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igation of heat transfer and fluid
flow characteristics of ternary nanofluids through
convergent and divergent channels

M. M. Alqarni,a Abid A. Memon,b M. Asif Memon, bc Emad E. Mahmoudd

and Amsalu Fenta *e

The characteristics of nanomaterials have garnered significant attention in recent research on natural and

forced convection. This study focuses on the forced convection characteristics of ternary nanofluids within

convergent and divergent channels. The ternary nanofluid comprises titanium oxide (TiO2), zinc oxide

(ZnO), and silver suspended in water, which serves as the base fluid. Using COMSOL Multiphysics 6.0,

a reliable software for finite element analysis, numerical simulations were conducted for steady and

incompressible two-dimensional flow. Reynolds numbers varying from 100 to 800 were employed to

investigate forced convection. Additionally, we explored aspect ratios (channel height divided by the

height of the convergent or divergent section) of −0.4, −0.2, 0, 0.2, and 0.4. Our findings revealed that

only at aspect ratio a = 0.4 did the average outlet temperature increase as the Reynolds number rose,

while other aspect ratios exhibited decreasing average temperatures with declining Reynolds numbers.

Moreover, as the Reynolds number increased from 100 to 800 and the total volume fraction of the

ternary nanofluids ranged from 0.003 to 0.15, there was a significant 100% enhancement in the average

Nusselt number. For clarity, this article briefly presents essential information, such as the study's

numerical nature, fluid properties (constant-property fluid), and the methodology (COMSOL Multiphysics

6.0, finite element analysis). Key conclusions are highlighted to enable readers to grasp the main

outcomes at a glance. These details are also adequately covered in the manuscript to facilitate

a comprehensive understanding of the research. The utilization of this emerging phenomenon holds

immense potential in various applications, ranging from the development of highly efficient heat

exchangers to the optimization of thermal energy systems. This phenomenon can be harnessed in

scenarios in which effective cost management in thermal production is a critical consideration.
1. Introduction

The properties of thermal enhancement in mono-nanouids
are well understood by researchers and scientists, and
numerous numerical and experimental observations have been
made. Several research articles have also been written on this
topic. Recently, it has been discovered through many experi-
ments that when two different kinds of nanoparticles are added
to a base uid (such as water, oil, or glycols), a hybrid mixture is
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formed that is more powerful than mono-nanouids. Both
mono-nanouids and hybrid mixtures have been extensively
tested, and many research articles have stated that they are an
excellent solution for improving thermal enhancement. Ternary
nanouids, which are mixtures of three different kinds of
nanoparticles in base uids or glycols, have just begun to be
studied.1 Research has shown that the composition of ternary
nanouids is more powerful than that of mono-nanouids and
hybrid mixtures in terms of thermal enhancement.2,3 Natural
metals whose nano-sized particles remain suspended in the
base uid and do not dissolve can be combined with the base
uid to create a powerful solution with high thermal conduc-
tivity. These mixtures are useful in enhancing heat transfer
rates in thermochemical and automobile industries.4,5 They
have many applications in efficient engine production, heat
exchangers, and efficient solar collectors.

The motivation behind this work is to understand the forced
convection characteristics of ternary nanouids through
a convergent and divergent channel. Nanomaterials have
unique properties, and they have been extensively studied in the
Nanoscale Adv., 2023, 5, 6897–6912 | 6897
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past for their potential applications in various elds. In this
study, the authors use titanium oxide, zinc oxide, and silver as
nanomaterials in a ternary nanouid and observe their behavior
in a convergent and divergent channel. The application of this
work lies in understanding the heat transfer and uid ow
characteristics of ternary nanouids through a convergent and
divergent channel. This understanding can help in the design of
more efficient heat exchangers, which are widely used in various
industries such as power generation, chemical processing, and
electronics cooling. The ndings of this study can also be used
to optimize the use of nanouids in other applications, such as
lubrication and heat transfer uids.

While keeping the usage and applications of nanouids in
mind, we here present a literature review of some articles that
include numerical or experimental observations and sugges-
tions based on them. A water and alumina mixing application
was used in ref. 6 to identify a square hollow with a moving
cylinder at its center. The researcher utilized an unusually thick
meshing procedure to ensure accuracy because the challenge
entailed forced convection. The research demonstrated that
while the Nusselt number falls as the radius of the cylinder
grows, the skin coefficient improves as the volume percent of
nanoparticles grows. Further research revealed that the surface
temperature and mass ow rate had opposing impacts on one
another. Ref. 7 examines the application of water–alumina-
based nanouids in enhancing heat transfer in a three-
dimensional annular geometry with the usage of k − 3 turbu-
lence model. A heat source was positioned on the inner cylinder
in this annular conguration. According to the study, while
raising the Reynolds number and volume fraction enhances the
rate of heat transfer at the channel outlet, increasing the
particle concentration causes a drop in the average Nusselt
number. Likewise, it was believed that a decrease in the
temperature gradient at the exit of the annular geometry is
caused by an increase in the volume fraction of nanouids.

In another numerical investigation,8 the application of
nanouids was studied to note the heat transfer characteristics
and their improvement in a three-dimensional annular geom-
etry. The second time, the inner cylinder of the annulus was
made moveable, and Comsol Multiphysics 5.6 was used
throughout the simulation to construct it. The aspect ratio,
volume percentage, and rotation speed of the inner cylinder
were changed in this study to examine the heat transmission
behavior. In addition, it was shown that skin friction has
a favorable correlation with the rotation speed of the inner
cylinder. Skin friction was discovered to be improved by
increasing the volume percentage of nanoparticles. It was
demonstrated in ref. 9 that using nanouids to examine alter-
native plate heat exchanger (PHE) designs improved heat
transmission more effectively than using traditional uids. The
article provides critical suggestions regarding nanoparticle size,
base uids, analytical approaches, pressure distribution, and
ow regime to improve heat transfer. The statistical analysis in
the article shows that nanouids are signicantly effective in
PHE applications. Finally, it is stated that chevron and corru-
gated geometries are important for enhancing the heat transfer
rate, and particularly for improving the Nusselt number.
6898 | Nanoscale Adv., 2023, 5, 6897–6912
The application of forced convection of hybrid nanouids
was shown to improve heat transmission in a three-
dimensional rectangular channel with two moving perpendic-
ular blocks positioned at its center.10 These nanouids con-
sisted of a mixture of Cu, alumina, and water, and the entire
programming was done using computer code in COMSOL
Multiphysics. The study concluded that the anticlockwise
rotation of the perpendicular blocks is crucial for thermal
enhancement, and the maximum average temperature can only
be achieved when the temperature of copper and alumina is
reduced to 0.001. Additionally, the study also concluded that an
increase in the viscosity of the hybrid mixture initiates the
cooling process inside the blocks. An analysis11 was conducted
on the performance of a solar collector using hybrid nanouids.
These hybrid nanouids consisted of combinations of water,
copper, and alumina, and the entire simulation was developed
using computer soware. With more copper nanoparticles in
the base uid, the heat energy of the solar collector rises while
receiving less direct sunlight, according to the simulation.
Additionally, according to the article, the effectiveness of the
solar collector is enhanced by boosting the copper and alumina
content in the base uid. Additionally, it was claimed that high
permeability plays a crucial function in lowering friction, even if
it has a negligible effect on the ability of the solar collector to
generate heat.

