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Abstract

Purpose — The purpose of this paper is to study and analyze the converging/diverging channel flow and
heat transfer with the multiple slips effect, which is a development of the Jeffery—Hamel problem using the
mass-based hybrid nanofluid algorithm. Whereas transferring biological liquid by arteries is a vital issue,
mathematical modeling of hybrid nanofluid flow containing titanium dioxide and silver as nanoparticles and
blood as base liquid through a converging/diverging duct, which can be a useful analysis for the fields of drug
delivery, has been investigated.

Design/methodology/approach — The present approach is based on the Tiwari-Das nanofluid method.
In this modeling, the volume fraction of nanoparticles is replaced with nanoparticles masses. The partial
differential equations of the mass, momentum and energy conservations are changed to the system of
ordinary differential equations through the similarity solution method. The final governing equations are
solved by Runge-Kutta—Fehlberg procedure and shooting method.

Findings — The effect of emerging parameters on the temperature, the velocity, the Nusselt number and the
skin friction have been analyzed by graphical and tabular reports. It is observed that the opposition to hybrid
nanofluid flow in the attendance of particles of nonspherical shapes is more enhanced than those in the
attendance of particles of spherical shapes. This issue demonstrates that the rheology of a hybrid nanofluid is
dependent on the shape of particles. Besides, backflow regimes form in the divergent channel for high values
of Reynolds number, 2, and a. Indeed, this modeling for the hybrid nanofluid can be useful in different
technologies and industries such as biological ones. It is worth mentioning that the excellent achievement of
the mass-based algorithm for heat transfer and hybrid nanofluid flow is the most important success of this
study.

Originality/value — The main originality is related to the development of the Jeffery—Hamel
problem using the mass-based hybrid nanofluid algorithm. This new mass-based method is a single-
phase hybrid nanofluid approach that the inputs are masses of nanoparticles and base liquid.
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Besides, considering the multiple slips effect and also pure blood as base fluid in this problem are
also new.

Keywords Converging/diverging channel, Blood flow, Hybrid nanofluid, Mass-based algorithm,
Numerical method

Paper type Research paper

1. Introduction

As we know, nanotechnology is one of the most promising achievements of the 21st century.
Indeed, it is the ability to change the nanoscience theory to beneficial applications by
manipulating, assembling, measuring, observing, controlling as well as manufacturing
material at the nanometer scale. Now, the evolution of nanoscience and nanotechnology is
expected to bring multidimensional and unimaginable improvements to human life. In pioneer
thermal engineering, outcomes of many experimental and theoretical studies are manifesting
the amplification of thermal conductivity because of the suspension of nanoparticles in
common heat transfer working fluids (Menni et al.,, 2020; Sreedevi et al, 2020). Nanoparticles
(particles in dimensions of 1-100 nm) are composed of metals, oxides, carbon nanotubes and
carbides. Water, oil, ethylene and many others are usually taken as base fluids. Indeed, the
nanofluids include the mixture of base liquids and nanoparticles with a homogenous form. The
shape and size of such nanoparticles accredit the heat transfer assessment of nanofluids
(Jaballah et al, 2019). The fluid with suspension of nanoparticles is analyzed in many
applications such as nuclear sciences, plasma physics, energy enhancement, cooling and
heating phenomenon and fission and fusion processes. Hybrid nanofluids are the mixture of
two different particles of nonmetals or metals in working fluids with heat transfer applications
(Afshari et al, 2021; Agrawal et al., 2021). More suitable thermophysical properties of new heat
transfer fluids such as dynamic viscosity, thermal conductivity and density can be obtained by
choosing the proper nanoparticles and base liquids (Waini ef al, 2021; Khan et al., 2021; Waini
et al, 2020). Drug delivery, biomedical applications, solar energy applications, acoustics,
transportation, micro-electrical, microfluid, manufacturing, propulsive, improved heat
exchangers and many others, are some fields of hybrid nanofluids usage (Suresh et al, 2011;
Mahian et al, 2021; Sibanda et al, 2012; Berrehal et al, 2022). In Table 1, a summary of
characteristics for mono nanofluid and hybrid nanofluid has been presented that easily one can
compare these two kinds of the working fluid.

