing the speed of rotation of the block and the volume
fraction of the copper. It seems that with an increase in the vol-
ume fraction of the copper oxide in both cases of Figures 9(a)
and 9(b) by fixing the volume fraction of the aluminum oxide,
the local Nusselt number is always increasing along the channel
and decreases up to the outlet of the channel. The addition of
the aluminum oxide will boost the local Nusselt number along
the length of the channel with the same pattern.

In Figures 10(a) and 10(b), the pattern of the local Nus-
selt number is checked by increasing the speed of rotation of
the perpendicular blocks for a particular volume fraction of
aluminum oxide. It is obvious that in Figure 10(a) the local
Nusselt number is increasing abruptly near the inlet and is
maximum at the outlet of the channel. The local Nusselt
number is maximum at the outlet of the channel which
means that the convection is maximum at the outlet of the
channel. It can be seen that in Figure 10(a), with increasing
the volume fraction of copper, the local Nusselt number is
increasing. In Figure 10(b), it can be seen that adding more
volume fraction of aluminum oxide will decrease the local
Nusselt number by increasing the volume fraction of copper.
Finally, we can see that the speed of rotation of the perpen-
dicular blocks will increase the overall local Nusselt number
along the length of the channel.

In Figures 11(a) and 11(b), the local Nusselt number
along the length of the channel is presented by increasing
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Figure 12: The average Nusselt number at the upper surface of the channel with the increasing volume fraction of the aluminum oxide: (a)
ω = 0, (b) ω = 0:5, and (c) ω = 1:5.
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Figure 13: Continued.
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the speed of rotation. It can be seen that with the increase
in speed of rotation the local Nusselt number along the
length of the channel is improved. Also, by adding the
volume fraction of the aluminum oxide, the Nusselt num-
ber is decreasing by the values along the length of the
channel. In Figure 11(a), when the volume fraction of alu-
mina oxide was 0.001, the local Nusselt number is increas-
ing at the outlet of the channel by increasing the volume
fraction of the copper from 0.001 to 0.25. If we observe
the local Nusselt number at the volume fraction of alumi-
num oxide at 0.25, the local Nusselt number is minimum
at ϕ2 = 0:25.

The average Nusselt number against the volume fraction
of alumina is calculated at the upper surface of the channel
with a fixed volume fraction of the copper with 0.001-0.25
and with a variable speed of rotation of perpendicular blocks
in Figures 12(a)–12(c). It can be seen that when w = 0 in
Figure 12(a), the average Nusselt number is increasing at
the upper surface of the channel. But, when the speed of
the rotation of the perpendicular blocks is increased as in
Figures 12(b) and 12(c), the average Nusselt number at the
upper surface of the channel is decreasing. Therefore, it
can be said that when the blocks are not moving, the convec-
tion is greater than conduction at the upper surface of the
channel, and when they are in motion, the situation will be
quite different.

In Figures 13(a)–13(c), the average Nusselt number at
the upper surface of the rectangular channel has been deter-
mined by fixing the volume fraction of the aluminum oxide

and rotation of the perpendicular blocks. These graphs per-
ceived that with increasing the volume fraction of the cop-
per, the average Nusselt number at the upper surface of the
channel is increasing when the perpendicular blocks are sta-
tionary; see Figure 13(a). The pattern of the average Nusselt
number is altered when the blocks are rotated ω = 0:5 and
1:5; see Figures 13(b) and 13(c). It can be concluded that
the average Nusselt number is increasing for the volume
fraction of copper up to 0.1 and then decreasing. The pro-
cess of declining becomes faster when the aluminum oxide
is further added by the volume fraction ϕ1. Therefore, in
the cases when the blocks are rotating with some speed, with
the addition of aluminum oxide in the copper, the average
Nusselt number is decreasing with increasing the volume
fraction of the copper.

5.2. Average Temperature and Gradient of Temperature
along the z-Direction. Let μ be the total viscosity of the
hybrid nanofluid that was calculated by fixing the volume
fraction of the copper and the speed of rotation of the
blocks. Now, we are determining the average temperature
at the inlet of the channel in Figures 14(a)–14(d). From the
graphs, it is obvious that the average temperature at the inlet
of the channel is decreasing with the increasing viscosity of
the hybrid nanofluid. Also, by increasing the speed of the
perpendicular blocks, the average temperature along the
middle of the channel further boosts up but shows the same
behavior with increasing viscosity of hybrid nanofluids.
Also, adding the copper by some volume fraction in the
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Figure 13: The average Nusselt number at the upper surface of the channel with the increasing volume fraction of the copper: (a) ω = 0, (b)
ω = 0:5, and (c) ω = 1:5.
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Figure 14: (a–d) Average temperature vs. the viscosity of the hybrid nanofluid at the inlet of the channel for all the volume fractions of
aluminum oxide.
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Figure 15: (a–d) Average temperature vs. the viscosity of the hybrid nanofluid at the inlet of the channel for all the volume fractions
of copper.
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mixture will lead to a decline a little bit temperature at the
inlet of the channel compared to Figures 14(a) and 14(d).

In Figures 15(a)–15(d), the average temperature is mea-
sured by fixing the volume fraction of the aluminum oxide
and the speed of rotation of the perpendicular blocks, where
μ present the viscosity of the hybrid nanofluid when the vol-
ume fraction of the copper in the mixture is varying from
0.001 to 0.25. As we found in Figure 15(a), the average tem-
perature is quickly decreasing at the inlet of the channel with
the increasing total viscosity of the channel when compared
with Figure 14(a), although the addition of the aluminum
fraction in the hybrid mixture will give additional support
to the decline in the average temperature at the inlet of the
channel. All cases can be compared in this regard. In
Table 4, the maximum average temperature occurs when
ϕ1 = ϕ2 = 0:001 (presented in bold) and the minimum
average temperature occurs when ϕ1 = ϕ2 = 0:25 (presented
in italic) for all the cases even if the blocks are rotating
or stationary.

As in the current problem, a hybrid nanofluid along the
rectangular channel contained the perpendicular moving
blocks. A hot temperature was applied to the perpendicular
blocks and a cool temperature condition was applied to the
upper four-sided surfaces of the rectangular channel. In

Figures 16(a)–16(d), the temperature gradient was expressed
in terms of the volume fraction of aluminum oxide for a par-
ticular volume fraction of copper oxide and the rotational
speed of the perpendicular blocks. It can be seen that when
the perpendicular blocks are stationary, the temperature gra-
dient along the z-direction is decreasing by increasing the
volume fraction of aluminum oxide. As the rotational speed
is increasing, the temperature gradient along the z-direction
is increasing gradually with the increase of the volume
fraction of aluminum oxide. Moreover, an addition of the
copper in the mixture will support to decrease in the temper-
ature gradient along the z-direction in the case when the
perpendicular blocks are stationary. While the perpendicular
blocks are rotating, the temperature gradient along the
z-direction is increasing with the increase in volume fraction
of the aluminum oxide. A great impact on the temperature
gradient along the z-direction can be seen when the blocks
are rotating at some speed ω which is obvious when compar-
ing all the cases.

To examine the relationship of the temperature gradient
along the z-direction with the volume fraction of copper, see
Figures 17(a)–17(d). The temperature gradient along the
z-direction is decreasing when the perpendicular blocks
are stationary and increases when the perpendicular blocks

Table 4: Average temperature at the inlet and the viscosity.

ϕ1 ϕ2
ω = 0 ω = 0:5 ω = 1:5

μ (Pa·s) Tavg (K) μ (Pa·s) Tavg (K) μ (Pa·s) Tavg (K)

0.001 0.001 0.001003 319.82 0.001003 321.67 0.001003 322.4

0.001 0.01 0.001026 319.7 0.001026 321.66 0.001026 322.37

0.001 0.09 0.001267 318.9 0.001267 321.41 0.001267 322.09

0.001 0.1 0.001302 318.82 0.001302 321.37 0.001302 322.05

0.001 0.25 0.002056 318.14 0.002056 320.62 0.002056 321.54

0.01 0.001 0.001026 319.76 0.001026 321.64 0.001026 322.39

0.01 0.01 0.00105 319.65 0.00105 321.62 0.00105 322.35

0.01 0.09 0.001299 318.86 0.001299 321.37 0.001299 322.07

0.01 0.1 0.001336 318.79 0.001336 321.33 0.001336 322.03

0.01 0.25 0.002119 318.13 0.002119 320.57 0.002119 321.52

0.09 0.001 0.001267 319.34 0.001267 321.31 0.001267 322.22

0.09 0.01 0.001299 319.24 0.001299 321.28 0.001299 322.18

0.09 0.09 0.001639 318.63 0.001639 320.97 0.001639 321.9

0.09 0.1 0.00169 318.57 0.00169 320.93 0.00169 321.86

0.09 0.25 0.00282 318.06 0.00282 320 0.00282 321.33

0.1 0.001 0.001302 319.29 0.001302 321.26 0.001302 322.2

0.1 0.01 0.001336 319.2 0.001336 321.23 0.001336 322.16

0.1 0.09 0.00169 318.6 0.00169 320.92 0.00169 321.87

0.1 0.1 0.001743 318.55 0.001743 320.87 0.001743 321.84

0.1 0.25 0.00293 318.05 0.00293 319.91 0.00293 321.31

0.25 0.001 0.002056 318.78 0.002056 320.31 0.002056 321.87

0.25 0.01 0.002119 318.72 0.002119 320.25 0.002119 321.83

0.25 0.09 0.00282 318.34 0.00282 319.7 0.00282 321.52

0.25 0.1 0.00293 318.31 0.00293 319.61 0.00293 321.48

0.25 0.25 0.005646 318 0.005646 317.41 0.005646 320.86
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Figure 16: Continued.
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Figure 16: (a–d) Temperature gradient along the z-axis at the middle of the channel against the volume fraction of alumina oxide.
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Figure 17: Continued.
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are moving with speed ω = 0:5 and 1:5. The addition of the
volume fraction of the alumina will lead to a decrease in the
temperature gradient for the case when perpendicular blocks
are stationary and an increase when the perpendicular blocks
are rotating. From all this discussion, we can say that station-

ary perpendicular blocks are producing a cool environment
inside the rectangular channel, while when they are moving,
they are increasing the temperature gradient along the
z-direction. The motion of the perpendicular blocks will
take a great part in heat conduction over all the domains.
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Figure 17: (a–d) Temperature gradient along the z-axis at the middle of the channel against the volume fraction of alumina oxide.
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6. Conclusion

