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of metal.

Convergent/divergent channels have real-world applications, including the
production of fibers, the manipulation of molten metal streams, and the industrial casting
This article intends to discuss the flow and thermal transport of a mixture
of nanoparticles, namely, copper and molybdenum oxide, in a base fluid (water) over a
wedge-shaped channel. The dissipation effects are taken into account. To understand the
thermophysical characteristics of the nanoparticles, the Yamada Ota model is selected.
By using similarity transformations, the partial differential equations are converted into

ordinary differential equations. The numerical solution is developed by applying the bvp4c
built-in MATLAB. The impact of irreversibility effects is also incorporated. Moreover, the

outcomes for the wall stress parameter and Nusselt number are calculated as a function

of pertinent parameters.

It is noted that the momentum and energy of the system are

reduced due to accretion in the nanoparticle volume fraction of copper for both hybrid

nanofluids and conventional nanofluids.

For both convergent and divergent channels,

heat transport is an increasing function of Brinkman number. The numerical values of
thermal transport are developed for a specific range of Brinkman numbers and decreased
for Reynolds numbers. The thermal transport is abridged for hybrid nanofluids more, as

compared to mono nanofluids.

(© 2024 Sharif University of Technology. All rights reserved.

1. Introduction

In the fields of science and engineering, as well as
in the realm of industrial and architectural works,
such as flows through cavities and canals, the study
of fluid flow through convergent/divergent walls has
incredibly astounding practical implications. The flow
of blood via arteries and capillaries in the human
body is another illustration of fluid movement along
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Convergent Channel (CC) or Divergent Channel (DC).
They are used in the production of fibers, glasses,
papers, and wires when a magnetic field is present.
Other practical applications for CC/DC include the
preparation of plastic sheets for use in manufacturing,
controlling molten metal streams, and manufacturing
wires. Over the past years, the widespread applications
in plasma generators, chemical vapor deposition reac-
tors, compression or expansion of areas in any machin-
ery, compression of gases, and so forth have obtained
additional recognition. The problem of Jeffery-Hamel
(J-H) flow and its heat transfer analysis has gained
more attention, and it is one of the most practical
problems in mechanical, aerospace, and biomechanical
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engineering. In this model, the flow is generated by a
CC/DC through a source/sink. Jeffery [1] and Hamel
et al. [2] pioneered this model, and after that, numerous
research studies have been conducted because of its
novelty in applications, and it constitutes one of the
exact solutions to Navier-Stokes equations. Axford
[3] scrutinized the J-H problem with the influence of
the magnetic field exterior on the conducting fluid.
He reported that the Reynolds number and magnetic
field behaved as controlling parameters for the flow and
angle of inclination of the walls. Hamadiche et al. [4],
in their work, examined the temporal stability of this
problem in a DC. In the existence of a homogeneous
magnetic field, the flow analysis of viscous fluid in
a CC/DC was studied by Makinde and Mhone [5].
They applied the technique of perturbation series
summation and refinement to determine the solutions.
Numerous studies have been conducted to compute the
analytical and numerical solution of this problem since
they are easier to calculate. Esmaeilpour and Ganji
[6] used the optimal homotopy perturbation method
and the Runge-Kutta method for the analytical and
numerical solutions, respectively. Mahmood et al. [7]
also considered SHPM to compute the solution of the
flow and energy equations. The exact solutions of J-H
flow were calculated in Refs. [8-10]. The effects of this
shock on the boundary layer parameter were studied
by Amiri et al. [11] in their research. Analytically,
adiabatic, inviscid, and one-dimensional models of the
water vapor flow with the potential for nucleation were
studied. Heydari [12] conducted a numerical analysis
of hydrodynamics and heat transport of airflow in a
constrained microchannel. He considered the effects
of geometry, stagnation pressure, temperature, and
applied heat flux at the walls. The influence of a
uniform magnetic field on a nanofluid flow that is filling
a porous material inside parallel sheets is computed by
Ahmad et al. [13].