To determine the convection properties of hybrid nanouids
in heated deep and shallow cavities, numerical research was
carried out in ref. 12. This study employed the Corcione nano-
uid model, which was developed using Comsol 5.6, a program
that is based on the nite element method. Water, alumina, and
copper were present in the nanouids employed in the study.
For the implementation of the program, the authors found
numerical answers to the incompressible Navier–Stokes equa-
tions and the two-dimensional heat equation. According to the
study, raising the copper volume percentage in the nanouids
causes the average temperature to rise. In addition, the Rey-
nolds number and copper volume percentage are positively
correlated with the average Nusselt number. However, when the
cavity height is increased, the average Nusselt number declines,
indicating improved conduction. An article13 discussed the use
of nanouids to observe the increase in heat transmission in
a three-dimensional L-shaped conduit. The nanouids used in
this study were a mixture of aluminum oxide and copper, and
a turbulent k − 3 model was used. The study showed that
increasing the concentration of both nanomaterials in water is
essential to increase heat transfer. Copper nanomaterials are
more effective in increasing heat transfer rates compared to
aluminum. It was also demonstrated that the temperature
increment depends on the increase in thermal diffusivity, which
is directly related to the volume fractions. Finally, the study
emphasized the importance of the Reynolds number in
increasing heat transfer rates.

An article14 was written in which the observation of conver-
gent and divergent channel ternary nanouids was carried out
with the assumption that the ow is laminar. A wide range of
parameters was used, and a nite element scheme was used to
obtain numerical results. Cobalt, zinc, and silver nanoparticles
© 2023 The Author(s). Published by the Royal Society of Chemistry
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were included in the ternary nanouids, while the base uid
used was ethyl glycol. The article mentioned that the rate of heat
transfer only increases signicantly when cobalt, silver, and
zinc are included in the base uid in a 1/6 : 2/3 : 1/6 ratio. The
article also mentioned that the enhancement of heat transport
occurs only when the ow of particles is in the laminar direc-
tion. Furthermore, the article mentioned that ternary nano-
uids are extremely useful for increasing the rate of heat
transfer in convergent and divergent channels. A numerical
investigation15 was conducted in which ternary nanouids were
used along with the effects of a magnetic eld and thermal
radiation. The channel used in this study was a stretching
convergent and divergent channel, and Galerkin's nite
element method was used to implement the program. The study
revealed that heat generation, stronger dissipation, and thermal
radiation play important roles in enhancing the heat transfer of
ternary nanouids. Furthermore, the study also indicated that
having nanoparticle blades is crucial for increasing the Nusselt
number.

In study,16 the impact of aspect ratio was investigated using
a numerical scheme by simulating 3Dmixed convection around
a cylinder. For this purpose, three Reynolds numbers (100, 500,
and 1000) were utilized while maintaining xed values of the
Prandtl number (0.7) and the Grashof number (105). The study
demonstrated that increasing the aspect ratio enhances the
heat transfer rate, but only for a specic Reynolds number. The
study also suggested that an articial neural network can
predict heat transfer rates for mixed convection using a limited
dataset, providing a faster alternative to direct numerical
simulation. A numerical approach,17 the incompressible
smoothed particle hydrodynamics (ISPH) method, was utilized
to investigate natural convection in the presence of a magnetic
eld through a porous annulus suspended in a wavy enclosure
with non-equilibrium phase change material. The study exam-
ined nanoparticle concentration, fractional time derivative,
Darcy parameter, thermal radiation, and Rayleigh number. The
ndings reveal that the initial inuence is governed by the
fractional time derivative, while the nanoparticle concentration
impacts ow, thermal radiation affects heat capacity, and the
Rayleigh number inuences both ow strength in the annulus
and temperature distribution in the domain. In another
numerical study,18 a Carreau–Yasuda model of non-Newtonian
uid was utilized to investigate shear thinning behavior, in
contrast to a shear-rate-dependent viscosity approach. In order
to compare the ndings to the Carreau–Yasuda model, the
study examined both uid ow and temperature behavior. As
a result of ohmic dissipation, the results showed that wall shear
stress in combination with the impact of a magnetic eld
increased heat transfer rates. Additionally, as compared to
mono-nanouids, hybrid nanouids enabled faster heat trans-
fer rates.

In one study,19 the ow of a hybrid nanouid including
copper and cobalt ferrite nanoparticles through a squeezing
plate is investigated. Mathematical models take into consider-
ation a number of variables, such as magnetic elds, chemical
processes, heat sources, and suction. The results show that the
hybrid nanoliquid outperforms conventional nanouids in
© 2023 The Author(s). Published by the Royal Society of Chemistry
terms of velocity and energy transfer when compared to earlier
investigations. Factors including squeezing, suction, heat
absorption, heat creation, and plate stretching affect how well
this transfer occurs. In order to nd workable solutions, ref. 20
investigates fractal-fractional derivative operators, which are
sophisticated mathematical techniques useful in physics and
engineering. They make it possible to examine fractal dimen-
sion and fractional order at the same time. Graphs showing how
physical factors inuence nanouid rheology can be seen in
numerical solutions. Notably, adding cadmium telluride
nanoparticles boosts transformer oil effectiveness by around
15.27%, while lowering uid velocity and couple stress.

