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Abstract: Hybrid nanofluids (HNFs) have outstanding energy
transfer capabilities that are comparable to mono-nano-
fluids. Materials had appliances in obvious fields such as
heat generation, micropower generation, and solar collec-
tors. The objective of this study is to investigate the new
aspects of convective heat transfer in an electrically con-
ducting Carreau HNF situated between two parallel discs.
In addition to the presumed stretchability and rotation of
the discs, physical phenomena like nonlinear radiation, vis-
cous dissipation, Joule dissipation, and heat generation and
absorption are considered. The Cu and TiO, nanoparticles
dispersed in engine oil to understand the intricate phenom-
enon of hybridization. The Tiwari and Das nanofluid model
is employed to model the governing partial differential
equations (PDEs) and then simplified using boundary layer
approximation. The suitable transformations of similarity
variables are defined and implemented to change the set
of formulated PDEs into ordinary differential equations. The
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reduced system is solved semi-analytically by the homotopy
analysis method. The influences of involving physical para-
meters on the velocity and temperature are plotted with the
help of graphical figures. This study brings forth a significant
contribution by uncovering novel flow features that have pre-
viously remained unexplored. By addressing a well-defined
problem, our research provides valuable insights into the
enhancement of thermal transport, with direct implications
for diverse engineering devices such as solar collectors, heat
exchangers, and microelectronics.

Keywords: heat transfer, Carreau hybrid nanofluid, Tiwari
and das model, numerical simulations, stretchable and
rotating disks

1 Introduction

The study of fluid flow and heat transmission in stretchy
rotational discs has a broad spectrum of uses in industrial,
mechanical, and thermal engineering. These applications
include jet motors, spin coating, food processing, electric
power generation systems, manufacturing, heat exchangers,
gas turbines, medical equipment, and many others. As a
result of its very valuable practical applications, researchers
all over the world are actively exploring the movement of
fluids and thermal exchange studies of rotating discs. The
study of non-Newtonian fluid flow caused by rotating discs
is an exciting and dynamic field that has piqued the interest
of scientists from numerous disciplines. Non-Newtonian
fluids find application across diverse industries, including
paper manufacturing, petroleum extraction, and polymer
sheet processing, among others. Because of the variety of
non-Newtonian fluids, their behavior cannot be character-
ized by a single constitutive equation. KArman [1] conducted
substantial research on the fluid dynamics issue concerning
rotating discs and provided a mathematical model in this
context. He devised an interesting similarity transformation
that converts the controlling partial differential equations
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(PDEs) to ordinary differential equations (ODEs). These
ODEs are then resolved numerically using the momentum
integral approach, allowing for more efficient system analysis.
Von Karman’s work has established a solid foundation for
understanding and investigating the intricate fluid dynamics
and heat transport in spinning disc systems. Fang and Zhang
[2] accomplished a great feat by getting the correct solution to
the Navier-Stokes equations for a fluid flowing between two
infinitely flexible discs undergoing stretching velocity accel-
eration. Imtiaz et al. [3] investigated the effect of single and
multiwall carbon nanotubes on the flow and heat transmis-
sion between two spinning and stretching discs in great detail.
Ahmed et al [4] proposed a novel mathematical model to
investigate the behavior of an electrically conductive Maxwell
fluid. This fluid flows between two axially aligned rotating and
stretching discs, keeping their spacing constant. Usman et al
[5] researched on increasing heat transport within a blood
nanofluid. They used the power-law model to investigate the
effect of a heat source/sink in the presence of two revolving
stretchable discs to promote the heat transfer process. Usman
et al [6] explored the three-dimensional heat transfer and
liquid flow processes that occur within a Carreau liquid con-
tained between rotating stretchy discs. Important advances in
the study of nanofluid flow over a variety of geometries were
made by Das and Ali [7,8]. Yashkun et al [9] scrutinized the
heat transmission characteristics of magnetohydrodynamic
(MHD) hybrid nanofluids (HNFs) on shrinking and stretching
surfaces, taking into account the effects of suction and thermal
radiation. Lund et al [10] studied the effect of Joule heating
and viscous dissipation on unsteady MHD 2D flow over a
constantly parallel regular shrinking sheet.