In the current article, we have analyzed the heat transfer in a
three-dimensional rectangular channel containing the per-
pendicular rotating blocks when a hybrid nanofluid flows
which contained a mixture of aluminum oxide and copper.
Both the aluminum oxide and the copper were mixed in
the volume fraction of 0.001-0.25 in the water base fluid.
The study was done by the variation of the speed of rotation
of the perpendicular rectangular blocks ω = 0, 0.5, and 1.5.
The governing partial differential equations of heat and the
Navier-Stokes equations κ − ε were used to develop the
simulation into an emerging software COMSOL Multiphy-
sics 5.6. The hybrid mixture was entered from the inlet of
the channel with an average speed of Re = 50,000 whereas
the turbulence dissipation rate ε and turbulence kinetic
energy κ were kept in the range 3:46E − 6 to 3:76E − 5 and
2:50E − 06 to 1:23E − 05. The numerical results are validated
by doing the mesh independent study and verified by com-
paring the average Nusselt number with the available corre-
lations from the literature. The graphs and tables were used
to present the numerical results for the local Nusselt num-
ber, average Nusselt number, average temperature, and aver-
age temperature gradient along the middle of the channel.
We have reached the following decisions:

(i) For the fixed rotation of the perpendicular blocks
and the volume fraction of copper, the local Nusselt
number along the x-direction is increasing with the
volume fraction of the aluminum oxide. For a sta-
tionary block, the local Nusselt number is found
minimum at the outlet of the channel, and for rota-
tional blocks, the local Nusselt number is maximum
at the outlet of the channel

(ii) If blocks are rotating, then the volume fraction of
the aluminum oxide will decrease the local Nusselt
number along the x-direction. It was also perceived
that when the blocks are rotating, the addition of
the volume fraction of copper will increase the local
number along the x-direction

(iii) The average Nusselt number at the upper surface of
the channel is increasing by increasing the volume
fraction of the aluminum oxide as well as the copper
for stationary blocks and decreasing when the per-
pendicular blocks are in motion

(iv) The average temperature at the inlet of the channel
is decreasing by increasing with the total viscosity of
the hybrid nanofluid. The average temperature can
be readily reduced by fixing the volume fraction of
aluminum oxide and changing the volume fraction
of copper

(v) Also, the average temperature at the inlet of the
channel is increasing by increasing the speed of
the rotation of the blocks. Moreover, the average
temperature can be minimized by increasing the
volume fraction of both nanoparticles

(vi) The temperature gradient along the z-direction is
decreasing with the increase in volume fraction of
both the nanofluids Al2O3 and Cu when the blocks
are stationary. The rotational speed of the perpen-
dicular blocks will be the cause to increase in the
temperature gradient along the z-direction
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The aim of this project is to fabricate a highly stable Fe3O4-OA-MWCNT composite and its colloidal suspension in
polyalphaolefin (PAO) base fluid for heat transfer applications. The nanocomposite was produced in three mass ratios (0.5 : 1,
1 : 1, and 1.5 : 1) to explore the concentration effects on the stability of the nanocomposite. XRD analysis and FTIR
spectroscopy were conducted to inspect the phase and composition of the synthesized nanocomposite. The crystallite sizes
(3.75 nm, 7.74 nm, and 7.52 nm) and dislocation densities of each composite were calculated, and it was revealed that the
samples with high concentration of iron oxide nanoparticles showed small defects in their lattices. Dispersion stability of
ferrofluids was also examined by natural deposition method for 365 days. The ferrofluids displayed high stability for more than
one year with no sign of sedimentation. Thermal conductivity of the nanofluid was also measured via. A transient plane source
method and a linear trend with slight deviation were observed.

1. Introduction

Ferrofluids, also known as ferromagnetic fluids, are an
innovative class of nanofluids which comprises magnetic
nanoparticles suspended into the base fluids like water,
EG, and oil [1]. For the past decades, a lot of research has
been done on these fluids which revealed that the ferrofluids
are beneficial for heat transfer applications, i.e., oil recovery
[2], heat exchanger [3], power generation [4], electronics
cooling [5], and solar systems [6] because of their unique
chemical, thermal, physical, mechanical, and magnetic
properties [1]. These ferromagnetic nanomaterials embody
maghemite (Fe2O3 or γ-Fe2O3), magnetite (Fe3O4), and
ferrites composed of nickel (Ni), cobalt (Co), Manganese

(Mn), silver (Ag), barium (Ba), lithium (Li), chromium
(Cr), and zinc (Zn) [7].

The superparamagnetic behavior of ferrofluids corre-
sponds to quick and firm response to relatively weak mag-
netic fields which make them easier to control magnetically
[8]. However, the applications of these magnetic fluids have
been restricted greatly due to them being heavy causing
sedimentation and agglomeration which directly affects
the heat transfer capability of nanofluids. This is because
soft magnetic materials have very high apparent density
value in comparison to other materials. Also, magnetic
nanoparticles possess high chemical activity and are
oxidized very easily. Such materials are coated with suitable
polymers or surfactants, e.g., oleic acid, castor oil, and
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sodium lauryl sulphate (SLS) in order to tackle the issue
regarding the stability of ferrofluids [9]. Zareei et al. [10]
fabricated alumina/water based nanofluid and used three
surfactants sodium dodecyl sulphate (SDS), cetyl trimethyl
ammonium bromide (CTAB), and Triton X-100 to investi-
gate their effect on pH and particle size. Al-Waeli et al. [11]
studied the influence of CTAB, SDS, tannic acid+ammonia,
dodecyl benzene sulphonates (SDBS) and sodium deoxy-
cholate on silica-based nanofluid. Chakraborty et al. [12]
observed the effect of surfactants like SDS and Tween-20
on Cu-Zn-Al-based nanosuspension and reported 20.9%
thermal conductivity with SDS as a surfactant. The choice
of surfactants depends upon the types of base fluid. For
polar fluids, water-soluble surfactants are used and, for
nonpolar, the opposite [13]. Although surfactants reduce
the apparent density to some extent, this method is still
not considered to be highly effective as it also affects the
thermal conductivity. Hence, synthesis of magnetic com-
posites is thought to enhance the thermal efficiency and
stability of these innovative fluids by reducing their appar-
ent density [14]. For this purpose, carbon nanotubes are
said to possess very small density, unique cylindrical struc-
ture, high mechanical strength, and great chemical stability
and considered a good choice to reduce agglomeration and
enhance the thermal conductivity of ferrofluids by researchers,
scientists, and engineers [15–17]. Shi et al. [18] synthesized a
superparamagnetic nanofluid using Fe3O4@CNT composite
and studied the thermal conductivity via controlling the mass
ratio of composite and magnetic field. Shahsavar et al. [19]
examined heat transfer and entropy generation through
natural convection of Fe3O4@CNT hybrid nanofluid inside a
concentric horizontal annulus. Liu et al. [20] observed thermal
conductivity of 24.25% and 22.62% when inquired
Fe3O4@CNT nanocomposite in water based fluid for the effect
of oscillating magnetic field. Saba and Ahmed et al. conducted
an investigation on flow and heat transfer properties of
Fe3O4@CNT/H2O nanofluid inside a very long asymmetric
channel with porous walls and declared that the CNT’s disper-
sion in a nanofluid has a great influence on the transport prop-
erties. As mentioned above, several studies with open
literature on Fe3O4-MWCNT have been reported with high
thermal performance. However, nanofluid with Fe3O4/
MWCNT composite and polyalphaolefin oil as a cooling agent
have not been reported yet. PAO has been used in various
industries as a lubricant and as a coolant [21]. Also, past liter-
atures reported that nanofluids comprising insulating oil base
fluids like PAO with poor heat transfer properties are more
stable and homogeneous with high heat transfer rates [22].
In addition, the viscosity of PAO usually decreases with
increase in temperature which has a significant effect on ther-
mal conductivity [23, 24].

In this paper, the nanocomposite of Fe3O4 blended with
multiwalled carbon nanotubes (MWCNT) with low appar-
ent density and a hybrid nanofluid with base fluid of poly-
alphaolefin (PAO) is synthesized to explore a method to
fabricate a highly stable nanofluid with high thermal
conductivity for heat transfer application. Thermal con-
ductivity of prepared nanofluid by controlling the morphol-
ogy of nanoparticles, added volume fraction, minimizing

agglomeration, and enhanced stability of the nanoparticles
in the base fluid is also analyzed in this work.

2. Materials and Methods

2.1. Chemicals. All the chemicals, ferrous chloride (FeCl2),
ferric chloride (FeCl3), ammonium hydroxide (NH4OH),
hydrochloric acid (HCl), deionized water, multiwalled car-
bon nanotubes (MWCNT), oleic acid, o-xylene, and polyal-
phaolefin (PAO), are acquired/purchased in Pakistan. All
these reagents were analytical grade and were used without
further purification.

2.2. Synthesis of Iron Oxide Nanoparticle. Iron oxide nano-
particles were prepared by a modified version of chemical
coprecipitation method [25]. At first, ferrous chloride tetra-
hydrate and ferric chloride hexahydrate were dissolved in
100ml of distilled water under constant stirring for 20
minutes. After that, the pH of this solution was maintained
at 10 by adding 35ml of ammonium hydroxide dropwise
during constant stirring at 1100 rpm for 20 minutes. The
solution slowly turned black indicating the formation of
precipitates. These precipitates were collected via centrifu-
gation at 4000 rpm for 10 minutes. Then, they were washed
with distilled water 4-5 times and dried at 40°C in oven
overnight.