In ref. 21, the authors examine the interaction between
natural convection on an expanding surface inside a porous
medium and the dynamic ow of a novel hybrid nanouid
made up of cobalt ferrite (CoFe2O4) and copper (Cu) nano-
particles. The analysis takes into account a number of variables,
including temperature-dependent viscosity, chemical
processes, heat generation, second-order velocity slip condi-
tions, and the Darcy–Forchheimer effect. According to the
results, operations like aerodynamic plastic sheet extrusion and
polymer sheet dye extrusion may be able to benet from the use
of Cu and Fe2O4 nanoparticles in conventional uids. The
analysis of the free convection Couette ow of Casson uid
between parallel plates in ref. 22 takes into account heat
production and uses fractal-fractional derivatives. Using fractal-
fractional derivatives with an exponential kernel, the research
presents a novel methodology. The ndings, which are dis-
played through velocity and temperature eld proles, empha-
size the sizeable memory effect associated with the fractal-
fractional order model, which is impacted by the fractal order
parameter.

In a numerical study,23 a sinusoidal wavy channel was
investigated for forced convection using alumina–water nano-
uids with varying phase shis. The ow was assumed to be
laminar, and different parameters such as phase shi, nano-
particle concentration, Nusselt number, skin friction, and
Reynolds number were analyzed through various parametric
studies. The study revealed that optimal performance was
achieved using a phase shi of 0°, while adjusting the Reynolds
number and varying the nanoparticle concentration in the base
uid (ranging from 0% to 5%). In ref. 24, a square duct was
tested to enhance the heat transfer rate by introducing surface
roughness, and a mixture of ethylene glycol, zinc oxide, and
water was used as the nanouid. The objective of this study was
to increase the heat transfer and friction factor by manipulating
variables such as the volume fraction of nanoparticles in base
uids, ow attack angle, and Reynolds number. In this article,
relationships for Nusselt number correlation and friction factor
correlation were developed, showing deviations of 12.4% and
9.3%, respectively, when compared to results available in the
literature.

The thermal performance of a parabolic solar collector was
studied25 with the incorporation of mono- and hybrid nano-
uids alongside various turbulence-promoting elements and
setups. The investigation resulted in thermal performance
enhancements of 69% and 79% using nanouids and
Nanoscale Adv., 2023, 5, 6897–6912 | 6899
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a converging–diverging receiver conguration, respectively. An
experimental study26 was conducted to analyze thermal and
hydraulic performance, considering a rectangular duct. In
addition to using dimpled ribs in an arc pattern inside the duct,
the research was conducted using nanouids as the transport
medium. The dimpled ribs of the arc pattern have been shown
to improve both thermal and hydraulic performance. It was
discovered that a 4.5% nanoparticle concentration, a 0.933 ratio
of dimpled arc rib height to print diameter, a 4.64 relative
dimpled arc rib height, and a 55° dimpled arc angle were the
ideal conditions for achieving the greatest heat transfer rate.
Ref. 27 investigates substituting nanouids for water in an
angled slot and ribbed square duct. With angled slot ribs and
a constant temperature, the heated square conduit is square.
35 nm diameter silica nanoparticles were introduced at 3.5% of
the total volume of water. Aer experimenting with various
settings, it was found that an angled slot rib height of 0.08
doubled performance compared to a plain wall and provided
the optimum heat transfer increase.

One investigation28 focused on the heating and cooling
capabilities of annular ns in nucleate boiling, which has real-
world implications in heat exchangers, vehicle radiators, and
electronics cooling. The study examines the effects of a number
of variables, such as magnetic elds, thermal radiation, nano-
materials, and heating species. According to the results,
increasing the thermal conductivity coefficient in case 2 and the
concentration in case 3 increase heat transmission. Further-
more, the inserted heating source (Q1) and directed radiation
efficiently increase heat transfer to the environment. The study
in ref. 29 highlights the crucial function of heat transmission in
nanoliquids, especially in practical areas such as thermal, bio-
logical, mechanical, and chemical engineering. It offers
a unique biohybrid nanouid model (BHNF) created for
a channel with expanding/constricting walls imitating blood
ow. The model investigates the effect of several physical
factors using the variational iteration method (VIM), combining
graphene and CuO nanoparticles in a blood-based uid. The
results show that by modifying the wall permeation, thermal
radiation, and temperature coefficients, the ow rate towards
the channel ends is enhanced and the thermal performance is
optimized.

In ref. 30, the investigation of heat transfer in convergent/
divergent channels in a ternary nanouid is the focus of the
work. The effects of a magnetic eld (Ha), thermal radiation
(Rd), heat production (Q1), and stretching (S1) are taken into
account. It produces results for heat transport using the
Galerkin Finite Element Method. According to the results, the
Nusselt number in the ternary nanouid including blade-
shaped nanoparticles noticeably increases as a result of effi-
cient heat management provided by absorption and Joule
heating. Another investigation reported in ref. 31 examines how
hybrid nanoparticles may be used in a base uid to improve the
ability of conventional uids to transport heat and address
modern thermal issues. In particular, it evaluates hybrid
nanouids made of [(ZnO-MWCNTs)/water-EG (50 : 50)] and
[(ZnO)/water-EG (50 : 50)] on a Riga surface. Innovative thermal
radiation effects and convective heat conditions are included in
6900 | Nanoscale Adv., 2023, 5, 6897–6912
the model in the investigation. The heat capacity of the [(ZnO-
MWCNTs)/water-EG(50 : 50)] hybrid nanouid and the large
temperature increase caused by convective heat situations are
both clearly demonstrated by computational methods.

A tetra-nanouid is used in the study in ref. 32 to examine
heat transfer in converging/diverging channels. A depreciation
function and other novel features are introduced in the study,
which uses the Galerkin nite element method (GFEM) to
evaluate the data. The results highlight the advantages of tetra-
nanouids over more traditional approaches and support the
models that have been suggested for analyzing heat transfer
dynamics in nanouids comprising tetra-nanomaterials. In ref.
33, the Corcione concept is used to examine the effects of
heating an Al2O3/H2O nanouid. The impact of thermal radia-
tion, internal heating, and important factors in case 1, case 2,
and the modied Hartmann number are all given special
consideration. According to the study, greater values of 1 and 2
result in less uid motion, which might be useful in engi-
neering settings. In high-viscosity nanouids in particular, the
modied Hartmann number has a signicant effect on particle
motion. For effective temperature management and efficient
heat generation, heating sources and thermal radiation are
included.

