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The recent advances in nanotechnology have enabled the creation of hybrid-class nanofluids with superior thermal
properties when compared to normal nanofluids. The dominant characteristics of hybrid nanofluids, such as rapid heat
transfer rates, superior electrical and thermal conductivity, and cheap cost, have effectively piqued the interest of worldwide
researchers. The current study examines the effects of energy transfer dynamics on a non-Newtonian fluid model suspended
hybrid nanoparticles consisting of cadmium telluride (CdTe) and graphite (C) particles with water as base fluid under
magnetic effects. The rheological impact and base fluid characterisation are determined using the Williamson fluid model.
The impact of various flow affecting parameters on the momentum, temperature along with wall drag force and heat transfer
rate is computed and studied in detail with the streamline portray. It is possible to compare the numerical results using the
Keller box (finite differences) method with the help of MATLAB programming. The hybrid nanofluid cadmium telluride
and graphite (CdTe + C/H,0) has superior thermal conductivity than the nanofluids(CdTe or C), according to the data,
which are presented in graph form. The numerical solutions for Nusselt number, velocity profile, skin friction coefficient,
temperature profiles have been represented with the help of graphs.

Keywords: Hybrid nanofluid, Keller-Box numerical method, Magnetic Field, Non-uniform heat source and sink,
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Introduction

The advent of the 21* century advocated the
development of a new, more efficient thermal energy
source to address the energy crisis. Energy has a
crucial and fundamental function in heavy industries
and technical processes. Applications for the
movement of boundary layers and heat transfer
include the drawing of polymer sheets, the extrusion
of metals from dies, and the cooling of metallic plates
in showers, among other things. Due to their excellent
heat transfer abilities and ease of access, fluids are
widely used for cooling applications.

In the realm of fluid dynamics and heat transfer,
the quest for efficient and innovative solutions
continually drives scientific exploration. Among the
forefront areas of investigation lie Williamson fluid
models, an intriguing class of fluid suspensions
infused with nanoparticles known for their remarkable
thermal conductivity enhancements. Concurrently, the
discipline  of  Magnetohydrodynamics  (MHD)
commands attention for its ability to elucidate the
complex interactions between magnetic fields and
fluid flow, offering insights into phenomena ranging
from  astrophysical  processes to  industrial

applications. Nanoparticles, such as Cadmium
Telluride (CdTe) and Carbon (C), have revolutionized
the landscape of materials science, presenting
tantalizing prospects for tailoring the properties of
nanofluids to suit specific engineering needs. Their
integration into nanofluid matrices holds promise for
unlocking unprecedented levels of thermal and optical
performance, thereby reshaping the boundaries of
possibility across various domains, from energy
conversion to medical diagnostics. In tandem with
these advancements, numerical techniques like the
Keller box method have emerged as indispensable
tools for simulating and analysing fluid dynamics
problems, providing researchers with the means to
unravel the intricacies of complex systems
in a controlled environment. Ahmad et al'
discussed the electromagnetohydrodynamics method
using cadmium telluride (CdTe) and graphite (C)
nanoparticles. Sheikh er al” investigated the MHD
flow of the Casson fluid containing cadmium
telluride (CdTe) nanoparticle using the generalised
Fourier's law. Jyotshna ef al.’ discussed the effect of
activated radiation and heat source/sink on 3D Flow
of Williamson nanoflow across a stretching sheet.
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Heat loss or heat gain in a fluid flow process occurs
always and it is an inevitable factor when we study
energy transfer system in a boundary layer theory.
Quite good examples of these situations are in
building designs, in computers, the CPU, electronic
circuits, etc. This energy generation concept is to
enhance the fluid conductivity whilst the other
reduces fluid energy. This term is inevitable only
when there finds a huge temperature difference and
because of this property, energy generation/absorption
has greater importance in MHD flows. While the
applications of magnetism in brain function
(neurobiology) are still being explored, there's
growing evidence that it plays a critical role in energy
generation and absorption within the brain.

These applications were well discussed by the
researchers in their early works*®. Konda et al’
studied the wvariable heat sink/source on non-
Newtonian fluid. Jyotshna et al.® extended the same
effect over gallium nitride Williamson flow. Song
et al’ investigated the same effects on stretched
cylinder. Swain et al' performed the same
investigation in a porous medium.