Incompressible viscous fluid flow by a diverging/converging duct is generally known as
Jeffery—Hamel flow (Ahmed et al., 2018). This problem is a principal type of flow in the fluid
mechanics field. Applications of the Jeffery—Hamel flow contains flow through rivers,
various engineering processes as well as in the field of biology (Patel and Meher, 2018).
Many scientists have made contributions considering the usages of Jeffery—Hamel flow
during the recent years (Patel and Meher, 2018; Berrehal and Makinde, 2021).

Fraction-based analysis of nanofluids and hybrid nanofluids were paid attention by
many researches, but Dinarvand (Dinarvand and Rostami, 2019; Dinarvand et al., 2019) was
the first who introduced the mass-based model. This new mass-based method is a single-
phase hybrid nanofluid approach that the inputs are masses of nanoparticles and base
liquid. Thus, with this introduction, the aim of this study is to identify and analyze the
converging/diverging channel flow with multiple slips effect that is a development of
Jeffery—Hamel problem using mass-based hybrid nanofluid algorithm. The governing ODEs
are numerically analyzed and the results of the problem are shown for different emerging
parameters. This approach suggests the new explanation for the thermophysical properties
of hybrid nanofluid based on both nanoparticles and base liquid properties.
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Properties
(Thermal
conductivity,
Viscosity,
Density)

Applications

Table 1. Stability

Features of single
and hybrid nanofluid
in a glance (Jana

et al, 2007; Li et al.,
2021; Sidik et al.,
2017; Das, 2017;
Ahmed ef al, 2021)

One-step and two-step methods have been
followed by many researchers for the
preparation of single nanofluid. Among the
two methods, the two-step technique works
well for oxide nanoparticles, while it is less
successful, compared to single-step method,
for metal nanoparticles

Single nanoparticle is available commercial
in many cases

Size and shape of single nanoparticle can be
controlled as required

Single nanofluid have shown better
enhancement in properties than base fluid

In internal flow, enhancement of viscosity

results in high pressure drop which increases

the pumping power as compared to that of
the base fluid

Theoretical models are available in large
numbers for thermophysical properties

Single nanofluids are used in a variety of
thermal energy exchange systems such as
transportation, electronic cooling, energy
storage and mechanical applications

Stability can be controlled with the use of
surfactant

In single nanofluids, stability can be
maintained for long period

Two-step method has been
employed by most researchers. The
following points should be
considered, before preparing hybrid
nanofluids: choice of appropriate
nanoparticles combination,
synthesis of the nanocomposite
particles, bonding between the
nanoparticles involved in the
composite and use of surfactant

Composite nanoparticles are
synthesized as they are not readily
available

Size and shape of composite
nanoparticles cannot be controlled.
In nanocomposite, two
nanoparticles may overlap,
arranged one by one (or) one
particle is coated over other

Hybrid nanofluid have shown still
better enhancement in properties
than single nanofluid

In internal flow, enhancement of
viscosity results in high pressure
drop which slightly increases the
pumping power than single
nanofluid

Limited theoretical models only are
available for hybrid nanofluids

Very few applications such as heat
sink, boiling heat transfer, heat
exchanger, solar absorption, micro
power generation and heat pipe are
reported in literatures. However,
hybrid nanofluids can be used in all
applications wherever single
nanofluids are used

In nanocomposite-based nanofluids,
the dispersion of two different
materials in composite form in the
base fluid poses a considerable
problem because of the surface
charge (positive or negative), which
varies from one-particle to another
one

(continued)




Key
parameters  Single (or) mono nanofluid Hybrid (or) nanocomposite nanofluid

* In hybrid nanofluids, the stability is
complicated because of dispersion
of two different nanoparticles in a
base fluid, but nanocomposite
particles possesses extreme
stability in a variety of aqueous
solvents without any surfactant

Cost ®  (Cost of the nanofluid differs based on the ¢ A composite of only a small amount
type of nanoparticle selected. Metallic of metallic nanoparticle and oxide
nanoparticle and Carbon nanotubes are much nanoparticle shows performance
costlier than metal oxide nanoparticles increment as good as single metallic

nanofluid. But, cost of composite
nanofluid is slightly less than
metallic nanoparticle based single
nanofluid

Jeffery—Hamel
problem

1147

Table 1.