In the past few years, scientists have been actively
looking for new fluids to replace nanofluids and attain highly
efficient heat transfer capacities. This pursuit has given rise
to the phrase “hybrid nanofluids (HNFs).” By integrating two
distinct nanoparticle variants into a foundational fluid, these
novel fluids go beyond traditional nanofluids. When com-
pared to ordinary nanofluids, the addition of numerous nano-
particles in HNFs results in superior thermal augmentation.
Waini et al [11], for example, investigated the impact of
Cu-ALOs—water HNF flow and heat transmission along a
leaky moving sheet. In terms of increasing heat transfer qua-
lities, their findings indisputably proved that HNFs outper-
form nanofluids having only a single type of nanoparticle.
This growing interest in HNFs highlights its potential as a
cost-effective solution for a wide array of applications invol-
ving heat transfer. Zainal et al. [12] explored mixed convec-
tion flow in an HNF across a vertical flat plate under the
effect of MHD and convective boundary conditions. Their
research found dual solutions in both the aiding and opposing
flow areas. Waini et al [13] investigated the consistent
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movement of HNF with mixed convection over a porous ver-
tical plane. Within a given range of buoyancy factors, they
discovered numerous dual solutions. Furthermore, the intro-
duction of hybrid nanoparticles was discovered to slow down
boundary layer separation. Rostami et al [14] investigated
sustained laminar MHD-mixed convection stagnation point
flow in an HNF across a vertical permeable flat plate. They
discovered two distinct solutions within a specified range of
the buoyancy parameter and performed stability tests on
these solutions. Shamshuddin et al. [15] examined the flow
of HNF across a spinning surface and the effects of entropy
formation. Farooq et al. [16] investigated the electromagnetic
flow of HNF between two discs. The impacts of entropy for-
mation on the flow of HNF across discs were investigated by
Agrawal and Kaswan [17]. Waini et al. [18] used a Cu-Al,05—
water HNF to evaluate the unsteady flow and heat transport
toward a shrinking—stretching surface. They discovered that
as the suction parameter was increased, the velocity of the
HNF increased. Furthermore, they revealed that the employ-
ment of the HNF, together with the stimulus of the suction
force, resulted in an additional temperature reduction. Kha-
shi’ie et al [19] explored the outcome of convective circum-
stances and velocity slip on the 3D flow of HNF over a surface
undergoing stretching and shrinking numerically. Increasing
the Biot and slip parameters boosted heat transfer rates,
whereas growing the Cu solid volume fraction had the reverse
impact. Anuar et al. [20] investigated the stimulus of boundary
layer flow and heat transmission over an inclined leaky sur-
face that undergoes both stretching and shrinking, utilizing
an HNF composed of Ag-MgO-water. They discovered that
increasing the angle of inclination and suction parameters
increased the local Nusselt number. Furthermore, increasing
the volume percentage of Ag nanoparticles in the MgO-water
nanofluid resulted in a decrease in the local Nusselt number.

Non-Newtonian fluids have gained a lot of interest in
the industrial world because of their diverse applications.
Much experimental and theoretical research has been con-
ducted to better understand the transport behavior of
these fluids, which are important in a variety of genetic
and industrial processes, materials, and mechanical engi-
neering. Non-Newtonian liquids can be found in a wide
range of materials, including biomedical fluxes, splashes,
bio-fluids in genetic material, and polymers. Despite exten-
sive study in this field, many researchers continue to inves-
tigate non-Newtonian fluids from diverse angles, resulting
in countless publications [21-23]. The well-designed Car-
reau fluid model [24] stands out among the constitutive
models developed to represent the features of shear thin-
ning/thickening non-Newtonian liquids. Sulochana et al
[25], for example, used the Runge—Kutta method in con-
junction with a shooting operation to quantitatively
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analyze the effect of a stagnation point on the Carreau
nanofluid. The magnetic parameter had a considerable
influence on the flow field according to their findings.
Khan et al. [26] recently proposed a new model for the
three-dimensional flow of Carreau fluid that incorporates
nonlinear thermal radiation. Irfan et al. [27] explored the
3D flow of Carreau fluid in more detail, taking into account
numerous additional features. The thermal Biot number,
Brownian motion, thermophoresis, and thermal radiation
characteristics all had substantial effects on the tempera-
ture field, according to their research. Rooman et al. [28]
investigated the heat transfer characteristics of Carreau
nanofluid in the context of the renal tubule. There are
many emerging streams that are associated with the dif-
ferent materials used in engineering science technology,
which includes studies such as thermoelastic interaction
in functional graded material [29], photo-thermal inter-
actions in a semi-conductor material [30], and prothermal
elastic materials [31].

This current analysis effort intends to analyze the
importance of nonlinear radiation, heat, and Joule dissipa-
tion effects in the act of the phenomenon of surface heating
by parallel rotatory disk in the presence of an HNF. By
investigating the behavior of Cu and TiO, nanoparticles dis-
persed in water, we aim to understand the intricate phenom-
enon of hybridization. This current novelty is to put effort to
analyzing the importance of nonlinear radiation, heat, and
Joule dissipation effects in the act phenomenon of surface
heating by parallel rotatory disk in the presence of HNF.

ar
kf 55 =—h2(T—T2)

ar
kys, =T =T)

Figure 1: Flow configuration of magnetized Carreau HNF.
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2 Formulation of the problem

The following assumptions are made while formulating the

problem:

* Consider a 3D flow of the Carreau HNF flow between two
parallel, rotating, and stretching discs, where the bottom
disc is set at z = 0 and the upper disc is set at z = h.

* The presumed axial-symmetric flow, which distributes
radially on the discs and is electrically conducting, strikes
them at a 90° angle.

* The bottom and upper discs are rotating at a rate of

rsy, TSy and stretching at a rate of rQ,, rQ,, respectively.

The constant magnetic field while preserving By’s strength

is applied perpendicular to the rotating discs.

The axial-symmetric flow assumes that the pressure is

constant and eliminates any fluctuation with respect

to 6"

Under nonlinear radiation and heat generation/absorp-

tion concerning convective boundary conditions, the

phenomena of heat transfer are examined.

¢ In addition, ; and T, stand for the temperatures of the
lower and top discs, respectively (Figure 1).