2.3. Coating of Iron Oxide Nanoparticles with Oleic Acid. The
synthesized iron oxide nanoparticles were coated with oleic
acid to reduce the apparent density of nanoparticles. For
this, 2wt.% of Fe3O4 nanoparticles was added into the 10%
(v/v) oleic acid solution during constant stirring at 400 rpm
at 40°C for 1 hour. The obtained viscous solution was centri-
fuged at 4000 rpm to collect the nanoparticles. These nano-
particles then washed with alcohol 3-4 times and were
dried in an oven for 24 hours.

2.4. Nanocomposite Fabrication. A solution mixing method
was used to fabricate the multiwalled carbon nanotubes
(MWCNT) based nanocomposite. For this purpose, iron
oxide nanoparticles were mixed with MWCNT in three dif-
ferent mass ratios of 0.5 : 1, 1 : 1, and 1.5 : 1 in 50ml oleic acid
solution during rigorous stirring for 1100 rpm at 40°C tem-
perature for 1 hour. The MWCNT were added into the solu-
tion during second half, and the solution was sonicated for 2
hours at the same temperature. Residuals were removed
through ethanol for several times. Then, obtained compos-
ites were dried in oven for a day and grounded to powder
form for further proceedings.

2.5. Synthesis of Hybrid Nanofluid. Prepared Fe3O4-OA-
MWCNT nanocomposites with three different composi-
tional mass ratios of 0.5 : 1, 1 : 1, and 1.5 : 1 were used to
create polyalphaolefin-based hybrid nanofluid. Nanofluids
were prepared in three different volume fractions of
0.3wt.%, 0.5wt.%, and 0.7wt.% for each composite. Based
on known weights and densities of the sample, the required
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volume fraction of nanocomposite was predicted by follow-
ing equation:

ϕ =
WNanocomposite/ρNanocomposite

� �

WNanocomposite/ρNanocomposite

� �
+ WPolyalphaolefin/ρPolyalphaolefin
� �h i × 100:

ð1Þ

Then nanocomposites were dispersed in 14ml of poly-
alphaolefin oil through sonication of 2 hours at 70°C to
obtain a stable suspension (see Figure 1).

3. Characterization

Crystal behavior and phase identification were analyzed via
XRD analysis. An X-ray diffractometer of D8 Advance (Bru-
ker Germany) (LYNX EYE linear detector) and a diffractom-
eter equipped with copper tube (λ = 1:5406A) were used for
the measurements with an average range of 20° to 80° along
with the step size of 0.5. 6300 type A Jasco infrared spec-
trometer (4 cm−1 resolution with a scanning speed of
2mm/sec) was used to record the complex spectrum of syn-
thesized nanocomposite. The spectral range of 399:193 to
4000 cm−1 was used for the compositional analysis of the
sample at room temperature. Surface morphology of synthe-
sized pure iron oxide nanoparticles was analyzed via. A
JEM-2100 transmission electron microscope (TEM) with
200 kV accelerating voltage was used. Sedimentation photo-
graph technique was used to observe the stability of Fe3O4-
OA-MWCNT amalgam in polyalphaolefin (PAO) base fluid.
It works on the principle that the size of nanocomposite is
directly related to the stability of particles in the nanofluid
as particle with large size will settle down quickly on the bot-
tom of the container. For this, nanocomposites with mass
ratios of 0.5 : 1, 1 : 1, and 1.5 : 1 of IONPs :MWCNT were
used to prepare nanofluids of three different volume frac-
tions (i.e.,0.3wt.%, 0.5wt.%, and 0.7wt.%). The photographs
were taken at various intervals with maximum after one
year. Hot Disc TPS 2500 Thermal Constant Analyzer, which
employ transient plane source method, with thermal con-
ductivity range of 0.005 to 1800Wm/K, and can accommo-

date the temperature from cryogenic to 1000°C, was used
to obtain the heat transfer data of each composition with
uncertainty error of 2% to 5%. A thermal conducting plane
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min
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Figure 1: Flow diagram of synthesis of IONPs.

Figure 2: TEM image of pure Fe3O4 nanoparticles.
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Figure 3: XRD spectra of Fe3O4-OA-MWCNT nanocomposite
with mass ratios between Fe3O4 :MWCNT, i.e., (a) 0.5 : 1, (b) 1 : 1,
and (c) 1.5 : 1.
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sensor acting as a heat source is placed between two testing
sample. The rise in temperature of the source enhances the
heat dissipation of the material under examination at a rate
that depends on its thermal transport properties. The sample
was sonicated at 40°C for 1 hour for homogeneity and then
was placed into holders. Thermal transport properties were
measured at pr. depth of approx. 1.6mm of the sample.
The equipment was calibrated three times before calculation
with standard fluid (PAO) in this case. About five measure-
ments at temperature of 0-100°C were taken for about 4
hours with 25°C intervals in between measurements. The
process was repeated several times to ensure the validity of
the results.

4. Results and Discussion

Three different samples of Fe3O4-OA-MWCNT nanocom-
posite having compositional ratios: (a) 0.5 : 1 (S1), (b) 1 : 1
(S2), and (c) 1.5 : 1 (S3), between IONPs and MWCNT have
been synthesized to investigate its phase, crystal structure,
and chemical composition using various techniques like
XRD and FTIR. Nanofluids with volume concentration
0.3wt.%, 0.5wt.%, and 0.7wt.% for each sample have also
been prepared under suitable conditions to explore its dis-
persion stability.

4.1. Surface Morphology of IONPs. The stability of nanofluids
is directly influenced by the nature of nanoparticles [26].
Therefore, surface morphology and agglomeration behavior
of iron oxide nanoparticles were examined in detail using a
transmission electron microscope (TEM). Figure 2 clearly
confirms the spherical shape and crystalline nature of the
pure IONPs. The particles show agglomeration even after
sonication of 2 hours in the ethanol (solvent). This is due
to the magnetic and inner particle interaction among of
Fe3O4 nanoparticles. The clusters were formed due to high
surface charge and dipolar interactions of particles.

4.2. Phase and Crystal Structure. Figure 3 (a–d) contains the
XRD pattern of all samples, i.e., S1, S2, and S3. The reflecting
planes (220), (311), (222), (400), (440), (511), (531), and
(533) corresponding to 2θ angles 30°, 35.5°, 38°, 43°, 53.7°,
53.4°, 57.3°, and 62.8° show the characteristic peaks of iron
oxide nanoparticles. The lack of planes (210), (300), and
(320) proves the absence of maghemite phase when com-
pared to JCPD card No. 19-0629, as the obtained peaks
match with the standard peaks [27]. The lattice plane (002)
at 25:95° of angle 2θ corresponds to the presence of inter-
layer stacking of graphene sheets embedded together and
confirms the multiwalled nature of carbon nanotubes which
matches exactly to the JCPD card No. 41-1487 confirming
the existence of nanocomposite [28]. Comparing these peaks
leads to conclusion that increasing the iron oxide ratio
directly affects the crystallinity of the nanocomposite; i.e.,
the sharpness of peaks has been enhanced.

The crystallite size of nanocomposite was calculated
using mostly used the Debye-Scherrer formula from the

XRD pattern along with dislocation densities [29]:

Dhkl =
0:94λ
β cos θ , ð2Þ

where Dhkl , β, λ, and θ corresponds to crystallite size, full
wave half maximum, wavelength of Cu-kα, and diffraction
angle, respectively. The dislocation density ðδÞ is the mea-
sure of number of distortions/defects present in a crystal
structure and is expressed in lines per square meter. It was
also calculated by the following formula:

δ = 1
Dhkl

2 : ð3Þ

Table 1 shows the value of diffraction angle, full wave
half maximum (FWHM) in radians, crystallite size, and
dislocation density of Fe3O4-OA-MWCNT nanocomposite
with different mass ratios. Among all three nanocomposites,
the one with least iron oxide content has the smallest size of
3.75 nm and increasing the magnetic content resulted in
increase in crystallite size and decrease in defects. The
maximum crystallite size observed is 7.52 nm of
Fe3O4 :MWCNT with 1.5 : 1 mass ratios and the smallest
dislocation density of 1:77 × 1016 lines/m2. This is because
oxidation or structural interactions due to hydroxyl or

Table 1: XRD parameters of Fe3O4-OA-MWCNT.

Fe3O4 :
MWCNT

θ
(degrees)

FWHM
(radians)

Crystallite
size (nm)

Dislocation density
( × 1016) (lines/m2)

0.5 : 1 25.96 0.03864 3.75 7.12

1 : 1 38.00 0.01871 7.74 1.67

1.5 : 1 35.38 0.01927 7.52 1.77
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Figure 4: FTIR spectra of Fe3O4-OA-MWCNT nanocomposite
with mass ratios between Fe3O4 :MWCNT, i.e., (a) 0.5 : 1, (b) 1 : 1,
and (c) 1.5 : 1.
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carboxyl functional group affects the stacking of tubules
causing distortions among the crystal lattices.

4.3. Compositional Analysis. Figure 4 shows the FTIR spectra
of Fe3O4-OA-MWCNT nanocomposite with three different
mass ratios (0.5 : 1, 1 : 1, and 1.5 : 1) of iron oxide and multi-
walled carbon nanotubes. The wide absorption band at
929.92 cm-1 is due to the out of plane bending of =C-H

bond. A broad band at 740.63 cm-1 in fingerprint region
represents the stretching vibrations of Fe-O bond which
shows slight deviations (747.36 cm-1 and 754.92 cm-1) due
to increase in the mass ratio of iron oxide nanoparticles in
the composite. These absorption bands confirm the presence
of metallic oxide nanoparticles. The presence of C=C was
revealed by the absorption spectra at 1505.41-1695.55 cm-1

which indicates the hexagonal structure of the MWCNT.