Aer an in-depth analysis of the reviewed literature, we
reached the conclusion that nanomaterials prove to be highly
effective for studying forced convection. It has also been
substantiated that a combination of nanomaterials (hybrid
nanouids) is essential for augmenting the heat transfer rate.
Moreover, the geometry under investigation holds signicant
importance. Up to this point, wavy channels have predomi-
nantly been utilized to explore heat transfer rates due to the
ensuing increase in pressure within these channels. In wavy
channels, the boundaries are curved, whereas, while the
channel in our present investigation can be deemed to be
a periodic or wavy channel, its boundaries remain linear rather
than curved. This channel type is commonly denoted as
a convergent and divergent channel (CADC). Research in this
specic area remains scarce, which motivated us to select it for
our investigation, thus highlighting a noticeable research gap,
as wavy channels continue to dominate the eld.

The importance and application of this work lie in its
contributions to the understanding of forced convection char-
acteristics in ternary nanouids within convergent and diver-
gent channels. The study addresses the intricate behavior of
ternary nanouids containing titanium oxide (TiO2), zinc oxide
(ZnO), and silver suspended in water as a base uid. This
research provides insights into the effects of varying the Rey-
nolds numbers and aspect ratios on the heat transfer perfor-
mance within these channels.

In this article, we have coupled the emerging soware
COMSOL 6.0, a nite element-based program, to cra numer-
ical simulations. The principal focus of this article centers on
scrutinizing forced convection in a convergent and divergent
channel. The initial section delineates the problem formula-
tion; it encompasses the construction and geometrical intrica-
cies of this channel, the properties of thematerials (nanouids),
their composition, empirical relationships, and the governing
© 2023 The Author(s). Published by the Royal Society of Chemistry
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partial differential equations exploited to yield the numerical
simulations. Furthermore, we delve into the mechanics of
COMSOL within this section. The subsequent section is devoted
to validation, and encompasses a mesh-independent study and
validation via Nusselt-based correlations. The third section is
dedicated to discussing the results, and the concluding section
encapsulates the main insights drawn from this study.
2. Problem formulation

We present the design of convergent and divergent channels for
uid ow and energy transfer analysis in Fig. 1. The inlet and
outlet heights of the channel are equal, as shown in Fig. 1. The
slant lengths of the channel are referred to as L1 to L4. In Fig. 1,
we have highlighted in orange color a section of the channel
where uid will move both upward and downward. This section
has a length of aH, where ‘a’ represents the aspect ratio.

If ‘a’ is positive, the channel will be convergent, causing the
middle part and the section between L1 and L2 to move upwards.
Conversely, if ‘a’ is negative, the middle section between L1 and
L2 will move outward. These conditions also apply to the upper
boundaries of the channel, which will move inside and outside
for positive and negative values of ‘a’, respectively.

The portions with lengths L1, L2, L3, and L4 in Fig. 1 are
referred to as the legs of the channel. In simpler terms, for
a positive ‘a’, the channel will contract, while for a negative ‘a’, it
will expand.

In this study, we have kept the inlet height to L ratio xed at
1 : 4 and tested different values of ‘a’ (−0.4, −0.2, 0, 0.2, and
0.4). If ‘a’ is 0, the channel will become a rectangular channel.
For ‘a’ values of−0.2 or−0.4, it will act as an expander, while for
other ‘a’ values, it will behave as a contractor.

We have not extensively observed forced convection of
nanouids in this specic channel design. For our simulations,
we set the upper and lower boundaries of the channel to a hot
Fig. 1 Schematic presentation of the convergent and divergent fluid ch

© 2023 The Author(s). Published by the Royal Society of Chemistry
temperature, as indicated in the boundary condition in eqn (7).
The outlet pressure is maintained at zero, and a mixture of
nanoparticles enters the channel at a certain velocity from the
le entrance, which is calculated using the Reynolds number.
The nanouids function as coolants and possess an initial
temperature, Tc, as specied in boundary condition in eqn (5).
Additionally, we assume that the uid is incompressible, and
we are addressing a time-independent problem.

This channel is being tested for the characteristics of ternary
nanouids. Although it is widely known that nanouids have
excellent heat transfer characteristics, we are specically testing
water-based nanouids containing three types of nanoparticles.
These nanouids consist of equal volume fractions of titanium
oxide, zinc oxide, and silver nanoparticles mixed in water. We
include the thermo-physical characteristics of the basic water
and these nanoparticles in Table 1. The formulae for calculating
the density, viscosity, heat capacity, and thermal conductivity of
the nanouids are also listed in the table. The goals of this
research are the investigation of how the interaction of nano-
particles affects the rate of heat transfer and the determination
of the volume fraction values that give the fastest heat transfer
rates. We have reviewed many articles in which nanouids are
claimed to increase the heat transfer rate, and researchers can
easily achieve their goals.

2.1 Governing equations and other post-processing
parameters

To investigate the transport characteristics of ternary-based
nanouids in a forced convection problem, we developed
a simulation using the two-dimensional heat equation and
incompressible Navier–Stokes equation, which are given in eqn
(1)–(4). The entire simulation was implemented on the nite
element-based soware Comsol Multiphysics 6.0, in which we
utilized a non-isothermal interface to model the problem.
Comsol 6.0 uses the nite element method and a Python code to
annel and the assigned boundary conditions.
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Table 1 Thermal and physical properties of ternary hybrid nanofluids (ref. 10 and 14)