The leading PDEs of motion and energy for the time-
independent 3D flow of a hybrid Carreau nanofluid
between two stretchable spinning discs following Usman
et al. [5], while taking into account viscous dissipation and
joule heating due to convective heat transfer are expressed
as follows:

u=rs;

Ti02-Cu/EO
(Hybrid Nanofluid)

Carreau hybrid nanofluid
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The boundary conditions are as given as follows:

oT
u=rsy, v=rQy, w=0, kfg =-h(T; - T),
at z =0,

oT (5)
U=TSy), V=rQy w=0, kfg = -hy(T - Ty),

at z = h.

2.1 Hybrid nanomaterial properties

The thermophysical characteristics and relation of nano
and hybrid nanomaterials are presented in Tables 1 and 2,
respectively.

2.1.1 Similarity transformation

The similarity parameters for the current issue can be
characterized as follows:

n=z & ,u=rQuFn), v=rQGm),
vt ©)

T-T
w = JQuH(D), 6() = -
1 2

By introducing (6) into (1)-(5), we achieved the ODEs:
H’ +2F =0, @)
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Table 1: Experimental values of engine oil, Cu, and TiO; [32]

pkg/m3) ¢y(J/kg K) k(WmK) o (Qm)?
Engine oil (EO) 884 1910 0.1440 55x107°
Copper (Cu) 8,933 385.0 401.0 5.96 x 1078
Titanium 4,250 686.20 8.9538 6.27 x107°

dioxide (TiO,)

A w1 A
F?- G*+ F'H = 2P/l + WP + “2(n - 1)
A A

A ®
x We2F*F"{1 + We2F&}2 - XSMF,
1
A A
2FG + HG' = 22671 + We2G'%'7 + Z2(n - 1)
A 4 ©
A
x WelG7G {1 + Wel6™}'* - 22MG,
1
As  4Rd
PrHO = 20" + ——{(1 + (B - 1)O)30Y
A, 34, {@ + (6w - DO)0%
A A
+ ZEPrEe(F? + G*2) + SPrEcM(F2 + G®)|  (10)
A4 A4
N PrQ 0.
Ay

The transformed boundary constraints are presented by

F(0) =4, G(0)=1, H(0) =0,
6°0) = -C(1 - 6(0)),
F) =B, G1)=9Q, H1) =0, (1) =-DO(D).

11

In this case, the dimensionless emergent parameters
are specified as follows:

c
Ay = Pty Mot O (p P)hnf’
Ps Ue Ot (pcp)t
Kine Bt S S Q,
As = ,M=——, A=— B=—, Q= —,
’ ke lef Qq Q Q4
3
2 202
We = 17“1"’ Ec = rigl, (12)
Jur (pcp)i(f - I)
v 40°T3 T
pr= XL Rd="2% g, =1 L
ag kek L (pep)eu
h [v h
c=2 /=t D= i) ﬂ’
ke \ Q4 ke \ Q4

where A, Ay, As, A4, As are constants. M, A, B, Q, We,
Ec, Pr, Rd, 0y, Q, C and D are the magnetic field para-
meter, stretching parameters, Weissenberg number, rota-
tion parameter, Eckert number, Prandtl number, radiation
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Table 2: Nano and hybrid nanofluids’ thermo-physical interactions [32]
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Properties Nano and hybrid
Viscosity Hhnf _ 1

tpe (1=Poy - Prioy*
Density

Thermal capacity

Thermal conductivity

Electrical conductivity

Phnf _ ¢Cu[@] + ¢T102[pmz] + (1= @cy — Prio,)

Ppf Pbf Pof
(pcp)nnt (pep)cu (pep)cu
= + . + - - .
(pcp)pt Peu (pcp)pt Prio, (pcp)pt (A= ey ~ Prioy)
(Gcukcu * 8Tio kTioy)
Geukcur 91i0g1i0p) | [y 4 2A¢cukcu + PriogkTiog) — APcy * DriogKbe
Khnf _ bcu * 9Tioy
kpe K 10,KTi
b Geakou 91107109 o e (pogkeu+ P1ioykTiIop) +(Peu * ¢Ti02)khf}
dcu* 9Tioy

($cuocu * $1i0,9Ti0z) .

20pf + 2(@cy0Cu + P1i0,0Ti0p) ~ APcu * P1i0y)0 bf]

Ohnf _ dcu * 9Tioy
opt  (#cukcu* ¢TioykTIOY
Jreuttu” Phop"hog” 205 ~ (@oudCu * P1i0,07Ti0y) +(@cu *+ Ti0,)Tbe
bcu * 9Tioy

parameter, surface heating parameter, heat generation/absorp-
tion parameter, and lower and upper disk parameters.