2. Mathematical formulation based on a development of Jeffery—Hamel
problem
Let us to consider cylindrical polar coordinates (7, 6, z), which the steady laminar 2D flow of an
incompressible hybrid nanofluid from a sink or source at duct walls lie in planes and intersect in
z-axis under the influence of velocity slip, viscous dissipation and temperature jump. The
problem diagram is shown in Figure 1. Here, we suppose that v = 0; there are no changes with
respect to z direction; therefore the motion is completely in 7 direction and merely depends on
and 0 (Rana et al,, 2019). According to the single-phase Tiwari and Das (Sheikholeslami and
Shamlooei, 2017) model, both base liquid and nanoparticles are in thermal equilibrium and also
there is no slip among them. It is also assumed that, at first, titanium dioxide (Ti,0O) and then
Silver (Ag) are diffused inward the base liquid. The hybrid nanofluid is assumed to be single
phase, and nanoparticles are dispersed homogeneously in the base fluid. Therefore, the stability
issue of the hybrid nanofluid in terms of aggregation and agglomeration will be ignored in the
present work (Dinarvand et al, 2022). Table 2 presents the properties of solid particles and blood.
Under above assumptions, our governing PDEs including mass, momentum and energy
conservations can be presented as (Rana et al, 2019; Tiwari and Das, 2007; Chandra Roy,
2020; Liet al., 2018):

® Titania (Ti20)
© Silver (Ag)

.. e ® T C] ® Hybrid
P errrrnnapraarsinsnarnsnsannnezenadiannnns =30 Sink S0Urce eiisrrssssrrassdesionnprunnnesinnsiannanaas 1 ....... »r
. - ® @ Nanofluid |

Converging Channel Diverging Channel
(Inflow) (Outflow)

Figure 1.

General diagram of
converging/diverging
duct flow
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Subject to the dimensional boundary conditions (Rana ef al, 2019; Tiwari and Das, 2007,
Chandra Roy, 2020; Li et al., 2018):
ou oT
M, = —, u=U, at =0,
00 o T, T ©)
u w
u= —N — T=——-D— at 0= a.
lvhnf 8 0 b 7/2 1 a 0 a
where U is an arbitrary velocity, NV; is the dimensional velocity slip coefficient, D; is the
dimensional temperature jump parameter, « is the semiangle between the two inclined walls
and P is the pressure field. Further, the effective properties of hybrid nanofluid containing
dynamic viscosity (u), thermal conductivity (K), volumetric heat capacity (oCp) and density
(p), as shown in Table 3. In Table 3, ¢ is the total volume fraction and # is the shape factor
(n = 3/4), where iris the sphericity (Figure 2).
Table 2.
Properties of pure Property Pure blood Titanium dioxide (Ti;0) Silver (Ag)
blood a{?g the ?plphed o 1,063 4,250 10,500
nanosolid particles -, 3504 686.2 235
(Turkyilmazoglu, 0.492 8.954 429
2014)
Properties Formulation
Table 3.
Properties of hybrid — Density Pins =1 — P)ps+ dps
nanofluid (effective ~ Heat capacitance (o= (L — B)pcy)r+ Bpcy)s
models applied in the Dynamic viscosity Wy = L%
present work) o (1—9)”
(Dinarvand and Thermal conductivity Fng Rea 4 (n2 = Dy — (2 = 1) ¢y (R — k)
Rostami, 2019; ko kot (n2 — Dy + do Ry — ko)
Dinarvand et al.
’ ks — ks — -1 ke — ks
2019; Dinarvand for et on 7~ m = Db (ly — ko)
ky ke + (ny — Dy + &y (ky — k1)

et al., 2022)




From work of Dinarvand and Nademi Rostami (Dinarvand and Rostami, 2019), the first