Symbol Values or expression Description

f1 1/3f Volume fraction of titanium oxide
f2 1/3f Volume fraction of silver
f3 1/3f Volume fraction of zinc oxide
r1 4250 [kg m−3] Density of titanium oxide
r2 10 500 [kg m−3] Density of silver
r3 5600 [kg m−3] Density of zinc oxide
rnp f1r1 þ f2r2 þ f3r3

f1 þ f2 þ f3

Total density of nanoparticle mixture in the base uid

(cp)1 686.2 [J (kg−1 K−1)] Specic heat of titanium oxide
(cp)2 235 [J (kg−1 K−1)] Specic heat of silver
(cp)3 388 [J (kg−1 K−1)] Specic heat zinc oxide
(cp)np f1r1ðcpÞ1 þ f2r2ðcpÞ2 þ f3r3ðcpÞ3

frnp

Specic heat of mixture of nanoparticles

f f1 + f2 + f3 = 0.003, 0.015, 0.03, 0.09, 0.15 Total volume fraction in the base uid
k1 8.952 [W (m−1 K−1)] Thermal conductivity of TiO2

k2 429 [W (m−1 K−1)] Thermal cond. of Ag
k3 50 [W (m−1 K−1)] Thermal cond. of ZnO
knp f1k1 þ f2k2 þ f3k3

f

Total thermal conductivity of nanoparticles

rbf 998 [kg m−3] Density of base uid
rhnf rbf(1 − f) + frnp Density of nanouid
(cp)bf 4182 [J (kg−1 K−1)] Specic heat of base uid
(cp)hnf rbfð1� fÞðcpÞbf þ rnpð1� fÞðcpÞnp

rhnf

Specic heat capacity of nanouid

kbf 0.597 [W (m−1 K−1)] Thermal conductivity of the base uid
khnf

kbf
knp þ 2kbf þ 2ðknp � kbfÞf
knp þ 2kbf � ðknp � kbfÞf

Thermal conductivity of the nanouids

mbf 0.000998 [Pa s] Viscosity of the base uid
mhnf

mbf

ð1� fÞ2:5
Viscosity of nanouid

Re 100–800 Reynolds number
uin mhnfRe

rhnfDh

Inlet velocity

Tc 5 °C Inlet temperature
Th 50 °C Hot temperature
ahnf

khnf

rhnfðcpÞhnf
Thermal diffusivity
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obtain numerical solutions for the constitutive equation. Eqn
(1)–(3) will be used to control the uid ow, while eqn (4) will be
used to control energy transport.

vu1

vx
¼ �vu2

vy
(1)

u1
vu1

vx
þ u2

vu1

vy
þ 1

rhnf

vp

vx
¼ mhnf

�
v2u1

vx2
þ v2u1

vy2

�
(2)

u1
vu2

vx
þ u1

vu2

vy
þ 1

rhnf

vp

vy
¼ mhnf

�
v2u2

vx2
þ v2u2

vy2

�
(3)

u1
vT

vx
þ u2

vT

vy
¼ ahnf

�
v2T

vx2
þ v2T

vy2

�
(4)

Subject to boundary conditions:
At inlet:

u1 = uin, u2 = 0, T = Tc when x = 0 and 0 # y # H (5)
6902 | Nanoscale Adv., 2023, 5, 6897–6912
At outlet:

p = 0 when x = 2L and 0 # y # H (6)

Along the other boundaries:

u1 ¼ u2 ¼ 0; T ¼ Th ¼

8>>>>><
>>>>>:

0# x#L1 and 0# y# aH

L1 # x#L2 and 0# y# aH

0# x#L3 and H# y#H � aH

L3 # x#L4 and H# y#H � aH

(7)

The nite element method is a simple and robust method that
can easily deal with all kinds of boundaries and has a generalized
code. In this process, the governing equations are rst reduced to
a weak form using the weighted residual procedure. Then, the
weak form is transformed into a system of nonlinear equations by
solving it on each element of the domain through an integral
process. Finally, the system of nonlinear equations is solved using
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 The workflow of the COMSOL 6.0 working procedure.
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the generalized Newton–Raphson method. The results obtained
from this method have the components of the velocity eld, u1
and u2, along with the pressure p, which is included in the
constitutive equations, and the temperature T. These are the basic
variables that are obtained aer the numerical solution. Then,
a post-processing procedure is started to calculate the computa-
tional values given below:6–8,10,12,13

Heat ux along the domain:

Q = −khnfTy (9)

where Ty is the temperature gradient along the y-direction.
Heat transfer coefficient:

h ¼ Q

ðT � TbÞ (10)
Fig. 3 Meshing procedure with the help of COMSOL working tool: (a) d

© 2023 The Author(s). Published by the Royal Society of Chemistry
Bulk temperature:7

Tb ¼
ÐHþaH

�aH u1TdxÐHþaH

�aH u1dx
(11)

Average temperature:

Tavg ¼ 1

H

ðH
0

Tdy (12)

Local Nusselt number:

Nuy ¼ hy

khnf
(13)
ivergent; (b) convergent.
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Fig. 4 Mesh-independence study test for a = 0.4, Re = 800 and f =

0.15.
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Average Nusselt number:

Nuavg ¼ 1

H

ðH
0

Nuydy (14)

The working ow chart of the COMSOL 6.0 procedure is
delineated in Fig. 2.
3. Meshing procedure and mesh
independent study

We have shown an example meshing procedure in Fig. 3(a) and
(b). We refer to Fig. 3(a) as the divergent channel and Fig. 3(b) as
the convergent channel. Different types of mesh elements were
used in this domain. Irregular triangles and rectangles were
included in the meshing procedure. The mesh density of any
numerical approach determines how accurate the outcome will
be; therefore, the more computational elements employed, the
more accurate the ndings will be. Comparatively speaking, the
nite element approach is stable since it can handle any type of
Fig. 5 Validation of the average Nusselt number at the outlet of the chan
0.15.

6904 | Nanoscale Adv., 2023, 5, 6897–6912
boundary with ease. A grid-independence test is essential to
determine the correctness level of a numerical method, as we
illustrate in the mesh-independent research in Fig. 4. In this
calculation, we used an increasing number of components to
determine u/uin. The answer improves as the number of
components rises, as seen in Fig. 4. We can see in this gure
that our numerical solution achieves mesh-independence aer
about 30 000 elements. However, to ensure reliable results, we
need to increase the mesh density as much as possible, since we
are discussing a domain involving ternary-based nanouids,
which has not been widely researched. Therefore, it is essential
to have highly reliable numerical results. For this reason, we
used approximately 55 000 elements to obtain our numerical
results.

We calculated the average Nusselt number using the present
numerical scheme, and it was computed at the outlet. A
comparison has been made with the Nusselt number correla-
tion provided in ref. 34. This is presented in Fig. 5(a) and (b), in
which the present numerical results exhibit strong agreement
with the available correlation. Furthermore, we maintained an
aspect ratio of a = 0, representing a rectangular channel. This
choice was due to the focus of the correlation on the local
Nusselt number, while with the aid of COMSOL 6.0 soware, we
were capable of calculating the average Nusselt number, also at
the outlet, given the xed x-axis at that location. As is evident
from Fig. 5(a) and (b), the data for both volume fraction values
align well with the present work, demonstrating comparability
with the correlation.