2.2 Physically interesting quantities
2.2.1 Surface drag forces

The surface drag forces or skin friction coefficients at the
heated surface are defined as follows in radial and azi-
muthal directions:

Cpr = (13)

_ Trz TGo"
pren)?” ’

Ceor = (e

where %, and %yg* are radial and azimuthal direction shear
stresses, respectively, which are specified by:

n-1
2

ou )
+74 %%
! r[az]’ ,

n—lz=0 (14)
v )l
Toz = Uppe [E]‘l + I‘z[a] ’

ou

Tz = Upns 9z

By applying (6), the dimensionless skin friction coefficient
is reduced as follows:

Re? Cpr = AF/(0)[1 + WeX(F/(0))?]7,

1 n-1 (15)
Rez Cgpr = A,G'(0)[1 + Wez(G'(O))Z]Z.}

2.2.2 Heat transfer rate

The heat transfer rate, or local Nusselt number, or tem-
perature gradient is denoted as follows:

rq, ’
Nu = —————. (16)
" k(G- T)
Here, q,, is the heat flux and is described as follows:
oT
Qy = [_khnfg + (qr)wLJ- an

The nondimensional will lead to

Re2Nu; = ~As[{1 + RA(1 + (0, - 1)9(’7))3}9/(’7)]q=0’) (18)

112

where Re, = Qv—f is the local Reynolds number.

3 Homotopy analysis method
(HAM) solution

The initial guesses are defined as follows:

fom) =AQ -n)+Dbn, f(n) =1-Qn%
C+CD 19)
Bo(n) = m(l - .

The linear operators are defined as follows:
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L =f"() = f(), Lg =g"(n) - g,

/7, (20)
Lo = 6"(n) - 6(m),
with properties:
Le(CL+ Gn) =0, Lg(Cs+ Cyn) =0,
(G + G ¢(C3 + Cy) @1)

Lo(Cs + Cgn) = 0,

where C;—-Cs are the constants of the general solution.
Detailed procedures performed relying on the framework
can be seen in the study by Lone et al. [33].

3.1 Convergence analysis

The HAM technique is the most useful technique for the
solution of nonlinear higher-order boundary value pro-
blems. The auxiliary parameter A plays a vital role in calcu-
lating the convergence region of the series solutions of a
boundary value problem. Here, the auxiliary parameters fy,
hg, and hy are calculated for the modeled problem as shown
in Figure 2. From this figure, we see that the convergence
region for the axial velocity profile is-1.85 < iy < 0.23, radial
velocity profile is -2.00 < #, < 0.25, and temperature profile
is —1.00 < hp < 0.23.

3.2 Validation

Table 3 reveals the comparison of computed results of the
current investigation with previously reported cases in the
study by Irfan et al [34] keeping We = Q*=0,n=3 as
particularized in table. The comparative results showed a
strong level of consistency and were in good agreement,
which is strong support for the validity and dependability
of the present findings. We can thus say with confidence
that the method developed for examining the flow of

|
20 .
\ \ £(0)
S \ \ :
> 10 \ \ gl /
= N \ 6'(0) ,
= <\ A\
0 ~ T e e
S \
- -10 '
A
-25 -20 -15 -10 -05 0.0 0.5
hf,g,e

Figure 2: h curves for the function f, g, 6.
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Table 3: Computed values of Re‘%Nu,r compared to some limiting cases
when We = Q*=0,n=3

Pr Irfan et al. [34] Present results
0.7 0.45445767 0.454458
1.0 0.58201280 0.582013
1.3 0.69302203 0.693022
1.6 0.79227119 0.792272
1.8 0.85344101 0.853441
2.0 0.91134742 0.911348
5.0 1.56806380 1.568063
7.0 1.89542450 1.895425
10.0 2.30801360 2.308014
20.0 3.35396200 3.353962
70.0 6.46238930 6.462390

Carreau HNF is highly trustworthy and may be used with
considerable confidence.

4 Results and discussion

A time-independent 3D model for Carreau HNF between
two parallel, rotating, and stretching discs is generated. It
is important to mention that two types of nanoparticles are
imposed in the suspension of engine oil. Mechanisms of
nonlinear radiation, heat, and Joule dissipation are imple-
mented in the heat energy mechanism. Such a complex
model is solved using a semi-analytical scheme called
HAM. Detailed discussions regarding thermal and velocity
profiles are mentioned in the following sections.

4.1 Velocity profiles

The velocity profiles are graphed using the dimensionless
similarity variable n to anticipate the responses of fluids
exhibiting shear-thinning behavior with n = 0.5 and fluids
showing shear-thickening behavior with n = 1.5.

Figures 3 and 4 show the effect of radial and azimuthal
velocities for different values of the stretching parameter
at the lower disc (denoted as A). When the stretching rate
parameter A of the lower disc increases in stretchable rota-
tory discs, it has significant effects on the velocity profiles
along the radial and tangential directions. As the bottom
disk’s stretching rate parameter A increases, the material in
the radial direction suffers more dramatic stretching or
expansion. This expansion makes more room for the fluid
to flow outward in a radial direction. As a result of the
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;n=05
;n=0.9
; n=0.9
;n=1.5
;n=1.59

Figure 3: Influence of A and n on F(n).

increased volume available for fluid passage, the fluid’s velo-
city increases along the radial path. In contrast, increasing the
stretching rate parameter A can result in tangential contrac-
tion or a reduction in the azimuthal dimension of the bottom
disc. This azimuthal contraction influences fluid flow along
the azimuthal direction, resulting in a drop in velocities along
this path. Changes in the dimensions of the lower disc have
an effect on the overall flow patterns in the system. Increased
radial expansion and azimuthal contraction can cause flow
patterns to shift, potentially resulting in lower azimuthal velo-
cities and increased radial velocities.