0.3wt.% 0.5wt.% 0.7wt.%

(a)

0.3wt.% 0.5wt.% 0.7wt.%

(b)

0.3wt.% 0.5wt.% 0.7wt.%

(c)

0.3wt.% 0.5wt.% 0.7wt.%

(d)

0.3wt.% 0.5wt.% 0.7wt.%

(e)

0.3wt.% 0.5wt.% 0.7wt.%

(f)

Figure 5: Nanofluid containing S1 (Fe3O4-OA-MWCNT)/PAO with weight of 0.3 wt.%, 0.5 wt.%, and 0.7 wt.% (2-hour sonication) after (a)
one week, (b) one month, (c) four months, (d) six months, (e) eight months, and (f) one year.
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The MWCNT shows very weak peaks of C=C aromatic ring
stretching around 1600 cm-1 which is the indication of a
large number of asymmetrical carbons present [30]. The
absorption peaks at 1687.98 and 1512.98 cm-1 elucidate the
presence of C=O. At 1050 cm−1, a strong absorption peak
from C-O bond stretching is obtained. The weak absorption

peaks at 2313-2847 cm-1 indicate the presence of asymmetri-
cal stretching of aromatic bonds of -CH2 and -CH3 which is
due to alkyl groups at 3717.31 cm-1 shows the presence of O-
H stretching vibrations which indicates the modification of
MWCNT. Negligible intensity of O-H peak is the evidence
that the prepared nanocomposite is hydrophobic in nature.

0.3wt.% 0.5wt.% 0.7wt.%

(a)

0.3wt.% 0.5wt.% 0.7wt.%

(b)

0.3wt.% 0.5wt.% 0.7wt.%

(c)

0.3wt.% 0.5wt.% 0.7wt.%

(d)

0.3wt.% 0.5wt.% 0.7wt.%

(e)

0.3wt.% 0.5wt.% 0.7wt.%

(f)

Figure 6: Nanofluid containing S2 (Fe3O4-OA-MWCNT)/PAO with weight of 0.3 wt.%, 0.5 wt.%, and 0.7 wt.% (2-hour sonication) after (a)
one week, (b) one month, (c) four months, (d) six months, (e) eight months, and (f) one year.
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4.4. Dispersion Stability. Dispersion stability is the most
debated and important characteristics of nanofluids for ther-
mal applications. The prepared samples were utilized to
observe their aggregation behavior in the polyalphaolefin
oil with respect to time. Figure 5 illustrates the stability
investigation of polyalphaolefin oil containing sample S1 in
three different volume fractions. It is evident in the figure
that the ferrofluids comprising of S1 nanocomposite are

stable after 12 months and negligible sedimentation was
observed after six months.

Figure 6 shows the stability of sample S2-based nano-
fluids with respect to time. No apparent change in the color
of suspension was observed even after 12 months indicating
its high storage life.

Figure 7 reveals the dispersion behavior of colloids con-
taining sample S3. After 12 months, suspensions showed

0.3wt.% 0.5wt.% 0.7wt.%

(a)

0.3wt.% 0.5wt.% 0.7wt.%

(b)

0.3wt.% 0.5wt.% 0.7wt.%

(c)

0.3wt.% 0.5wt.% 0.7wt.%

(d)

0.3wt.% 0.5wt.% 0.7wt.%

(e)

0.3wt.% 0.5wt.% 0.7wt.%

(f)

Figure 7: Nanofluid containing S3 (Fe3O4-OA-MWCNT)/PAO with weight of 0.3 wt.%, 0.5 wt.%, and 0.7 wt.% (2-hour sonication) after (a)
one week, (b) one month, (c) four months, (d) six months, (e) eight months, and (f) one year.
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very high stability with negligible deposition due to presence
of multiwalled carbon nanotubes (MWCNT) which form a
complex three-dimensional structure making sedimentation
difficult.

4.5. Thermal Conductivity. Thermal conductivity of polyal-
phaolefin oil-based nanofluid comprising of Fe3O4/OA/
MWCNT nanocomposite was carefully calculated via a ther-
mal constant analyzer at five different temperature values
with 25°C interval among each value. The equipment was
standardized using polyalphaolefin oil, and every calculation
was repeated three times to ensure the reliability of the
calculations.

Figure 8 shows the temperature dependence of the ther-
mal conductivity at various volume fractions for PAO-
based hybrid nanofluid measured at temperatures from
0°C to 100°C. It can be observed that the thermal conduc-
tivity diminishes with the increase in temperature, and a
wide variation is observed at elevated temperature. Devia-
tions in thermal conductivity curves were observed when
compared to pure polyalphaolefin oil; i.e., Curve (d) shows
rise in thermal behavior, and curve (c) shows reduction in
thermal conductivity at high temperatures. This is due to
rise in particle interactions which results in the formation
of aggregates because of large aggregation time and sharp
rise in temperature. This provides new pathways for heat
transport, but when the aggregation is very high, it disrupts
the thermal transport mechanism causing in the reduction
of thermal conductivity, though the heat transfer reduces
when temperature is enhanced but the thermal conductivity
curve shift towards higher values when the particle concen-
tration is increased. As observed in the above graph, the
higher value of thermal conductivity was observed at a vol-
ume concentration of 0.7wt.% and the lowest thermal con-
ductivity was observed at 0.5wt.% which is almost the same
as pure polyalphaolefin oil. The rise of thermal conductivity
observed due to the addition of nanocomposite in PAO was
also calculated with its heat transfer rates varying from
0.25% to 0.9% as compared to base fluid which is not very
high because of large cluster formation and poor heat
transfer capacity of the oil. In the incompetent thermal per-
formance of heat transfer fluids, energy loss is observed.
This can be prevented with a lubricant consisting of good
heat transfer capacity.

5. Conclusion

Fe3O4-OA-MWCNT nanocomposite with weight ratios of
0.5 : 1, 1 : 1, and 1.5 : 1 was magnificently synthesized via
solution blend approach of in situ polymerization method,
and its ferrofluids were prepared in polyalphaolefin oil with
volume fractions, i.e., 0.3wt.%, 0.5wt.%, and 0.7wt.% in the
present study. The crystallite sizes of each composition of
the sample (S1—0.5 : 1, S2—1 : 1, and S3—1.5 : 1) were care-
fully calculated (i.e., 3.75 nm, 7.74 nm, and 7.52 nm) using
Scherrer’s equation with dislocation densities 7:12 × 1016
lines/m2, 1:67 × 1016 lines/m2, and 1:77 × 1016 lines/m2,
accordingly. XRD analysis verified the crystal behavior of
the nanocomposite while FTIR spectra confirmed the

hydrophilic nature and formation of nanocomposite. The
stability assessment revealed that each composition showed
high aggregation stability and no apparent deposition was
observed even after one year. The thermal conductivity of
the sample determination showed the linear trend as a
function of temperature and volume fraction, and highest
thermal conductivity was observed for 0.7wt.% at 50°C
temperature when compared to pure PAO oil. This shows
that Fe3O4-OA-MWCNT/PAO-based nanofluids have great
potential for thermal applications as a lubricant and as a
heat exchanger.
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The global demand of the heating and cooling applications gives a larger potential to study the thermal energy storage system.
Phase change materials (PCM) that are used to charge, store, and discharge the heat energy are inferior in heat transfer
characteristics. The properties of PCM can be improved by adding nanoparticles, changing the orientation of the enclosure or
both. Two-dimensional transient numerical analysis on the effect of Grashoff number (5000, 13000, and 20000), nanoparticle
type (Al2O3, CuO, and MWCNT), and volume concentration (0%, 1%, 3%, and 5%) added in RT 42 PCM and orientation of
square enclosure (30, 45, and 60°) to enhance the heat transfer rate is carried out. The thermophysical properties of the nano-
PCM are evaluated and presented. From the results, it is affirmed that the melt fraction of the PCM rises with the increase in
Gr and volume concentration of the nanoparticles up to an optimum level. The MWCNT-based nano-PCM attained a larger
portion of melt fraction followed by Al2O3, CuO, and pure PCM. It is noted that an orientation of 60° and 45° will convert
more quantities of pure PCM and nano-PCM into liquid fraction, respectively. The (3% MWCNT/RT-42 PCM) filled in 45°

oriented container attained the highest melt fraction by 3.4%, 2.04%, and 2.94% than (3% Al2O3/RT-42 PCM), (1%CuO/RT-42
PCM), and pure PCM. The variation in the maximum melt fraction of the nanomaterial is because of the change in
thermophysical characteristics of the nano-PCM.

1. Introduction

Renewable energy resources are emerging in the present
world to reduce global pollution and replace a portion of
conventional fuels. Thermal energy having various industrial
and domestic applications can be substituted with solar heat
energy which is one of the prominent renewable energy
sources. This energy is intermittent and depends on weather
conditions. Therefore, storage of low-grade energy is inevita-
ble to provide a sustainable solution to energy demand.
Thermal energy storage can be done by using latent heat
materials by changing their phase. Also, PCMs can be used