Fluids embedded in a porous medium has vital role
in many situations such as blending polymers,
absorbent rocks, foams, aerogels etc. A prime
example of the vital role fluids play in porous media
is their function in lubrication and non-Newtonian
batch mixers. Many researchers are interested in
MHD flow submerged in a porous media because of
its many applications, including drilling operations
embedded in fluids, geothermal extractions, and
boundary layer control in aerodynamics. Hamdan
et al'' studied MHD flow embedded in a porous
medium. Christian et al.'* and Acharya et al.
considered a porous plate imbedded in an absorbent
media. Veera et al.'* investigated a semi-infinite strip
under porous medium. Raghunath ez al."” investigated
studying the impacts of energy and species transfer in
a permeable media amid plates. Mishra er al.'®
considered the impacts of heat source and radiation of
a micropolar flow imbedded in a non-Darcy porous
medium.

Nagqvi et al.'’ explored hybrid nanoflow with heat
radiation using numerical methods. Raza et al.'®
investigated Graphite nano thermodynamic system
with Newtonian warming and sliding implications.
Ahmad et al.” examined heat activation in the
convective unidirectional flow of magnetised
nanofluid hybrids. Sheikh et al*’ investigated the

transfer of heat acceleration caused by composite
nanoparticles implanted in sodium alginate.
Ghani et al?' investigated graphene-SWCNT
nanoparticles over a Riga curved surface. Waqas
et al® considered a stretched sheet under a
combination of nanofluid circulation with radiant
heat.

The idea of radiation and convective heat transfer
originates from the phenomena of oscillations
propagating in every direction. Based on the energy
carried by the particles, radiation is classified as
ionized and non-ionized. Radiation has wide range of
application in designing space craft, equipment
design, smoke detectors, carbon dating techniques and
so on. Hong et al.” explained how ultraviolet B rays
emitted from the sun shattered through the outer layer
of cells. Khan et al.** considered the thermal radiation
to evaluate the properties of a dipole magnetic field
with shear-thinning Williamson nanofluid. Mishra
et al.” explored Williamson flow of hydromagnetic
nanofluid technology flow over an expanding media
considering radiative conditions.

Thus, with above knowledge, it is seen that very
poor attention is paid on Williamson nanoflow past a
circular cylinder in the presence of non-linear energy
generation/absorption immersed in a porous medium.
This fluid flow problem is solved by implicit Keller
box method with non-similarity variables. The
physical explanations of the numerical findings on the
flow field are explained in depth using the diagrams.

Experimental Section
Problem statement

The geometry of the flow field is schematically
depicted in Fig. 1. A time-independent, two-
dimensional, Williamson fluid model past a horizontal
cylinder is taken for study. Two nanoparticles CdTe
and C with water as base are considered. Flow field is
under the involvement of unidirectional radiation and
the flow field is prone to heat production/lost. The
flow field could be well described in the way that the
x-axis is along the circumference of the horizontal
cylinder and y-axis is normal to the surface. Radius of
the horizontal cylinder is denoted by ‘a’ with gravity
acting downwards. Boussinesq approximation holds
since density variation is observed. Initially, the
temperature of the surface of the cylinder and the
nanofluid is maintained constant. Then the outside
surface exchanges heat due to convection with a heat
transfer coefficient 7; and unknown ambient
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Fig. 1 — Coordinate system of geometry.

temperature T,,. Homogeneous porous medium is
assumed with a permeability parameter (K).

With the usual Bousinessq and boundary layer
approximations, the equations for mass continuity and
the conservation of momentum, energy, can be
written as follows (Rao et al. *°):

The continuity (1), momentum (2), energy (3)
equation are defined as follows:
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The associated boundary conditions assumed for
the study is as follows:

At y=0;
u=0, v=0,
oT
-k —=h\T,-T).
hnf ay (f )
At y— oo
u—>0,v->0,T->T,.

. (5
We introduce a stream function defined by

the Cauchy-Riemann equations, u = (%) and

oy
[7] .
vV=- (%) and therefore, the mass conservation

equation (1) is automatically satisfied.
For optically thick fluids, the proposed Rosseland
heat approximation is used.

g = 40" oT*
3k oy e (6)

Expanding 77 in Eq. (6) as Taylor series about the
point 7# (as a linear function), we have

T* =4TT’ -3T*,
® » . (7

Substituting Eqns. (6)-(7) in Eq. (3) gives rise to
the following form.

or  or Tk, [f(T,-T.)A+) 165'T T
U— +v—= 0, —5 +—* EYE el
ox oy o w| B(T-T) 3k pc, oy

. (8)