Because of its numerous applications, such as
accelerators, cooling systems, flow meters, MHD gener-
ators, magnetic endoscopy, cancer tumor therapy, and
so on, the study of heat transport has gotten great
interest in the field of engineering and biosciences. The
phenomenon of heat transport analyzes the production,
conversion, and exchange of energy by different meth-
ods, for instance, diffusion, convection, and radiation.
The phenomenon purely depends on the size and shape
of the nanoparticles under consideration. Two or
more distinct nanoparticles can be added to the base
fluids to create hybrid nanofluids. They are added
to the base fluid to improve thermal conductivity.
They often produce greater k values than those seen
in pure fluids or in nanofluids made up of only one
particle. Biosensors, doppler and sympathetic cooling,
fire alarm, thermostat, and magnetic preservation are
some of their practical applications. The study to

enhance the heat transport characteristics of fluid was
pioneered by Choi and Eastman [14]. He used the
term nanofluid, which refers to nano-sized particles
suspended in a base fluid. Sheikholeslami et al. [15]
conducted an analytical investigation of J-H nanofluid
flow by using the reconstruction of variation of the
iteration method. The effects of solar radiation on
the flow and thermal transport of non-parallel plates
were examined by Kumar et al. [16]. The heat
transfer analysis of hybrid nanofluid flow with Ohmic
heating and heat source-sink was scrutinized by Sarfraz
et al. [17]. Research related to energy transport
analysis of the non-parallel plates with convergent and
divergent flow and hybrid nanofluid flow are inspected
in Refs. [18,19]. Berrehal and Makinde [20] calculated
the approximate solutions of water-based nanofluid
J-H flow by using the Runge-Kutta-Fehlberg (RKF)
method. The CC/DC with entropy generation and
magnetohydrodynamic for copper-water nanofluid flow
were studied by Das and Nasa [21]. They noticed a
significant increment in the entropy generation of the
system.

Motivated by the foregoing articles, this study
intends to discuss the flow and thermal transport of
water-based nanofluid on a wedged-shaped channel.
Here, water is used as a base fluid with copper and
molybdenum oxide particles immersed in it. The
possible applications include the production of fibers,
glasses, papers, and wires when a magnetic field
is present. Other practical applications for conver-
gent/divergent channels include the preparation of
plastic sheets for use in manufacturing, controlling
molten metal streams, and manufacturing wires. Hy-
brid nanofluids have extraordinary electromechanical
properties, and their micro size enables them to be
a part of different practical applications in various
fields. Their high thermal and electrical properties
and large surface area have proven to be successful
adsorbing agents in the diagnosis of diseases and
substances (in pharmacy and medicine). The present
study can be beneficial in these fields. They have
been discovered to be a promising antioxidant and are
valuable for the process of tissue generation, bio-sensor
diagnosis, chiral separation, and pollutant extraction.
Molybdenum oxides are adaptable oxide compounds
having widely used applications in biosystems, catal-
ysis, chromogenic, electrochromic, electronics, energy
storage devices, sensors, field emission devices, lubri-
cants, superconductors, and thermal materials. Cop-
per nanoparticles have two functions: they increase
porosity and function as an antibacterial agent, as but
less efficiently than other metal nanoparticles (internal
surface area and pore volume). The numerical solution
is developed by applying bvp4c built-in MATLAB. The
values for the wall stress parameter and Nusselt number
are calculated as a function of pertinent parameters.
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The article is modeled to provide answers to the
following important queries:

a. What is the impact of the mixture of nanoparticles
on both CC and DC?

b. How is the heat transfer rate modified due to the
presence of hybrid nanoparticles, and what is its
impact on CC and DC?