Jeffery—Hamel

nanoparticle volume fraction (¢;), the second nanoparticle volume fraction (¢) and the problem
equivalent volume fraction (¢), the equivalent specific heat [(Cp)s] and the equivalent
density (pg) are introduced in Table 4.
According to Rana et al. (2019) and Tiwari and Das (2007), we can present the similarity
variables as follows:
0 T
n=-. £(0) = ru(r, ), om=r—. © 1149
o Tw
Substituting equation (12) into PDEs (1)—(4), the below ODEs are obtained:
mom \ 2 m my mym
fmezaRe 1_% 1—” /71¢ pzm +77 a ,pzmrfs Lff/]+40(2f/:07 (7)
BeEe) R e
i wtn o (oCp) PrEe
MO+ 40P0) +20PPr |1 - P24 PP s\ (r.e)+ 4221 f12) =0,
ke T S e T (pCr)y -0+ s +12) =0,
@)
Nanoparticle shapes Sphere Brick Cylinder Platelet Disk
O ' & 45 X = Figure 2
Shape structure O O ) ’ f S ?\ > %ﬁ Shape factor and
~ —’ e - == \ sphericity (Timofeeva
v 1 0.81 0.62 0.52 0.36 _ etal,2009;
Sheikholeslami and
n 3 3.7 4.8 5.7 8.3 Shamlooei, 2017)
Title Mathematical relations
Equivalent density (P x ) + (p2 X m3)
Ps= my + mo
Equivalent specific heat of nanoparticles at constant pressure . ((Cﬁ)l % Wt1> n ((Cb)z < m 2)
( p)s B my + mg
Solid volume fraction of my
first nanoparticle _ o
b = my my iy
P P2 Pr
Solid volume fraction of ms . Table 4.
second nanoparticle B 0 Definitions based on
2 mi  my My mass-based model
PP Pr (Dinarvand and
Equivalent volume fraction my + mg Rostami, 2019;
of nanoparticles Ds Dinarvand ef al,

2019; Dinarvand
et al., 2022)
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Similarly, substituting equation (12) into equation (5) will give:
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In which, @ and b are the velocity slip and the temperature jump parameter, respectively. The
governing parameters of the present problem are defined as (Rana et al, 2019; Tiwari and
Das, 2007):
N D U? Ur v (pC
azl—vfa b:_17 E(/‘:77 Re = a’ P;/:M
a a T(Cp)y v kr
1)
The quantities of engineering interest can be defined as (Rana et al., 2019; Tiwari and Das,
2007):
Tw Minf Oou
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where ¢, and 7, are the surface heat flux and the surface shear stress, respectively.
Substituting equation (6) into equation (12), gives below relations:
my ms —25
CRe—=2 (1o o "m ) p Nu=""Fmi gy )
="\ T m d uw= o ke '
P1 P2 Pr
3. Results and discussion
First, Table 5 has been prepared to present the values of the emerging parameters applied in
this study. This helps better realization of results for readers.
Governing parameter Symbol Used values
First nanoparticle mass my 10,10}
Second nanoparticle mass o {0,15,30}
Base fluid mass my {100}
Eckert number Ec {0.1,0.2,0.3}

1 Reynolds number Re {50,80,150,250}
Table 5. Open angle A {£3° *£5° £7°}
Values of the Shape factor N [3,3.7,4.8,5.7,8.3]
emerging parameters Velocity slip and the temperature jump parameter aandb {0,0.2,0.5}
in this study Prandtl number Pr {21,23,25}




The governing equations (1)—(4) are transformed to the set of coupled nonlinear ODEs (7)—(8) Jeffery—Hame]