The following nondimensional quantities are added
to formulate dimensionless governing equations and
boundaries.
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Considering equation (9), equations (2) to (4) are C _ C n C
reduced to the coupled, nonlinear, Domain-specific ('D ’ )h"f l/ll(p ’ )P1 € ('D r )P2
without dimensions partial differential equations for +(1-w, _,//2)( pCp) ,
energy as well as momentum equations: S !
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The dimensionless flow boundary conditions are 5 * o c
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Two terms related to engineering are the skin- o, o !
friction coefficient and the Nusselt number. design
parameters of physical importance. Where:
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Keller-box implicit method (numerical finite difference solution)
An accurate, completely efficient, and stable Keller-
box method is utilised for the computational solution of
the dimensionless boundary layer equations since it
combines second-degree validity with the ability of step
size adaptation. Since its quicker convergence rate
relative to conventional numerical techniques, this
approach is best suited for solving boundary layer flow
problems. Using this approach, higher-order PDEs are
reduced to first order PDEs, which are then translated
into central difference formulas. The decomposition of
LU technique is used to solve the matrix-vector form of
transformed solutions. The material domain (0, ) is
used throughout the computation procedure is
condensed to the limited area [y, 7] by altering

Mo = 0,Ne = 20,7, = 1000 and h = _”«;"70 to
p

establish the initial approximations of the computerised
solution. Increasingthe total amount of points on the
grid by decreasing the step size h helps to attain the
necessary precision of 6. A process diagram (Fig. 2)
depicts the whole explanation of the Keller-Box
simulation/numerical code.

Step 1: The N™ order partial differential equation
system reduced to N first-order equations.

We add the most recent set of variables listed
below to convert higher-order PDEs to first order

PDES:pl (f! 77): D2 (E' 7])' P3 (fl T])

4 Centering

4 Unknown
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B Known Point

|| 2
— nT ' Jel—— 90
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(131—0(]2
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Fig. 2 — Keller box element and boundary layer mesh image

P&, M), ps (€, 7).

f=r.f"=p.p =p,,0=p5. 0 =p,,
f:f5f’:p15f":p25f'"_p2

‘92}73»9':1’459"2174

v, (pz') + Wey, (pzpz') + (/)

(e A)(p) T (0)

v, [M+Lj( »)

.. (15)

D

o0 2)
.. (16)

+ A(p,)) +B(p3)

_g[ s 6fj
‘or Mo ..(17)

Boundary condition becomes.
|
0./'=0,p, =l+—-p,

n—>0:p,—>0,p,—>0.

n=0 :p =

. (18)
Step 2: The finite difference method
The rectangular net is in the x and y planes, as
shown in Fig. 2, and the following are the net points:

0=0,0"=¢"" 1k n=1,2,...,]

ny=0,m,=n,,+h,,j=12,..J . (19)

Where k, and h; represent the A$ and An spacing,
respectively.

. (20)
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The finite-difference form is computed using the

central difference technique.
(P )j +(p ):‘—1

f'= p1:>(p1)j-_%=

2

hj
(n) =p=(p,) 1 = (p,), +2(P2 )i

() -0
hj
(p1 ), =P, :>(p4 );’_71 :(p4 )Z +2(p4 )’;_1
() -2,
& 21

The following equations (21) are centred at the

.1
(&2, n_1 ) locations, which are shown below.
2

o5 1 o

s 22502 ).

L 4 L(23)
Where:
n-}
& sinf¢" )
a = , B = 1
k, £
The boundary conditions,
n n n 1 n
1 :(pl )o :0,(}73)0 = l_'__(174)0
B
(pl)J—)l’ (p3)J =0 (24)
Step 3: Newton's linearization approach
Using well-known techniques’’
(fjn_l» (P1)7_1; (Pz);'l_l; (P3)7_1;
(P}, (Ps)}l_l) the unknown

(f @O}, @)}, 03)}, 0a)}, (ps)}) are  predicted
tobe 0 <j </

(102 ()2, =
(fj’(p1)ja(192)j ,(p3)j ,(p4)j).