2. Problem description

Consider the Jeffery-Hamel hybrid nanofluid flow of an
incompressible fluid between two non-parallel inclined
plates forming a wedge-shaped channel. The angle of
inclination between these plates is 2+, where the chan-
nel is taken as divergent when v > 0 and convergent
when v < 0. The problem is modeled in the cylindrical
polar coordinates (7,4, z) to explain the flow and heat
transfer analysis in the channel. The dissipation effects
are incorporated by taking viscous dissipation. The
thermophysical characteristics of the model are also
taken into account by using the Yamada Ota model.
Moreover, water is used as a base fluid with two distinct
nanoparticles, i.e., Cu and MoS4. It is assumed that
the fluid flow is merely radial and depends mainly on
r and ¥; therefore, it has no variation along the z-
direction. Moreover, a no-slip condition is used at
the boundary. The velocity profile is given as V =
[@(r,d),0,0]. Furthermore, it is assumed that there
is no variation of fluid temperature 7" at the centerline
when 9 = 0 The geometrical description of the problem
is given in Figure 1. The governing equations for the
model are:

@, +ar ' =0, (1)
1
{Lﬂr =——Pr + M (ﬂr'r + ,',,71117‘
Ohn Ohn
—r 20+ T%Lw) , (2)
_ 1 Hhn 2~
0=-— Py + 2 (7’ uM) R (3)
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r < o: e 1"
5 afr, 9)
N
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| 4
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(v <0) {(v>0)

Figure 1. Schematic diagram representing inflow at
v < 0 and outflow at v > 0.
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The thermophysical properties are given as (see Sarfraz
et al. [17]):

—2.5 —2.5
Hhn :Un<1_¢0u) O<1_¢M054) )

Ohn = OMoS, 0Moss + (1 — dMos,)
[(1 = écu) 0n + dcuoca],
(0Cp)pn = Onos:(06p) prps, + (1 = Ortos,)
[(1 = dcu) (0cp),, + dculocy)e,] s (5)
pn = (1 = dou) 7,
Ong = dcu (0cu) + (1 = dcu) (o) 5

(Qcp)nf = ¢Cu(QCp)cu +(1—dcu) (Qcp)f~ (6)

For the Yamada-Ota model, the thermal conductivity
is given by Egs. (7) and (8) are shown in Box I. The
thermophysical properties of engine o0il and nanoparti-
cles are presented in Table 1. The conditions at the
centerline of the channel are (see Ellahi [8]):

U (r,9) = Upax, g (r,9) =0,
Ty (r,0) =0, at ¥ =0. (9)
The conditions at the boundary are:

a(r,9) =0, T (r,9) = Twan, as ¥ =-+. (10)
Since the flow is purely radial, we have:

ri(r,9) = f(9) = a(r,9) =" f(9). (11)

Introducing the dimensionless velocity, temperature,
and degree to reduce Eqs. (2)—(4):

Table 1. Numerical values of the thermophysical
properties.

Physical

. Cp o k
properties
Fluid Water 1910 884  0.1440
. Copper 425 2600 6600
Nanoparticles

MoS, 796 1600 3000
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where, for inflow, we have a CC with ~ and Upaxe < 0,
and for outflow, we get a DC with v and Umax > 0.

By cross-differentiating Eqs. (2) and (3), we
obtain the non-dimensional ordinary differential equa-
tions with Boundary Conditions (BCs) as:

~ 1

F" + 2%7361315' +492F =0,  F(0)=
2
F (0 F(1)=0, (13)

<1+>ﬂ'u+jBr(4v F? 4+ F- ) 0,

(0) =0, H(1)=1, (14)
where
A = @7 As @7
On Hn
As = (QCp)CNT Ay = kil
(Qcp)n ’ ko,

The dimensionless parameters include the Reynolds

number Re (: 7fi"‘)7 the radiation parameter

vy
160* T3
Rd (Z 27 Lo

3k k ), the Brinkman number Br(= PrEc)

the Prandtl number Pr ( f“]ffgcz)f) , and the Eck-

(Tia)”
epTw |-
2.1. Physical quantities of engineering interest

The coefficient of skin friction Cf~ with wall stress Tyqu
is defined as:

ert number Ec¢ (:

Twall 1 ~
Op=-Tut__ F ),
! QﬂUnnx Re(1_¢0u)2'5(1_¢M054)2'5
10u
with Twall = Hhn <> ) (15)
0¥/,

and the Nusselt number Nu with heat flux v, is:

Nu_& —(khn +Rd> vUH (1),
k, (Tw) ke
160 - 10T
ith =— | kpn T3 == . (16
with g (h * 3 °°> (m&)ﬁ (16)
=7

2.2. Thermodynamaic irreversibility

Controlling entropy buildup is typically a top priority
in contemporary engineering. Identifying the sources
of waste/disorders in any system and emhancing the
efficiency of any physical equipment is possible via
entropy generation evaluation. Reevaluating energy
consumption and production habits is necessary due
to the limited availability of global energy sources.
Thermodynamic transport and viscous dissipation are
used to express the rate of local entropy creation
of a nanoparticle. The thermodynamic irreversibility
effects are incorporated through entropy generation
and Bejan number (irreversibility distribution ratio),

given as:
= 1 16 o/~ \2
Sy = — [k,m 3]; Tﬂ <T2<Tl9> )
(7.)
,u;m (2~2+2r @ 4+ 7% 2) (17)

w

B, = Entropy due to heat tramsfer7 (18)
Total entropy

— (A + Ry B + PPy 4721%2) . (19)

Ai1vBr (
Re
~ 2
~ H/
B. = ~2AjB — . (20)
(As + Ro) B 4+ A2 (P74 492 F2)

The Bejan number ranges from 0 < B. < 1.
When B. = 0 fluid friction has a stronger impact
than irreversibility effects. Because of heat transfer,
irreversibility dominates the flow system at B, = 1
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However, at B, = % the contributions of fluid friction
and heat transfer to entropy production are equal.

2.3. Numerical solution approach

The goal of this section is to provide a numerical
solution to our problem. To compute the numerical
solution of Egs. (2)-(4) in MATLAB, we used an
in-built function, a finite difference approach, called
bvp4c. This method uses the four-stage Lobatto Illa
formula and provides continuous C' solutions, controls
mesh /error tolerances automatically, and generates a
solution to the problem. Shampine et al. [22] further
discussed this technique in detail in their book. The
first-order ODEs are constructed using the following
conversion to use this method:

~ 7 ~/ "

F=Yv,, F =Y, F=v5, F'=vv,

H:Y47

!

H =Y, H =YYs, (21)

The resulting first-order equations are:
YY, = —2%«/1%&11/2 — 4475,
2

22 Br (492Y2 4 V7
YYQZ—A4 (’Y 1 2)

Ry ’
(1+ %)
¥ (0)=0, Yi(l)=1, (23)
, A1B . o s
Ny = (As + Ry) Yv52 + 1T€T7 (Ygz + 4’721/12) , (24)
2
B, = Ais (25)

(As + Ra) Y5” + 77 (V2 + 497Y7%)

2.4. Small-Re asymptotics

Assuming F(NC) =Fy () +ReFy () +--- and H(¢) =

Ho(¢) + ReH, (¢) + --- . The zeroth and first-order
systems of Eqs. (13) and (14) become:

F'(;” + 472_?'6 — 0’

~ 111 A ~ 9 =
o+ 2A—17R6F0F6 +492F =0,
2

F(0)=Fi(0)=Fi (1) =0, (27)
Rq\ 7 A 2 712 2y _

<1+A4> Hy + 5 Br (1B + ) =0,

H(IJ (O) =0, ﬁo (1) =1, (28)

Ra\ 7 Az 25 AN
(1 n ,44> 2]+ Br (87 FoFy + 2F0F1) —0,

H,(0) = H, (1) =0. (29)

For wall stress and coefficient of heat transfer, the
equations become £" (0) ~ Fy (0)+ReF; (0)+--- and

H'(0) ~ Hy (0) + ReH], (0) + - - - , respectively.