using similarity method, which are numerically solved for different values of the emerging problem
parameters. The solution procedure is based on RKF technique. Here, An = 0.001 is step size
and the criteria of convergence is 10~° in the program. In operation, 5 = oo must be replaced
by an approximation 7 = M.y, Where 1.« is optional as long as it is chosen great enough
so that the solution demonstrates small further change for n greater than 7,,,x.
To evaluate the accuracy of the present results, the validity of the computational code has 1151
been explored for some special cases. Table 6 shows the values of —f”(0)for various values of
open angle («) and Reynolds number (Re), when 11 = m1, = 0 gr, m; = 100 gr, @ = 0. In Table 6,
a comparison is performed with already published results of Turkyilmazoglu (Turkyilmazoglu,
2014; Khan and Ahmed, 2017; Mohamed et al, 2018) and Berrehal and Sowmya (Berrehal and
Sowmya, 2021) that demonstrates a favorable agreement with the present work.
Before the presentation of the results, it is important to describe the importance of the
selected nanoparticles. Many studies have demonstrated the usefulness of these
nanoparticles (titania and silver) for diagnosis, tumor targeting and therapy. Moreover, the
high doses of therapeutic agents can be delivered by particles with nanodimensions within
tumor cells without spattering other cells. Besides, the nanoparticles of titania and silver
have removed many common chemotherapy deficiencies for example drug resistance,
nonspecific distribution and unwanted side effects.
Here, an analysis of the thermal and hydrodynamic behavior for diverging/converging
channel flow based on different controlling parameters will be performed and discussed.
Temperature and velocity for different values of Re for both cases of the diverging and
Turkyilmazoglu Khan et al. Mohamed et al. Berrehal and Sowmya ~ Present Table 6.
47 Re (2014) (2021) (2018) (2021) work Comparison of 7f//(0)
520 252719 252719 252719 252719 o571 Lor various values of
60 394214 394214 304214 304214 394214  openangle(a)and
100 5.86916 5.86916 5.86916 5.86916 586916  Reynolds number
-5 30 1.41369 1.41369 141369 141369 141369 (Re) whenm, = ms =
70 0.89347 0.89347 0.89347 0.89347 0.89347 0 gr, m¢ =100 gr,
100 0.64017 0.64017 0.64017 0.64017 0.64017 a=0
AN Figure 3.
ke N, Velocity and
‘ temperature for
various values of
Reynolds number
(Re) for diverging
channel (@ = +5) and
Re = 50, 150, 250 Re = 50, 150, 250 converging channel
-02 Solidlines: Diverging Channel Solidlines: Diverging Channel (a=—5) whenm =
Dotline: Converging Channel Dotline: Converging Channel my=10gr, m; =
-04 1 100 gr, nq =ny = 3,
-1 -05 r‘O 0.5 1 -1 -05 nO 05 1 a=b= 0,1, Ec=01
@) (b) and Pr =21
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Figure 4.

Velocity and
temperature for
various values of open
angle (o) for diverging
and converging
channels when Re =
80,7’1’!1 Zmz:10gr,
me=100gr, 17 =
ne=3,a=b=01,
Ec=01andPr=21

Figure 5.

Velocity and
temperature for
various values of the
second nanoparticle
mass (), for
diverging channel
(a=+b)and
converging channel
(o= —5) when

Re =80,m; =10 gr,
me =100 gr,n; =
ns=3,a=b=0.1,
Ec=0.1andPr=21

converging channels have been plotted in Figure 3. The velocity reduces with Re for the
diverging channel, while an augmentation in velocity would be observed for the converging
case. Temperature also has a similar manner with the change in Re for both cases. Although
for the cases of converging channel, the effect of Re on the temperature distribution is too
gentle.

Figure 4 has been plotted to demonstrate the effect of various values of open angle « on
the velocity profile and temperature distribution for both diverging and converging
channels. A reduction is seen with open angle for the diverging channel, and there is an
opposite trend for the converging channel. The effect of open angle on temperature is
subtractive for both cases of diverging and converging channels.

Temperature distribution and velocity profile for various values of second nanoparticle
mass 7, for both cases of the diverging and converging channels are shown in Figure 5. For
the diverging channel, a decrease in the velocity of hybrid nanofluid is appeared with the
enhancement in 72, (second nanoparticle mass), while an opposite manner is observed for
the converging case. Moreover, the second nanoparticle mass compresses the temperature
distribution for both types of channels. Thus, the heat transfer features of the working fluid
flow will be influenced by the temperature distribution changes.

0.95 16 Solidlines: Diverging Channel
Dotline: Converging Channel
15 LT
075 s S
. AN
14 7 N
—~ 055 ) -~ / .
I : £ s
0.35 / ‘
" a=+3° +5°, +7° \ 12 /“
0.15 Solidlines: Diverging Channel 11 | \
Dotline: Converging Channel . . \
_005 1 a=#3° +5°% +7°
-1 -05 0 05 1 -1 -05 0 05 1
n n
(@) (b)
095 LTl
’ 12 ///—\\\\
i A\
0.75 N
115
] .
2085 |/ \ =
5 } K ~
- / \| @ u
035 |; A
/ m, = 0,15, 30 gr \ m, =0, 15,30 gr
105 |
0.15 Solidlines:Diverging Channel Solidlines: Diverging Channel
Dotline: Converging Channel Dotline: Converging Channel
-0.05 1
-1 -05 0 05 1 -1 -05 0 05 1
n n
(a) (b)



Figure 6 illustrates the velocity profile and temperature distribution with different values of
the velocity slip parameter for diverging and converging channels. The velocity increases
with the slip parameter for both the cases, although this parameter has a more great
influence on the velocity of the converging channel. Besides, a smooth and gentle
enhancement of temperature in the channel can be observed with the slip parameter.