Finally, the error table is displayed below for the continuity
equation at the end of the channel (Table 2).
4. Results and discussion

In the next section, we discuss the numerical ndings from the
analysis of the forced convection caused by the movement of
ternary nanouids in convergent and divergent channels. We
examined the effects of average temperature, average Nusselt
number, and temperature gradient at the outlet of the convergent
nel vs. the Reynolds number when a = 0 and (a) f = 0.003 and (b) f =

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Error computation for the continuity equation

Re f a = −0.4 a = −0.2 a = 0 a = 0.2 a = 0.4

100 0.15 −1.12 × 10−17 −1.59 × 10−17 −1.75 × 10−17 −2.39 × 10−17 −4.92 × 10−17

300 0.15 −1.46 × 10−17 −4.64 × 10−17 −6.37 × 10−17 −8.29 × 10−17 −6.83 × 10−16

500 0.15 −3.53 × 10−17 −8.94 × 10−17 −1.24 × 10−16 −1.57 × 10−16 −2.93 × 10−15

700 0.15 −8.40 × 10−17 −1.50 × 10−16 −1.98 × 10−16 −2.40 × 10−16 −4.80 × 10−15

800 0.15 −1.23 × 10−16 −1.88 × 10−16 −2.39 × 10−16 −2.82 × 10−16 −5.53 × 10−15
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and divergent channel (CADC) to emphasize the outcomes of
these phenomena. Subsequently, we estimated the pressure at
the middle of the channel, at which the width of the channel
changes owing to the channel ‘a’ values changing or staying the
same. This is the rst time this channel is being examined for
ternary-based nanouid properties. It is certain that using
nanouids will speed heat transmission, but it is critical to
quantify how much faster it will be and by what percentage.
Another common quantity used to study forced convection is the
Reynolds number. In order to ascertain the effect on the heat
transfer rate, we are primarily interested in the ‘a’ values, which
are the proportion of the overall height of the channel to the
height of the convergent or diverging component.

4.1 Average temperature at the outlet of the channel

Fig. 6(a) shows the outlet temperature of the channel versus
increasing Reynolds number for a xed aspect ratio ‘a’ plotted
Fig. 6 Average temperature vs. Reynolds number at exit of the CADC for

© 2023 The Author(s). Published by the Royal Society of Chemistry
on a graph. In Fig. 6(a) and (b), we reproduced the graphs by
changing the total volume fraction of ternary nanouids. In
Fig. 6(a), it can be seen that when a = −0.4, the average
temperature decreases continuously with an increase in Rey-
nolds number. Similarly, in the case where a = 0, the outlet
temperature decreases with an increase in Reynolds number.
Additionally, it can be observed that as we increase the value of
‘a’ from −0.4 to 0.2, the outlet temperature increases with an
increase in Reynolds number. However, a special instance
happens when a = 0.4, at which the average temperature
increases with an increase in Reynolds number. This physical
phenomenon can be attributed to the middle portion becoming
more conducive to heat transfer, resulting in an increase in the
heat transfer rate.

In Fig. 6(b)–(d), we kept the same Reynolds number and
volume fractions and changed the total volume fraction.
However, we still observed the same pattern in which the
all aspect ratios: (a) f = 0.003; (b) f = 0.015; (c) f = 0.09; (d) f = 0.15.
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average temperature decreases with an increase in Reynolds
number for all aspect ratio cases where −0.4 < a < 0.2. However,
a = 0.4 has a different pattern of average temperature against
Reynolds number.

From these results, we can conclude that as the channel
converges, the average temperature decreases with an increase
in Reynolds number for all aspect ratio cases when −0.4 < a <
0.2. However, a = 0.4 has a different pattern of average
temperature against the Reynolds number. In Fig. 6(a), it can be
estimated that when Re = 800, the average temperature
increases from 284 K to 290 K when ‘a’ varies from −0.4 to 0.2,
which is approximately 2.06%. However, when ‘a’ varies from
0.2 to 0.4 for the same Re = 800 case, the average temperature
increases from 290 K to 303 K, which is approximately 4.4%. We
can see from Fig. 6(a)–(d) that changing the value of a leads to
a change in the pattern of the average temperature against the
Reynolds number, but thermal enhancement is still taking
place. The underlying physical mechanism can be attributed to
the aspect ratio value of 0.4, which leads to a substantial
constriction in the channel. This narrowing of the channel
effectively compresses the nanouid molecules, bringing them
into closer proximity. As a consequence of this molecular
compression, the uid exhibits heightened conductivity, which,
in turn, results in a remarkable increase in the average
temperature compared to other aspect ratios.
Fig. 7 Average temperature vs. Reynolds number at the exit of the CADC
0.4.

6906 | Nanoscale Adv., 2023, 5, 6897–6912
As shown in Fig. 7(a)–(d), we also focused on the average
temperature against the increasing values of Reynolds number.
However, here, we xed the total volume fraction f for the
pattern of each graph. We changed the aspect ratio in each
graph from Fig. 7(a)–(d). In Fig. 7(a), we can see that the average
temperature at the outlet decreases parabolically with
increasing Reynolds number. This pattern can clearly be
observed in all the graphs. In Fig. 7(a), the aspect ratio is −0.4.
We can also see in Fig. 7(a) that as we increase the total volume
fraction of the nanouids, the minimum temperature at Re =

800 increases. Specically, when the volume fraction is 0.003,
the minimum average temperature at Re= 800 is approximately
283 K, but this minimum temperature is 284 K at a volume
fraction of 0.15, which is a change of approximately 1 K. In
Fig. 7(b) and (c), we can see that as the Reynolds number
increases, the average temperature decreases, but as the volume
fraction increases, there is an improvement in the average
temperature. In the two cases, the aspect ratio ‘a’ is 0 and 0.2,
respectively. However, in this case, we were interested in the
ratio in Fig. 7(d), where the aspect ratio is 0.4. Here, it is clearly
apparent that as the Reynolds number increases, the average
temperature also increases. However, we can also see that the
average temperature only increases up to Re = 700 and then
starts to decrease. This could be because as the aspect ratio
increases, the convergent channel becomes so narrow that the
for all total volume fractions: (a) a = −0.4; (b) a = 0; (c) a = 0.2; (d) a =

© 2023 The Author(s). Published by the Royal Society of Chemistry
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uid ows too fast, and the characteristics of the nanouids
cannot be detected.