3. Discussion of results

The section presents the impact of the pertinent param-
eters on I (¢) and H(() with (Cu-MoSs/H,0) and
(Cu/H;0) profiles for both CC and DC. The numerical
scheme developed to compute the outcomes of the
equations is bvp4c in MATLAB. All the parameters
are varied one after another, while the value of other
parameters is taken constant. The fixed values are
dcu = OdMos, = 0.01, Res[1,20], and Br = 5.0. In
all of the figures, solid lines and dashed lines represent
(Cu/H20) and (Cu-MoS,4/H20) profiles, respectively.

In Figure 2(a)—(d), the impression of nanoparticle
volume fraction ¢c,, on F' (¢) and H(¢) is noted for the
CC and DC. Figure 2(a) and (b) signify the comparison
between these two channels for the flow field. It is
seen that the velocity profile is diminished due to the
increment in ¢c,. This is because augmentation in
nanoparticle quantity causes a reduction in velocity
near the wall. However, the fluid velocity is maximum
at the centerline. The impact of inflow and outflow on
the hybrid nanofluid particles can be examined through
these figures. Molybdenum oxides are adaptable ox-
ide compounds that have widely used applications in
biosystems, electronics, energy storage devices, sensors,
lubricants, superconductors, and thermal materials.
Copper nanoparticles increase porosity and function
as an antibacterial agent but are less efficient than
other metal nanoparticles (internal surface area and
pore volume). It is notable that for v < 0, (Cu/H50)
is dominant over (Cu-MoS,/H20); however, a reverse
process is seen for v > 0 Figure 2(c) and (d) highlight
that heat transport phenomena deteriorate due to
enhancing the nanoparticles concentration. This is
because of the fact that the fluid flow is reduced, which
causes the kinetic energy of the particles to decrease as
well. Therefore, the thermal transfer rate lessens as
well. It can be perceived that hybrid nanofluid profile
(Cu—MoS4/H20) dominates over the mono nanofluid
profile (Cu/H-0).

Figure 3(a)—(c) depict the relationship of the
angle of inclination v on F/(C) and H(C) respectively.
Figure 3(a) and (b) give the impact of v on the velocity
profiles. The velocity, thermal, and mass distribu-
tion decline as the angle of inclination is enhanced.
Physically, with an increment in -y, the fluid motion is
diminished near the walls and eventually goes to zero
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Figure 2. F'(¢) and H(() as a function of ¢¢,, for v < 0 and v > 0.
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Figure 4. F'(¢) and H(¢) as a function of Re for v < 0 and v > 0.

as the fluid moves away from the wall. This behavior is
seen for both CC and DC. Similarly, thermal transport
is reduced because the values of v increase as the
heat transfer through convection declines as shown in
Figure 3(c).

Figure 4(a)—(d) show the relationship of Reynolds
number Re on F'(¢) and H(() respectively. Figure 4(a)
and (b) show how the presence of Re affects the velocity
profile. It is seen that with a high Reynolds number,
the velocity profile rises in the case of the CC. However,
for v > 0, the opposite behavior is noticed. Increasing
the values of Re elevates the temperature field in the
DC. Furthermore, the motion of the flows is in the
other direction, and low temperature is recorded for
higher values of Re. A better temperature distribution
is shown for the DC as a result of increased Re. On
the contrary, an increase in Re in the CC is noticed
due to a drop in temperature. This means that the
higher the fluid’s velocity, the hotter it gets. In a CC,
temperature against Re behaves in an entirely different
way than in a DC. Moreover, mass transport decreased
for v < 0 whereas it increased for v > 0.