Temperature distribution for various values of temperature jump parameter (b) and
Prandt]l number (Pr) for the diverging channel (o = +5) and converging channel (o = —5)
has been plotted in Figure 7. This figure demonstrates that hybrid nanofluid temperature
augments strongly with the jump parameter. About the effect of the Pr on the temperature, it
is clear that with the increase in Pr, temperature also enhances for both cases of diverging
and converging channels.

The effect of the Eckert number (Ec) and nanoparticle shape factor # on temperature
distribution for the diverging channel (o = +5) and converging channel (o = —5) have been
shown in Figure 8. The temperature decreases with the Ec, while the nanoparticle shape
factor enhances the hybrid nanofluid temperature for both types of channels.

0.95
12
075 | /.
. . 115
2085 |/ : NN N
by / ] @ 11
0.35 N '\ \
! 2=00,02,05 : / 2=00,02,05 \
; 105 |
0.15 Solidlines: Diverging Channel Solidlines: Diverging Channel
Dotline: Converging Channel Dotline: Converging Channel
-0.05 1
-1 -05 0 05 1 -1 -05 0 05
n n
(@) (b)
14 NG 125 T T
135 “/ \_' /'~'./~ 4\”-‘\
/ AN S =D
13 K . 12 o L
. Y N .
12 < .- -~ ’
=~ e ~. M| ot
12 N =
@ - ) . g <]
. - -~. AN
L5 e RO M Pr=21,23,25
L & N . r=21,23,
s £=00,02,05 AN\
,-/ - ’ 105 Solidlines: Diverging Channel
1.05 / Solidlines: Diverging Channel 3 Dotline: Converging Channel
% Dotline: Converging Channel N
1 1

-05 0 05 -05 0 05

n n
(a) (b)
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Figure 6.

Velocity and
temperature for
various values of
velocity slip
parameter (@) for
diverging channel
(a=+b5)and
converging channel
(= —5)whenRe =
80, m1 =my =10 gr,
me=100gr, 1y =ny =
3,6=0.1,Ec=0.1
and Pr =21

1

Figure 7.
Temperature
distribution for
various values of
temperature jump
parameter (b) and
Prandtl number (Pr)
for diverging channel
(a=+5)and
converging channel
(a=—5)whenRe =
80, m1 =my =10 gr,
me=100gr, 71 =15 =
13,a=b=01,Ec=0.1
and Pr =21
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Figure 8.
Temperature
distribution for
various values of
Eckert number (Ec)
and nanoparticle
shape factor (r) for
diverging channel
(a=+b)and
converging channel
(= —5)whenRe =
80, m1 =my =10 gr,
me=100gr, 1y = no=
3,a=b0=01Ec=0.1
and Pr =21

Figure 9.

Skin friction
coefficient —°ReC¢
and Nusselt number
aNu/r for various
types of working fluid
indexed in Table 7, for
diverging channel
(+«) and converging
channel (o = —5)
when Re = 80,

my =my =10 gr, ms=
100 gr,ny =ny = 3,
a=0=01Ec=01
and Pr=21

Figure 9 (a) and (b) presents to show the skin friction coefficient and the Nusselt number for
different states such as the regular fluid (pure blood), mononanofluids (titanium dioxide/
water and silver/water) and hybrid nanofluids (titanium dioxide—silver/water) considering
various values of titanium dioxide and silver nanoparticle masses. These figures show the
results for both cases of diverging and converging channels. Table 7 illustrates a list of
abbreviations for various cases of working fluids that are applied in this research. The
Nusselt number and skin friction increase with the enhancement of both nanoparticles
(titanium dioxide and silver). This occurs because of the augmentation of equivalent thermal
conductivity that has an enhancing effect on the heat transfer characteristics of the hybrid
nanofluid. It is worth mentioning the Nusselt number is low when titania is dispersed within
the base liquid (blood) while it strongly enhances by adding the second nanoparticle (silver)
in cases of NF3 and NF4. Obviously, the thermal conductivity of silver is higher than titania
which causes this result. To compare thermal conductivities and more analysis, readers can
refer to Table 2.