Figures 5 and 6 show the effect of radial and azimuthal
velocities for different values of the stretching parameter
at the upper disc (denoted as B). When the stretching rate
parameter B of the upper disc increases in the setting of
stretchable rotatory discs, it causes distinct changes in the
velocity profiles along the radial and tangential directions.
An increase in the stretching rate parameter B results in
increased radial stretching or expansion of the material.
This radial expansion allows more fluid to flow away from
the center of rotation. As a result of the increased volume
available for fluid movement, the fluid’s velocity increases
in the radial direction. The increased stretching of the top

1.0 A=1.0;n=0.5
A= 2.0;n=0.9
0.8
A =3.0;n=0.§
061 0 NN e A=10;n=15
= - A=20;n=14
0.4 S
------ As.3.0;n=1.9
0.2 o
0.0 0.2 0.4 0.6 0.8 1.0

Figure 4: Influence of A and n on G(n).
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Figure 5: Influence of B and n on F().

disc along the azimuthal direction causes azimuthal con-
traction or dimension decrease. The fluid flow within the disc
is affected by this azimuthal contraction, resulting in a drop
in velocities along the azimuthal direction. The changes in
dimensions caused by increasing the stretching rate para-
meter B have an effect on the overall flow patterns inside
the system. The observed drop in velocities along the azi-
muthal direction and rise in velocities along the radial

1.0
0.8
06

o
0.4

0.2

0.0 0.2 0.4

n

Figure 6: Influence of B and n on G().

0.14
0.13
)
w 0.12
0.111 | # Q=06;n=05
0.10 -- Q=04, n=1.5 \
0.0 0.2 0.4 0.6 0.8 1.0

n

Figure 7: Influence of Q and n on F(n).
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1.0
0.8
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O]
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e ----0=0.1;n=15
00 02 04 06 08 10

n

Figure 8: Influence of @ and n on G().

direction may be due to variations in flow patterns caused by
radial expansion and azimuthal contraction.

Figures 7 and 8 depict the influence of radial and azi-
muthal velocities, respectively, for varying values of the
rotation parameter (designated as Q). The rotation para-
meter Q has a considerable influence on the fluid flow
behavior in the context of stretchy rotatory discs. When
the rotation parameter increases, the rotational speed or
angular velocity of the disc increases. This increase in rota-
tional speed has a number of consequences on the fluid
flow within the disc. As the rotational speed of the disc
increases, so does the centrifugal force experienced by
the fluid. This force pulls the fluid outward in the radial
direction, resulting in larger radial velocities. The greater
the centrifugal force, the faster the fluid moves away from
the center of the revolution. The circular path around the
center of rotation corresponds to the tangential direction.
When the rotation parameter is increased, the disc spins
faster, and this increased rotational speed transfers more
kinetic energy to the fluid particles. As a result, the fluid
particles in the tangential direction gain speed, increasing
the tangential velocity. The impacts of n = 0.5 and n = 1.5
exhibit nearly comparable outcomes.

Figure 9: Influence of M and n on F(n).
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M =2.0; n=0.9
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§ 0.6] NN | meeeee- M = 1.0; n=1.4
© M=2.0; n=1.9
0.4 =<0, n=14
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_________ '_._-_-
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Figure 10: Influence of M and n on G(n).

Figure 9 and 10 depict the influence of radial and azi-
muthal velocities, respectively, for varying values of the
magnetic parameter (designated as M). The velocity pro-
files in stretchy rotatory discs decrease noticeably when
the magnetic parameter increases in both the radial and
tangential directions. In stretchable rotatory disks, the
influence of a magnetic field affects the flow behavior of
the fluid. The magnetic forces applied to the fluid grow
more prominent as the magnetic parameter is increased.
These forces interact with the fluid’s motion, causing velo-
cities to decrease in both the radial and tangential direc-
tions. Simply put, when the magnetic parameter increases,
so do the magnetic forces, which impede fluid movement
in the radial and tangential directions. As a result, veloci-
ties in these directions are slower than in situations with
less magnetic impact. Furthermore, the enhancement of
viscous and Joule dissipation, thickening of the boundary
layer, modifications in flow structure, and Lorentz force
acting as a magnetic drag are the main causes of the
decrease in radial and azimuthal velocities with increasing
magnetic parameter. These effects combined lead to the
suppression of fluid motion in the presence of a strong
magnetic field. The impacts of n = 0.5 and n = 1.5 exhibit
nearly comparable outcomes.

4.2 Temperature profiles

Figure 11 depicts the effect of the Biot number at lower disc
parameter C on the nondimensional temperature distribu-
tion. When the temperature ratio (6y,) is 1 (showing equal
temperatures in both regions) and the Biot number at the
lower disc parameter C increases, convective heat transfer
at the surface is more effective than internal heat conduc-
tion within the solid. At 8,, = 1, where the temperatures
are the same in both locations, an increase in the Biot
number indicates that convective heat transfer is
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Figure 11: Influence of C and 6, on 6(n).

becoming more important relative to internal heat conduc-
tion. Improved convective heat transfer promotes improved
heat exchange between the solid and the surrounding fluid.
As a result, the temperature profiles in this situation rise
faster because heat is transported more efficiently from the
solid to the fluid. When the temperature ratio (6,) is 1.5
(showing a temperature difference between the regions)
and the Biot number at the lower disc parameter C rises, it
indicates that convective heat transfer is becoming more
important in comparison to internal heat conduction within
the solid. At 8, = 1.5, the higher temperature in one part
compared to the other produces a temperature gradient,
which causes heat transfer from the hotter to the colder
region. A higher Biot number, indicating greater convective
heat transfer, would result in more effective heat exchange
between the solid and the surrounding fluid. Because of the
improved convection, the heat is transferred away from the
solid more effectively, resulting in a decrease in temperature
profiles. It is also noted that when the temperature ratio para-
meter 0, increases, the temperature profile also increases
because heat naturally flows from higher-temperature regions
to lower-temperature regions. The pushing power for heat
transmission grows as the temperature difference between
two places increases. As a result, more heat moves from the
hotter to the cooler zone.