Figure 5(a) and (b) show the impact of Brinkman
number Br on thermal energy transport. The
Brinkman number is widely utilized in polymer pro-
cessing and demonstrates the heat conduction from a
wall to a fluid motion. It is the ratio between heat

generated via viscous dissipation and heat transferred
by conduction. In simple words, it is the ratio of
heat production to external heating. The higher the
value of Br, the slower the heat produced by viscous
dissipation is transferred, and hence the temperature
rises significantly. The temperature distribution for
~v > 0 is more progressive than v < 0. Furthermore,
thermal transport for (Cu-MoS,/H30) is greater than
(Cu/H50). Figure 5(c)—(f) show how the Brinkman
number has affected the thermodynamic irreversibility
factors for v > 0 and v < 0. The entropy generation
is seen to be a rising function of Br, while the Bejan
number has a decreasing trend. As a result of this, the
system produces more heat, which increases entropy.
Physically, the Brinkman number is connected to heat
conduction from a wall to a flowing viscous fluid.

The phenomena of heat transmission have im-
proved as a result of an increase in R; shown in
Figure 6(a) and (b). The conduction of heat transfer to
thermal radiation transport is characterized by the ra-
diation parameter. A rising temperature profile results
from increasing radiation parameters for v > 0 and
v < 0. Figure 6(c)—(f) depict the variations in £, ()
and B.(¢) as the radiation parameter rises. B.(()
exhibits a decreasing tendency via rising Ry; however,
entropy generation E, (¢) exhibits the opposite trend.
Thermal irreversibility rises as a result of the system
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Figure 5. H((), E.(¢), and B.(¢) as a

being heated up more by the radiation parameter for
v > 0 and v < 0. Copper and molybdenum can survive
radiation-induced swelling better. Compounds based
on copper and molybdenum may have a lot of promise
for usage as structural materials to improve reactor
systems.
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function of Br for v < 0 and v > 0.

Through the physical sense, the angle of in

The results obtained are similar to

clina-
tion v has a significant impact on skin friction. The
comparison table is constructed from Refs. [23,24] in
Table 2.
found in the literature. It is seen that for v > O the
values of F'(0) enhanced due to an increment in Re.

those
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Figure 6. H((), E.(¢), and B.(¢) as a function of Ry for v < 0 and v > 0.

However, the opposite behavior is noticed for v < 0.
The outcomes of small-Re are also given in Table 3.
It is seen that the asymptotic behavior reaches its
numerical outcome at small-Re. Table 3 contains the
behavior of —I—T(l) for Br, Re, and Ry. The thermal
transport rate is boosted by raising Br and R, while
for both cases, they are declined as Re is increased
at ¢cu = dumos, = 0.01. The outcomes of small-Re
are computed, which are in great agreement with their
numerical outcomes.

4. Concluding remarks

This study intended to discuss the flow and thermal
transport of water-based nanofluids on a wedged-
shaped channel. Engine oil was utilized as base fluid,
and two types of nanoparticles, Cu and MoS,, were
added. Nanofluid analysis was carried out by incor-
porating the dissipation effects. The thermophysical
characteristics were noted by using the Yamada-Ota
model. The exact solution was computed for velocity
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Table 2. Comparison of F'(0) with Refs. [23,24] at ¢cw = dmos, = 0.0..