in thermal management of different heat transfer applica-
tions like electronic cooling, waste heat recovery. Despite
the larger heat capacities of phase change materials (PCM),
it has a drawback of inferior heat transfer characteristics.
Hence, improving the thermal characteristics of PCM is a
challenging area in this field. Numerical assessment on ther-
mal conductivity improvement of the PCM under uniform
and sinusoidal types of heat flux by incorporating multi-
walled carbon nanotubes was carried out by Gupta et al.
[1]. An increase in melting rate was observed for higher
values of amplitude and wavelength ratio of undulations
applied on the vertical wall of the square duct. The charging
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process of the thermocline storage tank (TCST) was studied
both experimentally and numerically by Xu et al. [2] by
developing a 1D model. They introduced the correction
coefficient (ɛ) expresses the enhancement in thermal diffu-
sion. The use of the 1D model predicted the distribution of
temperature more accurately and developed a correlation
equation between the thickness of thermocline, Fr, and Re.
They reported analytical expression between thermocline
thickness and time is also obtained with approximately
14% of error. Experimental and computational investiga-
tions on the theory of constituent mixtures in the PCM com-
posites were performed by Jiao et al. [3]. In this, the effect of
nonequilibrium mixtures and the relation between velocity
and change in density during melting were discussed. The
temperature contours and streamlines are presented. The
numerical and experimental results are compared for differ-
ent positions and achieved a good agreement. Melting rate
analysis of an encapsulated PCM incorporated with metal
foam was done numerically by Baruah et al. [4]. The param-
eters varied in this study are porosity, pore size distribution,
capsule size, and thickness of shell. They observed that the
melting rate is improved for minimum capsule size and
porosity with higher shell thickness. Computational study
on the effect of encapsulated geometry filled with PCM for
different angular orientations has been carried out by Zhang
et al. [5]. They observed that the pyramidal and tetrahedral-
shaped capsules with a horizontal base have the highest
melting rate due to larger surface area. Comparing angular
inclination, the melting rate is more when the center of grav-
ity of capsules was nearer to the bottom of geometry. Huang
et al. [6] inspected the rate of melting of double-PCM heat
sinks by mixing paraffin with an alloy having lower melting
point (LMPA). The performance characteristics are evalu-
ated for different volume fractions of LMPA, the fin shape,
and heating power. They reported that, throughout the sec-
ond melting stage, the double-PCM heat sink and LMPA
heat sink were similar in performance. However, during
the third melting stage, the temperature control with paraf-
fin gets deteriorated. The fin shape and volume fraction of
the LMPA have been optimized by extending the second
stage of melting and eliminating the third melting stage.
Experimental assessment of the heat transmission enhance-
ment of PCM-based heat energy storage system and its allied
applications by incorporating metal fins and foams is per-
formed by Guo et al. [7]. They affirmed that the combination
of fin and foam structure reduces the melting time by 83%
than bare, ideal fin, or metal foam structures. The uniformity
of the temperature field is maintained with the help of foam
structure only but not with the fin structure. Nie et al. [8]
inspected the impact of geometry with seven different
vertical-shell tubes on heat transmission characteristics in a
latent thermal energy storage network. They reported that
frustum-shaped geometry enhanced both conduction and
convection, while the conical shell improved only convec-
tion compared to cylindrical geometry. Geometry modifica-
tion has little effect on heat transfer in composite metal
foam/PCM. The impact of thickness and position of the
PCM film, different climatic conditions, PCM melting point
temperature on the heat transfer analysis in the thermally

efficient building are performed by Li et al. [9]. Results sug-
gested proper melting point PCM reduces temperature fluc-
tuations and energy expenditure of air conditioning units,
and higher input temperature requires higher melting point
PCM. Also, the PCM with melting point near to the occu-
pant’s comfort zone increases the thermal comfort especially
at moderate climate conditions. Huang et al. [10] evaluated
the heat transmission improvement in the composite type
PCM by incorporating porosity of metal foams having high
conductivity. They noted that the rate of PCM melting is
increased with foam porosity. Computational and experi-
mental investigations on the impact of heat sink orientation
attached to the PV cell passive cooling system are conducted
by Abdulmunem et al. [11]. The heat sink is filled with PCM
and studied with different inclinations of 0°, 30°, 60°, and 90°.
They observed that the PCM melting speed has been
enhanced alongside the advancement of orientation angle
from 0 to 90°. The heat transmission analysis of the rectan-
gular latent thermal energy storage network with different
partitions (1, 2, 4, 8, 16, and 32) was performed experimen-
tally (1 and 2 partitions) and numerically (for other parti-
tions) by Mahdi et al. [12]. Partitioning of LHSU led to an
increase in PCM melting speed, and a partition of 8 was
found as the optimum. The amount of increase in melting
rate is 31%, 53%, 65%, and 68% for 2, 4, 8, and 16 partitions
compared to a single partition. Simulation study of inte-
grated PCM partition and heat transmission fluid is con-
ducted by Sodhi and Muthukumar [13]. The phase change
materials selected in this analysis are in the range of 360°C
to 305°C. The impact of Fin distribution, Stefan number
on heat energy transmission was carried out. They noted
that, for Steref ≥ 1, the m-PCM system has the same or lesser
charging or discharging rate than a single PCM system.
However, there was an improvement up to 25% for Steref
= 0:5 to 2. Employing different fin-distribution and ratio
of PCMs block length reduced the time for charging and dis-
charging as high as 30% compared to a single PCM system.
Performance analysis of different PCMs with higher and
lower melting temperatures for PVT applications for
weather conditions of Iraq in summer is published by Chai-
chan et al. [14]. The materials selected are paraffin wax,
Vaseline-petroleum jelly, and its combination. The out-
comes exhibited that the hybrid PCM using Vaseline
completely mixed with paraffin wax is formed with a lower
melting point. Usage of petroleum jelly, paraffin, and hybrid
paraffin (50%wax + 50%Vaseline) in the PVT structure
caused a reduction in photovoltaic cell temperature, which
led to huge improvements in efficiency of the system. Exper-
imental investigation of a 2-phase closed thermosyphon
(TPCT) form of heat pipes is done by Ozbas et al. [15].
The impact of the number of pipes at different positions
(types 1, 2, and 3) and different angles of inclinations (26°,
41°, and 56°) on the effectiveness of TPCT is studied. They
found that the best results are obtained for 26° and also
affirmed that the greater the tilt angle the greater thermic
resistance with lesser heat transferability of TPCT. Numeri-
cal analysis of melting and heat energy transmission of PCM
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in a rectangular block with bilateral flow has been done by
Qin et al. [16]. The analysis was done by varying the values
of Re number of heat transfer fluids ranging from 104 to 7
× 104 and Ra number in range of 3 × 106 to 6 × 106. They
reported that the development of natural convection mode
is owing to the effects of abnormal HTF heat transmission
and cooling among the solid-liquid and the liquid PCM.
Investigation on the effect of melting performance of paraf-
fin RT82 PCM with distribution of copper-oxide-
nanoparticles (CuO) at varying concentrations has been per-
formed in multitube heat exchange units by Bashirpour-
Bonab et al. [17]. The effect of nanoparticle mixture upon
flow structure and heat transmission characteristic at differ-
ent stages of melting of PCM was studied. They observed
that with the increase of nanoparticles concentration
between 3 and 7% leads to reduction in the time taken for
melting by 8.7% to 22.18% though there is a minimal effect
in the prime melting stages. It is also noted that the number
of internal tubes has positive effects in melting rate and neg-
ative effects with distance between the tubes. Gollapudi et al.
[18] numerically explored the impact of horizontal fin in a
square container packed with Al2O3 nanofluid and found
that heat transmission characteristics were upgraded with
the presence of fin. Additionally, higher conductivity ratio
of fins resulted in better heat transmission performance.
De Césaro Oliveski et al. [19] investigated the melting
method of lauric acid inside a rectangular shaped container
with extended surface. The parametric study was performed
for 78 different configurations by only changing the fin
aspect ratio. They concluded that the total melting time
reduced with decrease in aspect ratio of the fin. With
increasing value of volume concentration (φ), there was an
increase in rate of melt fraction. Furthermore, it is observed
that there is a drop in energy accumulation as the value of φ
rises. Abidi et al. [20] simulated the charging and dischar-
ging procedure of CaCl2.6H2O PCM containing graphene

in 2D enclosed circular space. The enclosure contains two
circles. The inner circle containing 12 blades of rectangular
shape incorporated was kept at higher temperature for
charging and lower temperature for discharging. The results
show that increase in blade length caused a rise in enclosure
temperature in charging mode and with a blade length of
1.5, and the Nu is enhanced by 252% in the first 100 s and
decreased by a factor of 0.87 in 1000 s while charging
whereas it is reduced by 94% and increased by 115% for dis-
charging mode. Computational evaluation on thermal
energy storage network employing fins with linear tree-like
shapes with the integration of MoS2-TiO2 hybrid nanoparti-
cles termed as hybrid nanoenhanced phase-changing mate-
rial (HNEPCM) was done by Hosseinzadeh et al. [21]. It
was found that the tree-shaped fins achieved superior heat
transmission characteristics than rectangular fins and
absence of fins. Evaluation of enhancement of melting char-
acteristics of PCM by accommodating a new fin design is
conducted by Kok [22]. Both types of fins are compared
using base and nano-PCMs. They concluded that incorpo-
rating heat transfer fins improved the melting rate as well
as reduced the cost and weight of thermal energy storage
systems (TES). The designed fin reduced the melting time
by 63% in the thermal energy storage tank. Design and anal-
ysis of a PCM-filled square cavity with thermal heat flux at
distinct sites (0.2 L, 0.4 L, 0.6 L, and 0.8 L) were done by Dora
et al. [23]. A heating element was positioned at the lowest
surface with different locations varied in terms of length.
The transient analysis was done for 10hrs. They concluded
that the heater at 0.2 L and 0.4 L assured the complete melt-
ing of the PCM than other locations. Experimental analysis
was directed by Jevnikar and Siddiqui [24] to know the ther-
mal behaviour of phase change material while melting. The
temperature and velocity are measured using thermocouples
and particle image velocimetry (PIV), respectively. They
observed that velocity has a significant function in melting

dQ = 0

dQ = 0
5

TcTh
5 RT42 PCM

(a)

All dimensions are in mm

60°45°30°

(b)