1.25 T
P 12 ///’—:_\\\\
12 L N\ Y. SN\
N 2, Y
115 RN
115
~ ~
= =
Nt Nt
<) @ 11
11
Ec=01,02,03
¢ M= n.=30,37,48,57,83
1.05 1.05
: Solidlines: Diverging Channel Solidlines: Diverging Channel
Dotline: Converging Channel Dotline: Converging Channel
1 1

-1 -05 o 05 1 -1 -05 o 05
n n

(a) (b)
| Converging Channel i Diverging Channel | Converging Channel W Diverging Channel |
HNF4 55530 13,6604 HNF4 B 550 09738
HNF3 6 2407 D 3.4157 HNF3 e 0 o571 0872
HNF2 555107 23.3698 HNF2 By 551 09743
HNF1 ) 50, D 3.1361 HNF1 By hey 0870
NF4 55 53400 D 3.0347 NF4 e 0 2531 03735
NF3 55752106 9 2.7974 NP3 e oeag ) 0.3739
NF2 B 5a03 R3.099 NF2 ey § oo 0.3664
NF1 B 557, b 2.8384 NFI S, 039
RF B 5016 2.5741 RF e 0 oees ) 03742
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The nanoparticle shape is a significant factor in the behavior of hybrid nanofluids in view of  Jeffery—Hamel

flow and heat transfer. In fact, the shape of a particle affects its motion and kind of problem
dispersion in a base liquid. It is obvious that the nonspherical nanoparticles move differently
from spherical nanoparticles in rotational and translational forms. When we have
nonspherical particles, the opposing forces from the side of the base fluid are more than
when there are spherical particles. This issue demonstrates that the rheology of a hybrid
nanofluid is strongly dependent on the shape of particles. Finally, the present concept is 1155
also significant and effective to the heat transfer features of a solid-liquid suspension.
Figure 10(a) and (b) presents the influence of the nanoparticle shape on the Nusselt number
for both cases of diverging and converging channels.
The results of —f’(1) for various values of open angle («), Re, velocity slip parameter (a),
the second nanoparticle mass (1), for both diverging channel (+«) and converging channel
(—a) have reported in Table 8. Here, one can analyze the effect of the emerging parameters
of problem on heat and fluid flow characteristics. Besides, Table 9 depicts the results of
—0'(1) for various values of open angle (@), Re, the second nanoparticle mass (.),
temperature jump parameter (b), Ec and nanoparticle shape factor (1), for both diverging
channel (+a) and converging channel (— ).
Finally, the contour plots of streamlines for both cases of diverging (¢ = —5) and
diverging channel (a« = +5) have been presented in Figure 11(a) and (b), when Re = 80, m; =
mo =0 gr,m;=100gr,a = b =0, Ec = 0.1 and Pr = 21. Besides, Figure 12(a) and (b) shows
the contour plots of isotherms for the same conditions as Figure 11(a) and (b).
Types Description my (gr) ms, (gr)
RF Regular fluid 0 0
NF1 Nanofluid (type 1) 15 0
NF2 Nanofluid (type 2) 30 0
NF3 Nanofluid (type 3) 0 15
NF4 Nanofluid (type 4) 0 30
HNF1 Hybrid nanofluid (type 1) 15 15
HNF2 Hybrid nanofluid (type 2) 15 30
HNF3 Hybrid nanofluid (type 3) 30 15 Table 7.
HNF4 Hybrid nanofluid (type 4) 30 30 Index for Figure 8
Converging Channel Diverging Channel Nusi;l?;i?ntg
] aNuw/r for various
O 3 Wo.rs O s (D o.20ss values of nanoparticle
shape factor (12), for
-’ 7 Ro.s7s7 -‘ 37 () o.255 di\Iz)erging ck(la)nnel
s [ [)0.3735 ——) a=+5)and
% 8 % +8 02693 conver(ging chzinnel
5 PR S— L 55, () o 2595 (a=—5)whenRe =
80, m1 =my =10 gr,
83 C Josra P 0 0 0.2603 me=100gr,
aNu/r aNu/r a=b=01,Ec=01
and Pr=21
(a) (b)