The collection of Equations of central difference is

denoted as

(pl)j + (pl)j—l _fj - fj—l

2 b, .. (25)
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, - - The iterates used below helps in transforming the
- (Pz) L (f] +f]>1): [Hl] 1 nonlinear system of algebraic equations to linear by
2 J J
2 : +(29)  means of Newton’s method.
1 4
E(l 3ij'3((p“)'_(p“)")+ N - (33)
(1) (7, 7,) (141, a(p)" + (p)" = (p)" o
ah,
- 4'/ [((p )'+(p1)j—l)((p3)j_(pS)jfl):| + A(pz) (pz)( = ( )(’Hl (35)
o - ]
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o n-1 1
_Eh/ (pl )./'*% ((p3 )./' +(p3 )./'*1) h A(p4 )(j") + (p4 )i") = (p4 )(jn+) (37)
a_hf o (( P4),« +(p 4)1‘—1) + The system of Eqgs (33)-(37) enforced in Eqs (25)-
2 iy ' ‘ (32) with the higher-order of (A) removed.
ah, n—1 hj
21 (p4)j_%(f}+f}—1) Afj Af, i A(pl)

n n n-1 h,

+M((pl )jlj""N((l%)jlj = [Hz]j,l LA )~ ll =0
2 2 2 ..(30) 2 (v )f‘l ( )J ... (38)
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M), AP~ 2a() G = (rarenn) ), o (o
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With the boundary conditions
Afy =0, A(p);=0. A(py),

A(pl)jzo, A(p3)f;:0,
o = (pl)g = 0’((173):)): 1,

(p] )Z =0, (p3)j =0

0,

.. (45)

Step 4: Tridiagonal System of Solution

The block-elimination approach may be used to
solve the linearized difference Eqs (38)-(45) by
Cebeci and Bradshaw?”’, because the system is block-
tridiagonal in structure. The block-tridiagonal
structure is often made up of variables or constants,
but in this case, an unusual aspect is that it is made up
of block matrices, Eqs (38)-(45) may be represented
in matrix-vector form as

0Q =1

.. (46)
Whe_re: )
[0][R]
[R][Q.][S.]
Q:
|:Rj—1:||:Q/—1:||:S~i_l:|
N _ [_R,-] _[Q_,—]_
] 4]
] 2]
0O = and | =
[0, ]
o)) 1]

The matrix components the following
Where:

—_— =7z

2
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0o 0 1 0 o0
-z 0 0 -z 0
ol = |0 -z 0 0 -z
(@) 0 (G) (G) o
0 (H,) (Hy) 0 (H)
For /2722
70 1 0 o |
-1 0 0 -Z 0
o]=l0 -1 0 0 -z |J=zjx2
(Go) (Gy) (65)(G,) 0
| (Ho)(Hy) (Hy) 0 (H,)]
00-1 0 0 |
000 -z 0
|R,J=1000 0 -z |2</>J
0 0(G,)(G,)0
10 0(H,) 0 (H,)]
Inthe_case J—leZ_l:
-z 0 0 00
1 0 000
IS,|=[0 1 000 | 2</2J
(G)(G;)0 00
|(H)(H;)0 00 |
For thfe category JZ{ 22
Q(pl)o Q(pl).H
Q(p3)o Q(p3)J71
[Ql]: Q(f)1 ’[Q./]: Q(-f)J
Q(p), Q(p),
_Q(pZ)l_ _Q(pZ)J i
AndJZjZ_I:
(ll)j—l/z
(12)_;71/2
[lj] = (13)‘,-_1/2
(14)j—1/2
_(ZS)j—l/z
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Table 1 — Comparison table showing the local heat transfer
coefficient for the reduced casesWe = 0,Bi = 0,M = 0.0

& Pr=1.0 Pr=1.0 Present solutions
Nazar et al.”>  Subba Rao et al.*°

0 0.4214 0.4212 0.4211
”/6 0.4161 0.4259 0.4257
”/3 0.4005 0.4004 0.4002
”/2 0.3741 0.4004 0.4001
27T/3 0.3355 0.3743 0.3740
511/6 0.2811 0.2809 0.2808

T 0.1916 0.1917 0.1914

Table 2 — displays the thermophysical values for
nanomaterials and base fluids. (Ahmad et al.")

Properties Base Nanoparticles Nanoparticles
fluid = cate ) C o)
(H,0)

Density (kgm™1) 997.1 5855 2060

Thermal conductivity 0.613 7.5 25

(Wm™iKk™1)

Specific heat (Jkg~1K~1) 4179 209.0 720

Electrical conductivity 0.05 7.0x 1077 5.0 x 102

(sm™H)

The linearized solution system is transformed utilising
the Thomas technique, into a block tridiagonal form
(Cebeci and Bradshaw”’). Regarding the calculation, the
spatial nodes (§)and () are set to 0.05. To increase the
correctness of the result, the convergence criteria as set
(107%) in this present computation. Table 1 compares
our current methodology results with existing literature
Nazar et al.”’ and Subba Rao er al*® and found in good
agreement.