Figure 1: (a) Model geometry with horizontal and vertical sides. (b) Orientation of the enclosure.
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and heat transmission and provided the comprehensive data
for heat energy transfer enhancement in numerical models
with phase change process. Experimental and computational
evaluations of the melting of the PCM 27 in an upright cav-
ity were carried out by Mehdaoui et al. [25]. The simulation
is carried out in TRANSYS with the Tunisian climate situa-
tions. They concluded that the room temperature with the
incorporation of a PCM wall is reduced to 12°C, and the
PCM has a calculated stored energy of 1200 kJ/m2 by
increasing 2°C in the night times. Numerical and experimen-
tal examinations are performed by Ebadi et al. [26] to under-
stand the effect of addition of Cu nanoparticles at different
Rayleigh numbers on the melting of bio-PCM in a thermal
energy storage of upright cylindrical type system. They
observed that adding nanoparticles has minimal effect on
the shapes of melt fraction and stored energy compared to
base-PCM. Further, the stored energy difference with Ray-
leigh numbers was very less at the start of melting, and larger

variance was detected at higher Rayleigh numbers. The effect
of blending different types of nanoparticles (Silver, CuO,
Al2O3, and MWCNT) with various volume fractions (1, 3,
6, 8, and 10%) into pure PCM was examined by Bashar
and Siddiqui [27]. They affirmed that silver particles provide
the highest heat transfer enhancement followed by CuO.
The Al2O3 and MWCNT nanoparticles however reduce the
heat transfer due to higher settlement rates, and the opti-
mum addition of nanoparticles suggested is 6% for 25%
higher rate of melting than pure PCM. Tao et al. [28] per-
formed the numerical investigation on the impact of filling
position and free convection on the rate of charge and dis-
charge in latent heat storage system of shell and tube type.
The analysis is carried out by packing the PCM in tube side
in one case and shell side in another case with and without
natural convection. They observed that the heat transfer is
improved by 54.2% more when the PCM is used in tube side
escorted by natural mode of convection with reduced
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melting time of 34.4% and 36.6% more with the PCM pres-
ent in tube side without the free convection at a melting rate
of 25.4% compared to the PCM in shell side. Joneidi et al.
[29] investigated the impact of thermal heat flux and align-
ment of the enclosure on the heat transmission and melt
fraction of PCM filled in a rectangular container. The rect-
angular cavity is heated with different heat fluxes (4.4W,
5W, and 5.6W) oriented in different inclinations (0°, 45°,
and 90°), and the analysis was carried with the help of ther-
mocouples and camera. They concluded that the increase in
heat flux led to reduction in the rate of melting of the PCM
and an increase in inclination angle results in maximization
of the final stored energy. The numerical analysis of a n-

octadecane PCM filled in a container incorporated with sili-
cone heating generating element was done by Bondareva
and Sheremet [30]. The influence of Ra, St, and Ostro-
gradsky numbers on the speed of melting was analysed.
They affirmed that the increase in all the three parameters
have positive influence upon heat transmission enhance-
ment and diminishes the time of melting. Arıcı et al. [31]
investigated the impact of the volume concentration of the
nanoparticles added in the PCM filled in a square cavity with
varying wall temperatures. The analysis is performed with
Paraffin wax, and Al2O3 is employed as nanoparticles in dif-
ferent proportions (1%, 3%, and 5%). The results explained
that the increase in volume fraction after 1% has a lower
effect after 20min of time. The orientation of the heater
plays a vital role after that time than the nanoparticle con-
centration. Enhancement of heat transfer using PCM mate-
rial inside the annular region between two concentric
circular, elliptical cylindrical with different orientations
inside circular cylinder, and incorporation of fin inside cyl-
inder was studied numerically by Rabienataj Darzi et al.
[32]. The analysis is also carried out with the inclusion of
Cu nanoparticles in the PCM. They reported higher melting
rate at the upper part of the annular segment than the lower,
and the usage of upright elliptical tube orientation reduces
melting time. Also, blending Cu nanoparticles improves
the heat transmission, and fins positioned on the higher
and lower temperature walls enhance the melting rate. Eval-
uation of the heat transmission process in latent thermal
energy storage units filled with nano-PCM is performed by
Tasnim et al. [33]. The impact of dimensionless parameters
is studied using scaled analysis for complete melting of
PCM. They observed that heat transmission by both con-
ductive and convective modes was degraded by addition of
nanoparticles in PCM. Experimental analysis of the
enhancement of the heat transmission in a PCM-filled
enclosure using different inclination angles is carried out
by Kamkari et al. [34]. The PCM used in this work is lauric
acid with the Ra ranging from 3.6 to 8.3 E8, and the inclina-
tion angles of 0, 45, and 90° are performed. The photographs
taken are image processed in order to differentiate the solid
and liquid regions, and temperatures are recorded with the

Table 1: Thermophysical properties of the base materials used.

Properties
Pure PCM (RT-

42)
Alumina
(Al2O3)

Copper oxide
(CuO)

Multiwalled carbon nanotube
(MWCNT)

Density (kg/m3) 760 3600 6310 1600

Specific heat (KJ/kg.K) 2000 765 531 8.039

Thermal conductivity (W/m.K) 0.2 36 76 3000

Viscosity (kg/m.s) 0.02351 — — —

Thermal expansion coefficient (1/
K)

0.0005 — — —

Pure solvent melting heat (J/kg) 165000 — — —

Solidus temperature (K) 311.15 — — —

Liquidus temperature (K) 315.15 — — —

Table 2: Number of elements vs. Nusselt number (Nu).

Grid size Nusselt number (Nu)

61 × 61 2.10952

100 × 100 2.10201

143 × 143 2.09754

179 × 179 2.09348

200 × 200 2.08958
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Figure 3: Grid independence study.
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help of thermocouples. They noted that changing the orien-
tation from vertical 90° to 0° will create the Benard which
will affect the natural convection. Also, the rate of melting
enhanced 35% and 53% for 45° and 0° compared to perpen-
dicular orientation. The analysis of the melting rate of n-
octadecane PCM using suspended CuO nanoparticles in a
cavity with uniform thermal heat flux supplied to one of
the edges was performed by Dhaidan et al. [35]. The influ-
ence of Ra, nanoparticle volume concentrations, and the
subcooling was investigated. The PCM melting is dominated
with the conduction represented as straight line shapes in
the beginning, later as time marches it is shifted to natural
convection curved shapes, they noted. Also, the heat trans-
mission enhancement and rate of melting are improved
upon optimum addition of nanoparticles and with increase
in Ra. Bashirpour-Bonab et al. [36] numerically investigated
the melting fraction of CuO-blended nano-PCM filled in a
multitube heat exchanger. The impact of nanoparticle vol-
ume fraction, number of tubes, and spacing between the
tubes on rate of melting is studied. They reported that the
melting fraction is improved to 33.87% with 7% volume con-
centration and 4 number of tubes and 20.54% by increasing
the distance between the tubes. The analysis of heat transfer
characteristics of PCM filled in a combined fractal fin-based
heat exchanger is carried out by Luo et al. [37]. The influ-
ence of combined fractal fins, fin’s area, spacing, and parti-
tion between the fins is studied. The time to liquify the
PCM is reduced with the fractal fins by 68%. They concluded

that the decrement of width takes a long time to raise the
fin’s temperature and increase the heat transfer area results
in reduction of thermal resistance. However, the mean liquid
fraction of PCM does not continuously rise with the area of
heat transfer. Zhang et al. performed the numerical study on
the thermal management of the buildings using encapsu-
lated PCM. They focused on the effect of geometry of the
encapsulation on the melting behaviour of the PCM and val-
idated the numerical outcomes with the experimental
results. Also, the variation of shell orientation, size, and tem-
perature difference is studied. They affirmed that the
pyramidal-shaped shell attains the minimum time of melt-
ing and recommended the medium size capsule with low ini-
tial temperature differences. Experimental heat transfer
analysis of composite PCM prepared with lauric and palmi-
tic acid distributed in mesoporous graphite (MG) is con-
ducted by Nirwan et al. [38]. The impact of variation of
weight fraction is studied using differential scanning calo-
rimeters. The weight fraction of 1 : 5 MG-PCM composite
takes away the maximum heat by reducing the temperature
of the heating source by 20°C. They recommended this ratio
of the composite rather than the pure form of PCM for max-
imum heat transfer in electronic devices. Li et al. [39]
worked on the microencapsulation of aluminium and zinc
for high-temperature thermal energy storage applications.
The preparation and characterization of microencapsulated
PCMs are explained. They observed that the latent heat of
MEPCMs after boehmite, thermal oxidation, and copper

Paraffin Wax + 2% Al2O3 Paraffin wax RT42 + 1% Al2O3

Paraffin Wax + 5% Al2O3 Paraffin wax RT42 + 5% Al2O3

Figure 4: Comparison of the present work with reference work.
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plating treatment reduced to 160.7 J/g, 126.4 J/g, and 89 J/g
from 176 J/g of pure Al-Zn MEPCM. However, they noted
the life of the MEPCM has improved after the copper plating
treatment. The experimental investigation of microencapsu-
lation of C10H20O2 (CA) and C6H32O2 (PA) eutectic mixture
in polyvinyl chloride (PVC) is carried out by Xing et al. [40].
From the characterization of the encapsulated PCM, they
found that the optimum ratio of shell and core is 1 : 2 with
the liquefaction temperature of 17.1°C and pure solvent
melting heat of 92.1 J/g. A 500 : 300nm thickness microen-
capsulation of ZnO :Al2O3 composite material for medium
temperature applications is prepared by Kawaguchi et al.
[41]. It exhibits a melting temperature of 510°C with a pure
solvent melting heat of 117 J/g and noted that 75% of encap-
sulations maintained the same spherical form after 100
cycles. Also, they sintered the MEPCM with glass frit and
observed almost 100% of shape retainment after 100 cycles.
Jevnikar and Siddiqui [42] performed the experimental and

numerical flow and thermal analysis of PCM. The influence
of heating location on the flow field and heat transfer of
PCM is studied. They noted that the melting and thermal
performance of PCM is influenced by the fluid flow regu-
lated by natural convection. Numerical analysis of the effect
of vertical aluminium fins on the heat transfer enhancement
of PCM is carried out by Abdi et al. [43]. They affirmed that
with the usage of five numbers of long fins, a 200% of power
improvement, 6% of energy storage reduction, and 12% of
depletion in PCM content are observed. Kamkari and Amla-
shi [44] numerically investigated the impact of orientation of
the enclosure on the melting performance of PCM. A reduc-
tion of 52% and 37% of melting time is observed for 0° and
45° orientations. They also presented the correlations to pre-
dict the melting rate, energy stored, and Nu at any instant.
The design of PCM container with double pipe helical coiled
tube for thermal energy storage application is examined
numerically by Mahdi et al. [45]. They concluded that the
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Figure 5: Melt-fraction contours of PCM melting for (a) Gr = 5000, (b) Gr = 13000, and (c) Gr = 20000.
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Figure 6: Velocity streamlines of pure PCM for Gr (a) 5000, (b) 13000, and (c) 20000.
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proposed design reduces the melting rate by 25% and 59%
compared to parallel and perpendicular double pipe energy
storage systems. Also, the pitch of the coil effects incredible
phase change transformation; however, they selected the
optimum pitch of outer diameter as 2. The design and opti-
mization of a multilayer shell and tube unit incorporated
with longitudinal and radial metal fins are carried out by
Xu et al. [46]. The amount of melting time reduced is 56%,
65%, and 71% with the addition of fins than no fin condi-
tion. The maximum reduction in time is observed for radial
type of fin, and this is selected as the best arrangement. The
optimum configuration increases the comprehensive storage
density evaluation to 36%.