HFF 4. Conclusions
33.3 Here, the viscous flow and heat transfer of a hybrid nanofluid passing through a
’ converging/diverging channel has been explored. The nanoparticles are the titanium
dioxide (Ti,0) and silver (Ag) in different shapes of sphere, brick, cylinder, platelet and disk
dispersed in the blood as base fluid. This new mass-based method is a single-phase hybrid
nanofluid approach that the inputs are masses of nanoparticles and base liquid. The partial
1156 differential equations of the mass, momentum and energy after transforming to a set of
ODEs are solved by the Runge-Kutta—Fehlberg procedure and shooting method. The
validation is performed by comparing the present results with the already published
achievements. The main conclusions from this study are as follows:

Table 8.
Results of —f'(1) for Re my a A Diverging Channel a Converging Channel
various values of 30 10 0.1 5° 1.210945 _5° 2118015
open angle (a), 60 0.712690 2489957
Reynolds number g9 0.239957 2.809880
(Re), velocity slip 50 0 0.937137 2.280412
parameter (@), the 15 0.857047 2.403268
second nanoparticle 30 0.804271 2477243
mass (my), for 10 0 1.019516 2915150
diverging channe! y o L7555
Sﬁ;{j;‘%f‘;?‘;ﬁ;gefg 01 2 1377933 —2° 1.984100
n H 4° 1.046562 —4° 2.249254
ml =10 gr, mf = 100 6° 0.710637 —6° 2488344
gr,and Pr =21
Re my b Ec n a Diverging Channel a Converging Channel
30 10 01 01 3 5° 0.319297 —5° 0.363638
Table 9. 60 0.261628 0.343242
/ 90 0.225464 0.341937
Results of : 0 (lf) for 0 0287845 0353341
Various vaues ot open 15 0.271250 0341432
angle (), Reynolds 30 0.256788 0.327948
number (Re), the 0 0 0.270211 0.335845
second nanoparticle 0.2 0.283242 0.356725
mass (1), temperature 04 0.297593 0.380373
jump parameter (), 01 01 0.276573 0.345970
eckert number (Ec) and 02 0.317703 0.390457
nanoparticle shape 0.3 0.358833 0.434944
factor (1), for diverging 01 37 0.271707 0.339651
cheannel (+a) and 48 0.264745 0.330615
_ 5.7 0.259576 0.323913
converging channel 83 0.246723 0.307260
(—a), whenm; =10gr, 3 20 0.073622 —2° 0.079340
me=100gr, @ = 0land 4 0.187521 —4° 0.222143

Pr=21 6° 0.391212 —6° 0.520578




The velocity near the walls reduces with Re, m, and « for the diverging channel
because of the decrease of the pressure gradient, while an augmentation in velocity
would be observed for the converging case.

The velocity increases with the slip parameter for both diverging/converging
channel.

Backflow regimes forms in the divergent channel for high Re, 7, and « values and
low value of.

Thickness of @ thermal boundary layer reduces with «, m5 and 7, and enhances
with a, b, Pr and Ec for both divergent/converging channels.

Thickness of thermal boundary layer reduces with Re for divergent channels and
Increases in converging cases.

Converging Channel Diverging Channel

Diverging Channel

Jeffery—Hamel
problem
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Figure 11.

Contour plots of
stremlines for
converging channel
(e=-5)and
diverging channel
(a=+5) whenRe =
80, mq =my=0gr,
me=100gr,a=0=0,
Ec=0.1andPr=21

Figure 12.

Contour plots of
isotherms for
converging channel
(= -5)and
diverging channel
(a=+5)whenRe =
80, my = my =0 gr,
ms=100gr,a=0b=0,
Ec=0.1andPr=21
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¢ The Nusselt number and skin friction coefficient augments with the enhancement in
first (titanium dioxide) and second (silver) nanoparticle masses for the converging/
diverging channel.

* Finally, the mass-based model with its great benefits such as simplicity of usage
and the computation of thermophysical properties of hybrid nanofluid with help of
both nanoparticles and base fluid masses can be excellently applied to different
problems with high confidence.
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