Results and Discussion

The investigation on hybrid-class
Cadmium telluride (CdTe), graphite (C), and
water (H,0) nanofluid flow with heat transfer by
radiation and convection is explained through graphs
(3-45), by observing the various characteristics
parameters such as, Weissenberg number parameter
(We), Magnetic body force parameter(M),
convective  energy  parameter  (Biot)  (Bi),
Forchheimer parameter (A), radiation parameter
(F), non uniform heat source and sink (4, B), Nusselt
number (Nu) and Skin friction coefficient (Cf). The
present computation takes the following parameter
values as (We =0.3,M =1.0, Bi =05, A =
1.0,F =05, Da=0.1, A=0.1, B=0.1). The
thermophysical characteristics of the materials utilised
are given by Table 2.
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Fig. 3 — (a) Velocity f'(n) and (b) temperature 6 (n) for different
levels of the Williamson fluid parameter (We)

Fig. 3(a) depicts the velocity profile for various
values of the Weissenberg number(We), which
indicates a diminishing trend in the momentum of the
boundary layer as (We) increases(0 < We < 3.0).
(We) arises only in the momentum as a mixed
derivative (We f"' f'""). Weissenberg number (We)
measures the relative effects of viscosity to elasticity.
Weissenberg number of zero corresponds to a purely
Newtonian fluid, and infinite Weissenberg number
corresponds to a purely elastic solid. The fixed
values of flow parameters are Pr =7.0, A =0.1,
B=0.1, F=05 M=1.0, Bi=0.5 Da=0.1).
This phenomenon might be explained by a higher
barrier to the movement of Williamson fluid. Fig. 3(b)
shows the temperature field of the Williamson fluid
for several physical characteristic impacts. The rise in
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Fig. 4 — (a) Velocity f'(n) and (b) temperature 6 (n) for different
levels of the parameter (M)

(We) causes a growing pattern in the energy boundary
layer too. Both the velocity (f") and temperature (6)
results for hybrid nano fluid are the high influence
comparing to the nanofluid.

Fig. 4(a) depicts the influence of various magnetic
body force parameters (1.0 < M < 7.0) on velocity
profiles when the other values remained constant. It
can be observed that as M increases, the velocity
distribution decreases.This trend might be ascribed to
magnified Lorentz force, in which the rising influence
of magnetic body force parameters (M) opposes the
movement of the Williamson fluid, resulting in a drop
in velocity profile. Fig. 4(b) shows that the
temperature is strongly enhanced with greater
magnetic field. This magnetic force energizes the
boundary layer and increases thermal boundary layer
thickness.

Figs 5 (a) and (b) illustrate the velocity and
temperature profiles for various values of the heat
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Fig. 5 — (a) Velocity f'(n) and (b) temperature 6 (n) for different
levels of the parameter (F)

radiation variable (0.5 < F < 2.0), respectively. The
level of velocity and temperature in the Williamson
fluid is supposed to be much greater depending on the
radiation parameters. The radiation parameter
represents the relative importance of radiant heat
transmission over the conductive heat transfer.
Thermal radiation now increases the thermal
dispersion of the nanoflow. Enhancing the thermal
radiation parameter, heat will be introduced to the
system and thereby boundary layer thickness of both
the flow velocity and energy will increase.

Fig. 6 shows that increasing the Darcy parameter
(Da) escalates the velocity (Fig. 6a) and diminishes
the temperature (Fig. 6b) considerably. The Darcian
parameter, also known as Darcy permeability, is a
measure of the ability of a porous medium to allow
fluid flow through it. In velocity Eq. (10), the Darcian
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Fig. 6 — (a) Velocity f'(n) and (b) temperature 6 (n) for different
levels of the parameter (Da)

force ;—);' also known as a drag force.The accessible

surface space for convection heat transmission is
reduced, thereby cooling the regime. The result is
velocity (f") increases and temperature decreases.
Figs 7 (a) and (b) show the effect of the
Biot number (Bi) on the velocity (f'(n)) and
temperature (6(n)) of hybrid-class nanofluid CdTe &
C/H>0, respectively. Biot number, a measure of the
proportion of temperature resistance within the body
and at the outermost layer of the body, is utilised in
heat transfer estimates. The value of Biot number
(025 <Bi <£0.4) and other parameter values
are (Pr=70,A=0.1, B=0.1, F=05, M = 1.0,
We = 0.2, Da =0.1). Increasing Biot number,
increases the thermal variation and momentum of the
nanoflow, owing to the homogenous temperature
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Fig. 7— (a) Velocity f'(n) and (b) temperature 8 (n) for different
levels of the parameter (Bi)

gradients throughout the body. Situations with a very
small Biot number are easier to analyse as the thermal
effects Bi values in this case are limited to 0.25 to 0.4
(small values). Because of the nonuniformity of the
thermal fields inside the flow system, increasing Biot
number increases both the flow momentum and
energy.