From Fig. 7(d), we can conclude that when the total volume
of ternary nanouids is 0.003, the maximum average tempera-
ture that exists at Re = 800 is approximately 302.5 K. When the
total volume fraction reaches 0.15, the maximum temperature
is 303.5 K. This is an increase of approximately 1 K.

4.2 Average Nusselt number at the outlet of the channel

In Fig. 8(a)–(d), we have plotted the average Nusselt number
against Reynolds number. For each graph in the gure, we xed
the total volume fraction and varied the aspect ratio to study the
patterns of the different graphs with respect to aspect ratio. In
Fig. 8(a), it can be observed that the Nusselt number improves
continuously with an increase in Reynolds number. When the
aspect ratio is −0.4, the value of the Nusselt number increases
from approximately 12.5 to 25 as we increase the value of the
Reynolds number from 100 to 800, representing an increase of
approximately 100 percent. Similarly, when the aspect ratio is
0.4, the Nusselt number increases from 9 to 18.5, representing
an increase of approximately 105 percent. We can conclude
from this that when the channel goes from divergent to
convergent, the convection procedure will be faster for a given
aspect ratio, as well as when the Reynolds number increases.
Fig. 8 Average Nusselt number vs. Reynolds number at the exit of the CA
0.15.

© 2023 The Author(s). Published by the Royal Society of Chemistry
Additionally, in Fig. 8(a), we see that the average Nusselt
number is maximum when Re = 800. When Re is xed at 800,
the average Nusselt number decreases from 25 to 18.5 as the
aspect ratio is increased. We conclude from this that as the
channel goes from divergent to convergent, and the aspect ratio
increases, the Nusselt number decreases by approximately 26
percent. In Fig. 8(b)–(d), we also observe that the average Nus-
selt number improves as we increase the Reynolds number for
a xed aspect ratio. We can also conclude that for a xed Rey-
nolds number, the average Nusselt number decreases as the
aspect ratio is changed from −0.4 to 0.4.

In Fig. 9(a)–(d), we plotted the average Nusselt number
against the increasing Reynolds number, while xing the total
volume fraction for each graph. We produced Fig. 9(a)–(d) to see
the pattern with changing the aspect ratio ‘a’. In Fig. 9(a), it is
evident that the average Nusselt number at the outlet increases
as the Reynolds number increases, maintaining a constant total
volume fraction. In Fig. 9(a), it can be seen that when the
volume fraction is 0.003, the average Nusselt number at the
outlet increases from 12.5 to 25, which is approximately a 100%
increment. Similarly, in Fig. 9(a), it can be seen that when the
volume fraction is 0.15, the average Nusselt number at the
outlet increases from 11.5 to 23, which is also approximately
a 100% increment. From this, we can conclude that the
DC for all aspect ratios: (a) f= 0.003; (b) f= 0.015; (c) f= 0.09; (d) f=
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Fig. 9 Average Nusselt number vs. Reynolds number at exit of CADC for all total volume fractions when (a) a=−0.4; (b) a= 0; (c) a= 0.2; (d) a=
0.4.
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convection process increases by almost 100% for each volume
fraction in both convergent and divergent channels as the
Reynolds number increases from 100 to 800.

In Fig. 9(a), it can be seen that when Re = 800, the average
Nusselt number is at its maximum, and it exhibits the
minimum value when Re = 100. When Re = 800 and the aspect
ratio is xed, the average Nusselt number decreases from
approximately 25 to 23 in Fig. 9(a), which is approximately an
Fig. 10 Maximum temperature gradient vs. the Reynolds number for all

6908 | Nanoscale Adv., 2023, 5, 6897–6912
8% decrement. In Fig. 9(c) and (d), it can be seen that the
average Nusselt number at the outlet increases for all the xed
total volume fractions with increasing the Reynolds number
from 100 to 800. It can also be seen that the average Nusselt
number is at its maximum when Re = 800 for all the cases.

It can be concluded that if we increase the volume fraction
for any xed aspect ratio or Reynolds number, the average
Nusselt number decreases. This suggests that as we increase the
aspect ratios when (a) f = 0.003 and (b) f = 0.15.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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volume fraction, the convection process becomes weaker, and
the conduction process becomes stronger. In Fig. 9(a), it can be
observed that when the volume fraction is 0.15, the average
Nusselt number increases from 8.5 to 17.5, which is approxi-
mately a 100% increase.

4.3 Maximum temperature gradient at the outlet of the
channel

In Fig. 10(a) and (b), we have plotted the maximum temperature
gradient against Reynolds number. In both gures, we xed the
volume fraction and observed the patterns of the different
graphs with increasing aspect ratio. As shown in Fig. 10(a), we
found that an increase in Reynolds number leads to an increase
in the maximum temperature gradient. For the point at which
the volume fraction is 0.003, we can see that the maximum
temperature gradient decreases with an increase in aspect ratio.
This decrement is only possible when the aspect ratio is
between −0.4 and 0.2. At a = 0.4, we see a special pattern in
which the maximum temperature increases with Reynolds
number. We can conclude that the convergent channel should
have a moderate shape to decrease the temperature gradient. In
an extremely convergent channel, the temperature gradient
might increase, as we previously analyzed for the average
temperature. In Fig. 10(b), we again observe that the maximum
temperature increases with Reynolds number when the volume
fraction is 0.15 and decreases with an increase in aspect ratio.
Here again, we see a special case for a = 0.4.

We plotted the maximum temperature gradient against the
Reynolds number in Fig. 11(a) and (b) by xing the aspect ratio
in each graph and compared the patterns of different graphs
with increasing the volume fraction of nanouids. It can be
seen in both Fig. 11(a) and (b) that for a xed volume fraction,
the maximum temperature gradient always increases as the
Reynolds number increases. In Fig. 11(a), it can be seen that as
the total concentration of nanouids increases, the temperature
gradient decreases signicantly. In Fig. 11(a), it can also be seen
that the maximum temperature gradient, which was 280 at Re=
800 for a volume fraction of 0.003, decreases to 258 when the
volume fraction is increased to 0.15, which is approximately
Fig. 11 Maximum temperature gradient vs. the Reynolds number for all

© 2023 The Author(s). Published by the Royal Society of Chemistry
a 7% decrement. In Fig. 8(b), we kept the aspect ratio at 0.4 and
also found that the maximum temperature gradient improves
as the Reynolds number increases. This improvement is normal
when Re is less than 300, but aer Re exceeds 300, a signicant
increase in the maximum temperature gradient is observed.