Figure 12 depicts the effect of the Biot number at upper
disc parameter D on the nondimensional temperature dis-
tribution. When the Biot number at the upper disc para-
meter D in stretchy rotatory discs increases at both 0,, = 1
and 6, = 1.5, the temperature profiles fall due to increased
convective heat transfer. At 6, = 1 (identical temperatures
in both regions) and a rising Biot number at the upper disc
parameter D, convective heat transfer at the upper disc surface
becomes more important than internal heat conduction within
the solid. This improvement in convective heat transmission
results in more effective heat removal from the upper disc. As
a result, the upper disk’s temperature profiles decline. The
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Figure 12: Influence of D and 6,, on 6(n).

convective heat transfer method effectively transports heat
away from the upper disk’s surface, resulting in a decrease
in temperature. Because the lower disk’s temperature is the
same as the top disk’s initial temperature, it is unaffected. At
0w = 1.5 (temperature difference between sections) and a
rising Biot number at the upper disc parameter D, convective
heat transfer at the upper disk’s surface is intensified in com-
parison to internal heat conduction within the solid. Because of
the increased convective heat transfer, the temperature pro-
files of the upper disc decline more quickly. Because the tem-
perature of the upper disc is higher than that of the lower disc,
the convective process successfully transports heat away from
the upper disc, causing its temperature to fall. The temperature
of the lower disc is virtually unaffected since it remains con-
stant or is altered to a lesser extent. The fundamental compo-
nent in both circumstances is the dominance of convective
heat transfer over internal heat conduction. An increase in
the Biot number at the upper disc parameter D results in
stronger convective heat transport from the upper disk’s sur-
face, resulting in a fall in its temperature profiles.

Figure 13 indicates the impact of heat sink/source para-
meter Q on the nondimensional temperature distribution.
Temperature profiles often increase as the heat sink/source

1A [
10 : ~atoz
~—Q=0.1;6w=1.0 -- Q=02 6w=1.5
<09/ == Q=03 6w=15
08 —
07
06

Figure 13: Influence of Q and 6, on 6(n).
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parameter Q increases in stretchy rotatory discs at both
0w =1 and 0,, = 1.5. This is because increasing the heat
sink/source parameter Q causes more heat to be added
from the system, affecting the overall temperature distri-
bution inside the discs. A rise in the heat source parameter
Q indicates that more heat is being introduced into the
system. This additional heat input increases the thermal
energy within the discs, causing them to heat up. Further-
more, the direct input of thermal energy to the fluid,
increased internal heat generation, and the positive source
term in the energy balance equation all contribute to the
fluid’s temperature increase as the heat source parameter
rises. Higher overall temperatures are achieved inside the
fluid domain as a result of this shifting of the thermal
equilibrium. The heat source helps to raise the tempera-
ture profiles in the top and lower discs.

Figure 14 illustrates the impact of magnetic parameter
M on the nondimensional temperature distribution. Tem-
perature profiles tend to grow in stretchy rotatory discs as
the magnetic parameter M increases for both 6, = 1 and
0w = 15. This behavior is caused by the magnetic field’s
influence on heat transfer and fluid dynamics within the
system. A greater magnetic field within the system corre-
lates with an increase in the magnetic parameter M. This
magnetic field has the potential to influence fluid flow
patterns and heat transfer rates. Heat transport is fre-
quently boosted in the presence of a magnetic field due
to changes in the convective and conductive processes.
Furthermore, the fluid’s temperature rises with a rise in
the magnetic parameter because of increased viscous dis-
sipation, Joule heating, and changes in the flow structure
brought about by the Lorentz force.

Figure 15 indicates the influence of Eckert number Ec
on the nondimensional temperature distribution. Tem-
perature profiles tend to increase in stretchy rotatory discs
as the Eckert number (Ec) increases for both 6, = 1 and
6, = 1.5. The Eckert number is a dimensionless metric that

2.0/ _ M=01:6w=10 -- M=05 Ow=15"
=, . .9, =15
@ ,,,,_M,=,0'9,; 6w=1.0 o

- M=0.1: Bw=15

10

00 02 04 06 08 10
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Figure 14: Influence of M and 6, on 6(n).
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Figure 15: Influence of Ec and 6, on 6(1).

characterizes the balance of kinetic and thermal energy in
a fluid flow by representing the ratio of kinetic energy
change to enthalpy change. A rise in the Eckert number sug-
gests that there is more kinetic energy present than enthalpy
change. This increased kinetic energy can improve heat
mixing and transfer throughout the fluid. In other words, a
higher Eckert number indicates that the fluid flow’s kinetic
energy has a greater impact on the entire heat transfer pro-
cess. Moreover, the temperature rises with the growing
Eckert number due to increased convective heat transfer in
the fluid flow; this means that there is more kinetic energy
available for convective processes to convert into thermal
energy, which raises the temperature of the fluid.