The detailed review of many researches apprises the var-
ious techniques involved in PCM-based thermal storage sys-
tems. However, only few discussed the combined effect of
nanoparticle incorporation and angular orientation of the
container. The main objective of this work is to study the
effect of Grashof number (5000, 13000, and 20000), nano-
material type (Al2O3, CuO, and MWCNT), volume concen-
tration (0%, 1%, 3%, and 5%), and orientation angle (30, 45,
and 60°) on the melting rate of the PCM in a square con-
tainer. The analysis is carried out with RT42 PCM up to
1500 sec.

1.1. Problem Description and Methodology. A two-
dimensional transient numerical analysis of the PCM filled
in a square enclosure inclined in different orientations is
performed. Figures 1(a) and 1(b) show the geometry
description of the enclosure studied.

In this work, a square enclosure with 5mm × 5mm is
modelled in ANSYS design modeler. This cavity is embed-
ded by phase change material (RT-42) and consolidated with
different nanoparticles (Al2O3, CuO, and MWCNT) by
varying concentration (1%, 3%, and 5%). The top and lower
walls are kept adiabatic, the left side wall is subjected to
higher temperature(Th), and the right side wall is subjected
to room temperature (Tc) so that Th > Tc. Transient numer-

ical study is carried out for the time steps of 500, 1000, and
1500 seconds. Also, the same analysis is executed by chang-
ing the orientation of the base side of the cavity with differ-
ent inclinations (30, 45, and 60°) as shown in Figure 1(b).
The governing equations for numerical computation are
listed below from equations (1) to (3):

Continuity equation:

∂ρ
∂t

+∇: ρU
!� �

= 0: ð1Þ

Momentum equation:

∂
∂t

ρU
!� �

+∇: ρU
!
U
!� �

= −∇P + ρg!+∇:τ! + F
!
, ð2Þ

where ρg! and F
!

are gravitational and external body
forces, respectively. P is static pressure, and τ

!
is a stress

tensor.
Energy equation:

∂ ρHð Þ
∂t

+∇: ρU
!
H

� �
= ∇: K∇Tð Þ + S: ð3Þ

Here, H, T , ρ, and K are enthalpy, temperature, density,
and conductivity of nanoparticle enhanced-phase change

material (NEPCM), respectively. U
!

is velocity and S, and
volumetric heat generation term is assumed zero in present
analysis. The gross enthalpy of PCM H is aggregate of sensi-
ble heat (h) and latent heat (ΔH), respectively. Latent heat is
expressed as

ΔH = βL, ð4Þ

where Lis the latent heat of PCM, and β is the liquid
fraction given by the following equation,

β = 0 if T < Tsolidus

β = 1 if T > Tsolidus and,

β =
T − Tsolidus

TLiquidus − Tsolidus
 if Tsolidus < T < Tliquidus

9>>>>=
>>>>;
:

ð5Þ

Now thermophysical properties of nano-PCM such as
density, heat capacity, latent heat, and viscosity are calcu-
lated using the Arasu and Mujumdar [47], Ebrahimi and
Dadvand [48], and Teja et al. [49] presented from equations
(6) to (9), and the variation of these properties with volume
concentration is shown in Figure 2.

ρnpcm = φρnp + 1 − φð Þρpcm, ð6Þ

cp,npcm =
φ ρcp
� �

np
+ 1 − φð Þ ρcp

� �
pcm

ρnpcm
, ð7Þ
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Figure 7: The effect of Gr on temperature of PCM with time.
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Lnpcm =
1 − φð Þ ρLð Þpcm

ρnpcm
, ð8Þ

μnpcm = 0:983e 12:959φð Þμpcm: ð9Þ

While the effective thermal conductivity is expressed as

Knpcm =
Knp + 2Kpcm − 2 Kpcm − Knp

� �
φ

Knp + 2Kpcm + Kpcm − Knp

� �
φ
Kpcm

+ 5 × 104βkζφρpcmCp,pcm

ffiffiffiffiffiffiffiffiffiffiffiffiffi
BT

ρnpdnp

s
f T , φð Þ,

ð10Þ

where B is Boltzmann constant, and its value is 1:381
× 10−23J/K and,

βk = 8:4407 100φð Þ−1:07304, ð11Þ

f T , φð Þ = 2:8217 × 10−2φ + 3:917 × 10−3
� � T

Tref

+ −3:0669 × 10−2φ − 3:91123 × 10−3
� �

:

ð12Þ

Here, Tref is assumed to be 303K. The properties of
NEPCM for different volume fractions (1%, 3%, and 5%)
of nanoparticles (Al2O3, CuO, and MWCNT) are calculated
using the equations (6) to (10). The thermophysical proper-
ties of the base materials are listed in Table 1. Also, the
dimensionless Grashoff number and Nusselt number used
are expressed as

Gr =
gβf Th − Tcð ÞH3

ν2f
, ð13Þ

Nu =
hL
K

: ð14Þ

The boundary conditions applied to the model in the
study is mathematically given by:

T = Th for X = 0 and 0 < Y < 5 on left vertical wall.
T = Tc for X = 5 and 0 < Y < 5 on right vertical wall.
dQ = 0 for 0 < X < 5 and Y = 0 on bottom horizontal

wall.
dQ = 0 for 0 < X < 5 and Y = 5 on top horizontal wall.

1.2. Numerical Procedure. In the present study, numerical
analysis is carried out with ANSYS FLUENT software. The
governing equations based on boundary conditions are
numerically solved by fluent using FVM. Construction of
geometry is done in a design modeler from the fluid flow
(fluent) geometry component. Meshing of the model is done
by taking an adaptive size function with a fine relevance cen-
ter. The skewness for mesh is maintained minimum while
the orthogonal quality is kept closer to 1 by incorporating
quadrilateral mesh cells by setting quadrilaterals as the
meshing method.
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Figure 8: Melt-fraction contours of pure PCM in a container oriented in (a) 0°, (b) 30°, (c) 45°, and (d) 60°.
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Pressure-based solver along with its velocity coupling
and adjustment equation is utilized with simple algorithms
and PRESTO! Scheme, respectively. While the equations of
momentum and energy are evaluated using an upwind
scheme of second order. Transient analysis is performed by
taking the time step size as 0.2 s, and the maximum number
of iterations is fixed as 20 for every time step. The conver-
gence limit for residuals is fixed as 10-3 for continuity,
momentum equations, and it is 10-6 for an energy equation.

1.3. Grid Independence Study and Validation. To select the
appropriate grid size, the numerical model is verified with
different element sizes. The mesh consists of uniform quad-
rilaterals distribution throughout the enclosure. Five differ-
ent mesh sizes were examined with the number of cells
varying from 61 × 61, 100 × 100, 143 × 143, 179 × 179, and
200 × 200, respectively, as shown in Table 2. As shown in

Figure 3, the difference in the Nusselt numbers for 179 ×
179 (32041 elements) and 200 × 200 (40000 elements) is
very small. Hence, the number of cells in the mesh is selected
as 32041 with element size as 0.028mm for further study.

The validation of the present work is conducted qualita-
tively by comparing the melt-fraction contours of the pres-
ent study with Arasu and Mujumdar [47] study.
Comparison is done for melting of PCM (Paraffin wax) with
2%, 5% Al2O3 addition and melting of PCM (RT-42) with
1%, 5% Al2O3 addition of present study. The contours of
the melt fraction for both the current work and reference
work are matching very nearer as shown in Figure 4.

2. Results and Discussion

Computational thermal analysis of heat transfer and melting
of pure PCM/nano-PCM (PCM + nanoparticles) is carried
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Figure 10: Effect of nanoparticles (a) Al2O3, (b) CuO, and (c) MWCNT with different volume concentrations (1%, 3%, and 5%) on melt
fraction at Gr = 20000.
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out for three different Grashoff numbers (5000, 13000, and
20000) given to left side wall with the bottom edge oriented
in different inclinations (0°, 30°, 45°, and 60°). The effect of
nanoparticle type (Al2O3, CuO, and MWCNT), concentra-
tion (1%, 3%, and 5%), Grashoff number, and inclination
is presented.

2.1. Melting of Pure PCM. Figures 5(a)–5(c) show the melt
fraction contours of the PCM at three different Grashoff
numbers up to 1500 sec with an interval of 500 sec. Red por-
tion in the contour represents the liquefied part of the PCM
with a melt fraction as 1.0, and the solid part is described as
the blue portion with a melt fraction as 0.0. In between, the
different colours of the contours represent the mushy region.
It is observed that during the initial stages of melting, the
liquid-fraction region is almost vertical as shown in

Figure 5(a). This clearly shows that the initial mode of heat
transfer was by conduction. After some time, the conduction
dominant zone is converted into mixed conduction and con-
vection zone by transforming the solid PCM into liquid. The
density difference between the solid and liquid makes the
material move by natural convection as shown in
Figures 6(a)–6(c) for different Gr.

The movement of the liquid will form upward and
downward rotations with small velocities due to the buoy-
ancy forces formed by the temperature difference between
hot and cold wall. Also, due to the boundary layer effect by
viscosity, the velocity adjacent to the wall is zero, and it grad-
ually increases away from the wall up to the solid portion of
the PCM.