When the Reynolds number increases, it indicates that the
ow, initially in a laminar state, undergoes a transition into
turbulence. This transformation results in alterations to the ow
characteristics, leading to an increase in the mixing power and
agitation of the nanouids. Consequently, we observe an
enhancement in the rate of heat transfer. Additionally, it is
noteworthy that as the aspect ratio increases, transitioning from
a divergent to a convergent channel, changes take place that
contribute to a reduction in mixing and the transition to turbu-
lence. From these observations, we can infer that an increase in
the Reynolds number will correspond to an increase in the
maximum temperature. Conversely, an increase in the aspect
ratio will lead to a decrease in the maximum temperature.

4.4 Average pressure at the middle of the channel

The study presented in Fig. 12(a)–(e), examines the average
pressure at the middle of the channel as the Reynolds number
increases. Fig. 12(a)–(c) indicate that an increase in Reynolds
number results in a corresponding increase in average pressure
at the middle of the channel in a divergent channel. The aspect
ratio in these gures ranges from −0.4 to 0. Therefore, it can be
concluded that divergent channels experience an increase in
average pressure with an increase in Reynolds number.
Furthermore, Fig. 12(a)–(c) suggest that an increase in the total
volume fraction of nanouids leads to a decrease in average
pressure, but this only applies to divergent channels. In
contrast, Fig. 12(d) and (e) show that an increase in Reynolds
number results in a decrease in average pressure at the middle
of the channel in convergent channels. Consequently, it can be
inferred that an increase in Reynolds number in convergent
channels causes a reduction in average pressure at the middle
of the channel. Additionally, Fig. 12(d) and (e) demonstrate that
an increase in the total volume fraction of nanouids leads to
a decrease in average pressure.
volume fractions when (a) a = −0.4 and (b) a = 0.4.

Nanoscale Adv., 2023, 5, 6897–6912 | 6909

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3na00818e


Fig. 12 Average pressure calculated at themiddle of the channel vs. the Reynolds number for all volume fractions when (a) a=−0.4, (b) a=−0.2,
(c) a = 0, (d) a = 0.2, (e) a = 0.4.
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5. Conclusions

In this work, we tested a convergent and divergent channel using
ternary nanouids for their convectional heat transfer charac-
teristics. The ternary nanouid mixture consisted of titanium
oxide, zinc oxide, and silver, mixed with water in equal volume
fractions as the base uid. The convergent and divergent channel
was designed in such a way that its middle portion either con-
tracted or expanded. We assumed that the inlet and outlet
heights were equal, and the aspect ratio, represented by ‘a’ in
Fig. 1, was the height between the contracting or expanding
6910 | Nanoscale Adv., 2023, 5, 6897–6912
middle portion divided by the width of the channel. We kept the
aspect ratio value between −0.4 and 0.4, where a negative value
represented a divergent channel, and a positive value represented
a convergent channel. We modeled the entire simulation and
modeling process using nite-element-based soware. We
focused on the numerical results of Reynolds number, total
volume fraction, and aspect ratio to understand the average
temperature, average Nusselt number, average pressure at the
middle line, and maximum gradient from a graphical point of
view. Our main ndings are presented below:
© 2023 The Author(s). Published by the Royal Society of Chemistry
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� The average outlet temperature decreases continuously
with an increase in Reynolds number for all values of ‘a’ from
−0.4 to 0.2. A special case is observed when a = 0.4. In this
case, the channel is highly convergent and an increase in
Reynolds number leads to an increase in the average
temperature.

� Increasing the aspect ratio leads to an increase in the
average outlet temperature. When the value of ‘a’ is increased
from −0.4 to 0.2, the average temperature increases by 2.06%.
The outlet average temperature increases by 4.4%.

� It was found that for all xed total volume fractions, the
average temperature at the outlet decreases as the Reynolds
number increases, except for the aspect ratio a = 0.4. An
increase in the volume fraction of ternary nanouids improves
the thermal enhancement in the channel, and the minimum
temperature at Re = 800 is improved by 1 K when the volume
fraction is increased from 0.003 to 0.15.

� It was found that with a xed volume fraction and aspect
ratio, the average Nusselt number increased with an increase in
Reynolds number, and was found to reach a maximum at Re =

800 for all cases. It was also observed that with increasing the
Reynolds number from 100 to 800, the average Nusselt number
improved by 100.

� Furthermore, it was concluded that increasing the total
volume fraction of ternary nanouids would improve the
average Nusselt number. It was observed that the average Nus-
selt number improved almost 100% when the volume fraction
was increased from 0.003 to 0.15.

� It was found that for a xed volume fraction and aspect
ratio, the temperature gradient increases with increasing
Reynolds number. The maximum temperature gradient
decreases as the aspect ratio increases from −0.4 to 0.2.
However, we found the greatest increment in temperature
gradient for a = 0.4. The maximum temperature gradient
increases signicantly when the Reynolds number exceeds 300
at a = 0.4.

� The addition of a concentration of ternary nanouids will
help decrease the maximum temperature gradient at the outlet
of the channel. It was noted that by increasing the volume
fraction of ternary nanouids from 0.003 to 0.15, the maximum
temperature gradient decreased from 280 K m−1 to 258 K m−1,
representing a 7.8% decrease.

� It was found that for a xed volume fraction of nanouids
and aspect ratios ranging from−0.4 to 0, the average pressure at
the middle of the channel increases with an increase in Rey-
nolds number. However, for all volume fractions and aspect
ratios ranging from 0 to 0.4, the average pressure at the outlet
decreases with an increase in Reynolds number.

� For a divergent channel, the average pressure at the middle
of the channel increases with the addition of ternary nano-
uids. On the other hand, for a convergent channel, the addi-
tion of nanouids will decrease the average pressure at the
middle line of the channel.
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