Figure 16 indicates the effect of the Radiation para-
meter Rd on the nondimensional temperature distribution.
Temperature profiles tend to grow when the radiation
parameter (Rd) in stretchy rotatory discs increases for both
6. = 1 and 0,, = 1.5. This is because of the effect of radiative
heat transfer on the overall thermal energy distribution
within the system. Radiative heat transfer becomes more
prevalent in the overall heat transfer process as the radiation
parameter Rd grows. Radiative heat transfer is less impacted
by fluid characteristics and may transport heat over greater

— Rd=10: 6w=1.0 -- Rd=20: 6w=15

= °|—Rd=20,0w=1.0 -- Rd=30;6w=15

T — Rd =3.0; 6w=1.0

Figure 16: Influence of Rd and 6y, on 6(n).
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distances, making it especially important in systems with
substantial temperature differences.

4.3 Skin friction and local Nusselt number

Table 4 indicates the influence of skin friction for numerous
values of We, M, A, B, and Q. From Table 4, we observe
that an increase in the Weissenberg number (We) may result
in a drop in skin friction coefficients for a shear-thinning fluid
(n =0.5) that becomes less viscous with increasing shear
rate. This is because a larger Weissenberg number shows
that elastic effects have a greater influence on flow behavior.
The elasticity of the fluid increases as the Weissenberg
number increases. Higher elasticity in this instance could
result in the fluid’s capacity to restore its shape more effec-
tively following deformation. This has the ability to minimize
shear stress and, as a result, skin friction on a solid surface.
The influence of the Weissenberg number on skin friction
coefficients may differ for a shear-thickening fluid (n = 1.5),
which gets more viscous with the increasing shear rate. The
elastic effects become more evident as the Weissenberg
number increases, potentially resulting in increased shear
stresses and skin friction. Increased Weissenberg number
may result in increased deformation resistance and a ten-
dency for the fluid to “stick” to the surface, resulting in
increased friction along both the radial and azimuthal axes.

Table 4 also indicates that when the magnetic para-
meter M increases then the skin friction along the redial
and azimuthal direction grows because, as the magnetic
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parameter (M) grows, so does the magnetic field’s influence
on fluid velocity. The magnetic field can cause Lorentz
forces to change the flow pattern, thus increasing resis-
tance to motion. In this instance, the magnetic field may
obstruct fluid flow in both the radial and azimuthal direc-
tions, leading to higher skin friction coefficients.

Table 4 indicates that when the stretching parameters
A and B are increased, the discs are stretched more. This
increased stretching might result in improved fluid motion
and higher shear rates. Higher shear rates can result in
lower apparent viscosity in shear-thinning and shear-
thickening fluids. As a result, the flow resistance and skin
friction coefficients may drop.

In Table 4, we see that when the rotational parameter
increases in the radial direction, it often leads to higher
angular velocities, which might result in increased centri-
fugal forces. Higher shear rates can cause a drop in
apparent viscosity in the case of a shear-thinning fluid
(n =0.5). This decrease in viscosity reduces flow resis-
tance, resulting in reduced radial skin friction coefficients.
Higher shear rates can cause an increase in apparent visc-
osity in the case of a shear-thickening fluid (n = 1.5). This
increased viscosity increases flow resistance, resulting in larger
radial skin friction coefficients. Increases in the rotational para-
meter in the azimuthal direction frequently result in more
fluid motion and higher angular velocities. Increased mobility
might result in more aggressive mixing and higher shear rates.
Higher shear rates can cause variations in apparent viscosity in
both shear-thinning (n = 0.5) and shear-thickening (n = 1.5)
fluids. The viscosity of shear-thinning fluids may decrease, thus
reducing resistance and leading to reduced skin friction

Table 4: Numerical outcomes of skin friction coefficients in radial and azimuthal directions for change values of We, M, A, B, Q@

We M A B Q Re3Cy, RezCeq'
n=0.5 n=15 n=05 n=15
0.1 0.1 0.1 0.1 0.1 0.463546 0.486463 0.323567 0.335425
0.4 0.444567 0.469866 0.318643 0.328646
0.7 0.430023 0.440754 0.309753 0.314678
0.1 0.2 0.696537 0.756864 0.213674 0.243567
0.6 0.705336 0.765357 0.235885 0.268975
1.2 0.713466 0.775319 0.249075 0.287523
0.1 0.1 0.697647 0.895458 0.298654 0.375367
0.2 0.680963 0.885436 0.287633 0.368775
0.3 0.678537 0.875421 0.275327 0.357543
0.1 0.1 0.457906 0.557547 0.254364 0.397635
0.2 0.435685 0.540862 0.236853 0.389863
0.3 0.424614 0.537995 0.219985 0.369949
0.1 0.2 0.544263 0.676467 0.356786 0.487554
0.3 0.557754 0.665374 0.368933 0.497527
0.4 0.564336 0.654356 0.375658 0.510096
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coefficients. The viscosity of shear-thickening fluids may
increase, potentially leading to increased resistance and skin
friction coefficients.