With the increase in Gr, the rise in hot wall temperature
is evident, and the availability of melted PCM will be more;
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Figure 11: Effect of orientation in (a) PCM + 3% Al2O3, (b) PCM + 1% CuO, and (c) PCM + 3% MWCNT based nanofluids on melt
fraction at Gr = 20000.
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therefore, more velocity has been observed. For Gr = 20000,
the highest velocity noted is 4.174e-4m/s which is 51.23%
and 32.97% higher than Gr = 5000 and 13000 case.

Figure 7 depicts the effect of Gr on the temperature of
the PCM with respect to time. It is noted that the tempera-
ture has been increased with Gr for a period of time; after-
ward, it comes to a steady state. It is also identified that the
slope of the temperature lines are reducing with respect to
Gr, indicating that the rate of attaining steady state is less
with increase in Gr. The amount of heat transferred to the
PCM is stored in the form of phase change. With the
increase in temperature, the amount of melting rate also
improved from 24.16% to 25.44%, 76% to 76.35%, and
86.4% to 86.417% for Gr = 5000, 13000, and 20000, respec-
tively. For the same time period, the melted region is more
for Gr = 20000.

2.2. Melting of PCM in an Enclosure with Angular
Orientations. Transient thermal analysis of a square enclo-
sure filled with the PCM, oriented in different angles (0°,
30°, 45°, and 60°), as shown in Figure 1 is performed.
Figure 8 shows the melt-fraction contours for different Gr
(5000, 13000, and 20000) and varying time intervals (500 s,
1000 s, and 1500 s).

Figure 9 represents the graph plotted for the variation of
melt-fraction of PCM with different orientations (0°, 30°, 45°,
and 60°) for a time of 1500 seconds and Gr of 20,000. In the
beginning, at around 50 seconds, the PCM in all the con-
tainers is in the same stage, the PCM is slowly melting into
fluid up to 200 seconds, and later, the material in all the con-
tainers attains the steady state. It is observed that the amount
of melt is more as the inclination angle increases. The per-
centage increase of melt fraction is less for different orienta-
tions and pure PCM. Using 60° orientation, the melt fraction
improved is 2.43%, 0.5%, and 0.08% more than the 0°, 30°,
and 45° inclinations.

2.3. Effect of Nanoparticle Concentration in PCM. The com-
putational analysis on the melting performance of phase
change material blended with different nanoparticles
(Al2O3/CuO/MWCNT) in various proportions (1%, 3%,
and 5%) filled in a square enclosure is carried out.
Figures 10(a)–10(c) show the comparison of the melt frac-
tion of nano PCM (PCM+ Al2O3/CuO/MWCNT) with dif-
ferent concentrations (1%, 3%, and 5%), respectively. It is
clearly visible that the amount of melt fraction is not varied
linearly with the volume concentration of the nanomaterial.
In the first case with Al2O3, the maximum melt fraction is
observed for PCM+ 3% followed by 1%, pure PCM (0%),
and 5%. The melting performance is improved with addition
of Al2O3 up to 3%; afterward, it is reduced. This is because of
increased density and viscosity. Also, in the beginning of
heating PCM, the transfer of energy is predominantly by
conduction succeeded by convection. By adding more
amounts of high conductive nanomaterials, the heat transfer
will again convert into a conductive zone. Therefore, the
melting performance reduces.

With 3% Al2O3, the increase in fluid fraction is 2.9%,
1.38%, and 5.27% more than the melt fraction of 1%, pure
PCM, and 5% added nanofluid, respectively. In the second
case, in Figure 10(b), though the conductivity of the CuO
is more than Al2O3, the enhancement of effective thermal
conductivity is very less compared to effective density.
Hence, 1% CuO nanomaterial addition has more amount
of liquid fraction than 3 and 5% nanofluid. Figure 2 shows
the variation of thermophysical properties of nanofluids for
different nanoparticle concentration. With 1% CuO,
increase in fluid fraction is 2%, 2.924%, and 11% higher than
the melt fraction of 3%, pure PCM, and 5% added nano-
PCM. With the incorporation of MWCNT nanoparticles
(1%, 3%, and 5%) shown in Figure 10(c), the heat transfer
is enhanced due to high effective conductivity of the nano-
fluid, and also the percentage of change in density is less
compared to other two nanoparticles. Similar to Al2O3-
based nano-PCM, the liquid fraction is more in 3% followed
by 1% addition. However, the melt fraction is less in 5%
MWCNT due to the effect of thermophysical properties.
The increase in fluid fraction of nanofluid blended with 3%
MWCNT is 5%, 1.46%, and 2.94% more than pure PCM,
1%, and 5% blended nano-PCM.

2.4. Effect of Orientation and Nanoparticles on Melt Fraction
of Nano-PCM. Combining the effect of angular orientation
of the enclosure and nanomaterial added to the fluid on
the melt-fraction of NEPCM is studied. Figures 11(a)–
11(c) represent the graph plotted between time and melt
fraction for different inclinations (0°, 30°, 45°, and 60°) of
enclosure filled with 3% Al2O3, 1% CuO, and 3% MWCNT
blended nano-PCM, respectively.

The volume concentration compared is chosen on the
basis of the maximum melt fraction with each nanomaterial.
It is observed that the utmost amount of melt is occurring in
a container with an orientation of 45° for all the nanofluids,
despite having marginal change in liquid fraction. Therefore,
it is concluded that the effect of enclosure orientation is
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Figure 12: Comparison of melt fraction for 45° oriented enclosure
for different nano-PCM at Gr = 20000.
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negligible compared with the effect of volume fraction of the
nanoparticles.

From Figure 12, it is noted that among Al2O3, CuO, and
MWCNT with different concentrations (pure PCM (0%),
1%, 3%, and 5%) blended with the PCM of RT 42 and orien-
tations (0°, 30°, 45°, and 60°), the maximum amount of heat
transfer and liquid fraction is attained for (PCM + 3%
MWCNT) nano-PCM oriented with 45°. With the incorpo-
ration of 3% MWCNT/PCM in 45° orientated enclosure, an
improvement of 3.4%, 2.04%, and 2.94% melt performance
than pure PCM, (PCM/3% Al2O3), (PCM/1% CuO), respec-
tively, is noted.

This is because the changes in the thermophysical prop-
erties of the MWCNT blended PCM are more substantial
than the other nanoparticle concentrated PCM. Also, due
to symmetry and less buoyancy effects compared to other
orientations, the liquid fraction in 45° orientation is more.

3. Conclusions

Numerical analysis on the effect of nanoparticle type (Al2O3,
CuO, MWCNT), volume concentration (0%, 1%, 3%, and
5%), and angular orientation of the enclosure (0°, 30°, 45°,
and 60°) on the melting of phase change material RT 42 is
carried out.

It is observed that

(i) For the melting of the pure PCM, it is affirmed that
the temperature of the heat source is increased
with increase in Gr (5000, 13000, and 20000).
Due to this, the heat transfer and melting rate have
been enhanced

(ii) The maximum melting fraction is identified for
Gr = 20000. Also, the shape of the melted portion
is changed from vertical to parabolic curvature
profile indicating that the mode of heat transfer is
changed to convection from conduction

(iii) The material properties of phase change material
consolidated with nanoparticles (Al2O3, CuO, and
MWCNT) into RT 42 PCM are presented. With
increase in volume concentration (1%, 3%, and
5%) of the nanoparticles, the effective density,
thermal conductivity, and viscosity are increased,
while specific heat and latent heat are reduced.
The rise in thermal conductivity is very less com-
pared to all other properties

(iv) The liquid fraction content is not varied linearly
with respect to volume concentration of the nano-
particles. Comparing pure PCM, greater rate of
melting is achieved in 3% Al2O3 and MWCNT,
1% CuO. With 3% Al2O3, the increase in fluid frac-
tion is 2.9%, 1.38%, and 5.27% more than the melt
fraction of 1%, pure PCM, and 5% added nano-
fluid, respectively. With 1% CuO, increase in fluid
fraction is 2%, 2.924%, and 11% higher than the
melt fraction of 3%, pure phase change material,
and 5% added NEPCM. The enhancement in the

fluid fraction of nanofluid blended with 3%
MWCNT is 5%, 1.46%, and 2.94% more than pure
PCM, 1%, and 5% blended nano-PCM

(v) Increasing volume fraction beyond the optimum
level reduces the melting performance. This is
because of the relative escalation of viscous forces
than the buoyancy forces with increase in volume
fraction. Also, the convection dominant heat trans-
fer will be shifted to conduction state again

(vi) The enclosure orientation has very negligible
effects on the advancement of the melt for both
phase change material and NEPCM fluids. In case
of pure phase change material, the maximum liq-
uid fraction is seen for a 60° oriented container,
while it is a 45° orientation for a nano-PCM case

(vii) Among all the nanoparticles, MWCNT-based
nanofluids have a high melting rate. This is mainly
because of the substantial development of thermo-
physical properties of MWCNT than all other
nanoparticles blended PCM

(viii) Considering all the effects, the 3% MWCNT nano-
PCM oriented in 45° is achieving a larger fraction
of melting portion. With the 3% MWCNT/PCM
filled enclosure oriented in 45°, an improvement
of 3.4%, 2.04%, and 2.94% melt performance than
pure PCM, (PCM/3% Al2O3), (PCM/1% CuO),
respectively, is noted

Nomenclature

NEPCM: Nanoparticle-enhanced PCM
TES: Thermal energy storage system
HTF: Heat transfer fluid
RT42: Rubitherm 42
ρ: Density
ϕ: Volume concentration
Cp: Specific heat capacity
L: Latent heat
μ: Coefficient of viscosity
K : Thermal conductivity
β: Volume expansion coefficient
Al2O3: Aluminium oxide
CuO: Copper oxide
MWCNT: Multiwalled carbon nanotube
Tsolidus: Solidus temperature
T liquidus: Liquidus temperature
Tref : Reference temperature
Gr: Grashof number.
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