FII(O) at v = 5.0

F’ (0) at —y = 5.0

Re Ref. [23] Ref. [24] Present Small-Re Re Ref. [23] Ref. [24] Present Small-Re
20 2.527192 2.527192 2.527189 2.578907 10 1.784547 1.784547 1.784540 1.789769
60 3.942140 3.942140 3.942142 3.959898 30 1.413692 1.413692 1.413693 1.47975
100  5.869165 5.869165 5.869170 5.876377 50 1.121989 1.121989 1.121985 1.127456
140  8.207326 8.207326  8.207324 - 70 0.893474 0.893474 0.893470 -
180  10.792073  10.792073  10.79207 - 100  0.640178 0.640178 0.640179 -
Table 3. Behavior of f]l(l) at dcuw = PMos, = 0.01, Rg = 0..
H'(1)
Numerical values Small- Re asymptotes
Re Br Rg (Cu/H:0) (Cu-MoS;/H:0) (Cu/H20) (Cu-MoS4/H-0)
1.0 4.0 0.0 —6.465551 —6.559974 —6.44232 —6.562292
2.0 —6.333459 —6.427350 —6.333128 —6.451067
5.0 —5.987070 —6.078801 -5.917185 —6.006165
10.0 -5.630114 —5.715428 —5.617249 —5.783715
1.0 4.0 0.0 —6.465551 —6.559974 —6.44232 —6.562292
5.0 -8.081938 -8.199968 —8.063833 -8.163936
6.0 —9.698326 -9.839961 -9.6766 -9.899051
1.0 4.0 0.0 -6.465551 —6.559974 —6.44232 —6.562292
0.5 -5.107501 —5.129965 —5.161264 —5.183715
1.5 —3.149547 -3.175335 —5.183715 —3.270023

equations, and the numerical solution was developed by
applying the bvp4c built-in MATLAB. The numerical
outcomes of WSP and Nusselt number were determined
as functions of pertinent parameters. The following are
the primary conclusions:

The flow and temperature fields were reduced due
to the addition in the nanoparticles volume fraction
for both (Cu—MoS,/H>0) and (Cu/H50) cases;

Heat transport was diminished by incrementing
the angle of inclination. However, enhancing the
Reynolds number caused the elevation of the tem-
perature distribution;

Thermal transport and entropy generation were
an increasing function of Brinkman number and
radiation parameter for both profiles of nanofluids
and channels;

Bejan number decremented due to Brinkman
number and radiation parameter for convergent-
divergent channels;

The temperature gradient was developed for both
convergent and divergent channels;

The hybrid nanofluid (Cu-MoSs/H20O) profile
was dominated over the simple-mono (Cu/H,O)
nanofluid profile;

For the divergent channel, the numerical outcomes
of the coefficient of skin friction were enhanced due
to the Reynolds number, but for the convergent
channel, it was reduced;

By incrementing the Brinkman number and radia-
tion parameter, the numerical outcomes of the heat
transfer rate were improved; however, the opposite
behavior was depicted for the Reynolds number;

The asymptotic values of the coeflicient of skin
friction and heat transfer rates approached their
numerical behavior for small values of Reynolds
number.

Nomenclature

(r,9,2) Cylindrical polar coordinates

Vv Velocity field (ms™1)

[ pall Upper wall temperature (K)

1 Dynamic viscosity (kgm !s™!)

0 Fluid density (kgm3)

cp Specific heat capacity (Jkg K1)
fmax Dimensional constant

Br Brinkman number
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Re Reynolds number
—H'(1) Heat transfer rate
Cr Coefficient of skin friction
F (¢), H (¢) Dimensionless velocity and
temperature
¢ Dimensionless variable
T Fluid temperature (K)
T s Velocity at centerline (ms™!)
k Thermal conductivity (Wm1K~1)
p Fluid pressure (Nm2)
ol Angle of inclination (deg or rad)
g Heat flux
Ec Eckert number
Pr Prandtl number
Nu Nusselt number
Twall Wall-shear stress
Subscripts
T Derivative w.r.t v
w Condition at wall
n Nanofluid
9 Derivative w.r.t 9
hn Hybrid nanofluid
I Fluid
Superscripts
/ Derivative with respect to ¢
Abbreviations
J-H Jeffery-Hamel
cC Convergent Channel
BCs Boundary Conditions
WSP Wall Stress Parameter
CNT Carbon nanotubes
MHD Magnetohydrodynamic
DC Divergent Channel
PDEs Partial Differential Equations
ODEs Ordinary Differential Equations
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