Table 4 illustrates the influence of the Nusselt number
for different numbers of Rd, Ec, M, C, and D. Increasing
the radiation parameter, Eckert number, magnetic para-
meter, and Biot number at both the bottom and upper discs
improve convective heat transmission and fluid mixing,
according to Table 4. Higher Nusselt numbers result from
enhanced convective heat transfer for both 6,, =1 and
0w = 15. Increasing the radiation parameter (Rd) fre-
quently improves radiative heat transfer. This new heat
transfer mechanism boosts the convective heat transfer
component, resulting in higher Nusselt numbers for both
0w =1 and 0,, = 1.5. Increased radiative heat transfer pro-
vides a more efficient heat exchange process, which results
in higher Nu. The Eckert number (Ec) connects the change
in kinetic energy to the change in enthalpy in fluid flow. An
increase in Ec can improve Kinetic energy, resulting in
more vigorous fluid mixing and better heat transmission.
This increases convective heat transfer and, as a result,
Nusselt values for both 6, = 1 and 6,, = 1.5. The magnetic
parameter (M) increases the magnetic field’s influence on
fluid velocity. This improves convective mixing and heat
transport, resulting in greater Nusselt numbers for 8,, = 1
and 6,, = 1.5. The interaction of the magnetic field with the
fluid can change flow patterns and promote more effective
heat exchange. The ratio of convective heat transfer at the
surface to conductive heat transfer within the material is
represented by the Biot number. The greater the Biot

Table 5: Numerical outcomes of Nusselt number coefficients for change
in values of Rd, Ec, M, C, D

Rd Ec M C D

0.1 0.1 0.1 0.1 0.1 0.555472 0.657757
0.2 0.586473 0.697853
0.3 0.609967 0.734578
0.1 0.2 0.546784 0.567853
0.3 0.554383 0.578653

1.4 0.569076 0.588595

0.1 0.1 0.497654 0.556848

0.2 0.507543 0.567896

0.3 0.514952 0.579087

0.1 0.1 0.690758 0.887646

0.2 0.747856 0.946785

0.3 0.896528 0.999963

0.1 0.2 0.577973 0.698658

0.3 0.608743 0.747996

0.4 0.636795 0.804474
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number, the greater the contribution of convective heat
transfer. This improves heat exchange between the fluid
and the discs, resulting in greater Nusselt numbers for
6, =1 and 6,, = 1.5 (Table 5).

5 Concluding remarks

In this work, we analyzed the consequences of convective
heat transport in the MHD flow of Carreau HNF between
two disks that are rotating as well as stretching. The Tiwari
and Das nanofluid model is employed to model the fluid
flow dynamics in terms of PDEs by taking into account the
thermal radiation, viscous dissipation, joule heating, and
heat generation/absorption. The resultant PDEs are then
transmuted into ODEs by defining appropriate similarity
variables. The converted complex ODEs are then solved by
HAM passed through MATLAB. The significant outcomes of
the current analysis are as follows:
* When the stretching parameter at the bottom disc A and
at the upper disc B of a stretchy rotatory disc rises, the
fluid velocity profiles alter for n = 0.5 and n = 1.5. Radial
expansion causes greater speeds in the radial direction,
whereas azimuthal contraction causes lower velocities in
the azimuthal direction.

Increases in the rotation parameter of stretchy rotatory

discs result in increased radial and azimuthal velocities

for bothn = 0.5 and n = 15.

* For both n = 0.5 and n = 1.5, increases in the magnetic
parameter produce decreases in radial and azimuthal
velocities in stretchy rotatory discs due to higher mag-
netic forces restricting fluid motion.

* The temperature profile increases at 8, = 1 and decreases
at 6, = 1.5 when the Biot number at lower disc C increases.

* The temperature profile decreases at both 6,, =1 and
0w = 15 when the Biot number at the upper disc D
increases.

* The temperature profile increases at both 6, =1 and
0. = 1.5 when the heat source/sink parameter, magnetic
parameter, Eckert number, and radiation parameter
increase.

* The skin friction coefficient decreases for both radial and
azimuthal directions at n=05 and n=15 as the
Weissenberg number and the stretching parameters at
both the lower and upper discs increase.

¢ The skin friction coefficient increases for both radial and
azimuthal directions at n = 0.5 and n = 1.5 as the mag-
netic parameter increases.

» For n = 0.5, the skin friction coefficients increase in the
radial direction as the rotational parameter increases,
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while for n = 1.5, they decrease. Conversely, in the azi-
muthal direction, skin friction coefficients increase for
both n=05 and n =15 as the rotational parameter
increases.

* Raising the radiation parameter, Eckert number, mag-
netic parameter, and Biot number at both the bottom
and upper discs improves the Nusselt numbers for
both 6,, = 1 and 6,, = 1.5.

6 Future research direction

In the future, the current study can be extended by con-
sidering entropy generation in ternary hybrid nanoparti-
cles over various plane and rough surfaces in the presence
of various physical effects such as stagnation point flow,
porous medium, bioconvection, and activation energy sub-
ject to slip and convective-Nield boundary conditions.
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