Figs 8 (a) and (b) depict the fluctuation of the
velocity and temperature fields with varying
transversal dimensions (&), respectively. The
momentum at the cylinder surface is found to be
maximum closer to the lowest stagnation point and
decreasing with growing distance beyond it. With
progressive distance along the cylinder surface
from the lower stagnation point (¢ = 0), as shown
in Fig. 8(a) momentum boundary layer thickness is
therefore increased marginally with (&) wvalues.
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Fig. 8 — (a) Velocity f'(n) and (b) temperature 6 (n) for different
levels of the parameter (§)

Conversely a weak enhancement in temperature is
observed in Fig. 8(b) with increasing (§) values.
Consequently, the temperature at the outer edge of
the boundary layer also increases significantly with
increasing &. In simpler terms, as we move further
around the cylinder, the temperature at the edge of
the hot zone gets hotter (Fig. 8b).

Figs 9 (a), and (b) demonstrate that the
Forchheimer inertial factor (A) affects the flow
parameters. The value of this parameter is linked to
the Forchheimer resistant term of second order,
& A(f)? in momentum Eq. (10). Forchheimer drag
is directly proportional to parameter A. As seen in
Fig. 9(a), increasing A, slows the flow. The
impact of Forchheimer drag on velocity is
most pronounced within the boundary layer. This is a

7

Fig. 9 — (a) Velocity f'(n) and (b) temperature 6(n) for different
levels of the parameter (A)

thin region near the solid surface of the porous
medium where the fluid velocity slows down due to
friction. The values of Forchheimer inertial
parameter (5 < A < 50) increasing the Forchheimer
inertial factor (A) values, decreases the velocity
(f'(m)) whereas temperature 8 (n) is increasing.

Fig. 10 show the increasing values of irregular
heat source constants (4, B) on 6(n). For irregular
heat source characteristics, the internal temperature
of the nanoparticles rises the values of A (0 <A <
0.3) and values of B (0 < B < 0.3). Enhancing A
and B values rises the temperature 8(n). Figs 11 to
15 show the Skin friction coefficient (Cf) and
Nusselt number (Nu) for the
(We, M, Da, Bi, ).

parameters
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Fig. 12 — Illustration of (a) (Cy) and (b) (Nu) for varied (M)
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Figs S1-S6 (in Supplementary Information) (Ca) and (¥) (no convective heat transfer), but the

show the distribution of streamlines 1. The flow
pattern of the streamlines (i) with (M), (Da) and
(We) is shown in the figures. From the
figures, minimal velocity is found in the absence of

amount of energy flow is uniform in all the levels.
The M = 1.0, 2.0 values of the nano fluid, hybrid
nanofluid mixture and hybrids nanofluid graphs are
shown in Figs S1 and S2. The streamlines for
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different Darcy number are drawn for the nanofluid
combinations, and hybrid nanofluid (Figs S3 and
S4), and the We = 1.0,2.0 values of the nanofluid,
hybrid nanofluid mixture and hybrids nanofluid
graphs shows in Figs S5 and S6.

Conclusion

The heat transfer properties and flow behaviour of
a hybrid nanofluid (CdTe and C / H,0) passing a
horizontal circular cylinder are studied. Using
appropriate similarity transformations, the governing
equations are changed from higher order PDE to first
order PDE. The resultant system of differential
equations is solved using the (KBM) technique, and
the output are graphed. This work may be expanded
to investigate the behaviour of other non-Newtonian
fluids under various physical conditions by examining
the suspension of several classes of nanoparticles that
are appropriate for the real scenario. Heat transfer
properties are higher in nanoflows than hybrid
nanoflows. Hybrid nanoflow enhances the
temperature more than nanofluids. Nanoflow energy
enhances for augmenting non-uniform energy source,
Forchheimer number and Biot number but opposite
behaviour is observed for incrementing Darcy
number. Hybrid nanofluids have higher skin friction
coefficient than nanofluids.

Supplementary Information
Supplementary information is available on the
website http://nopr.niscpr.res.in‘handle/123456789.

Symbols are listed as follows
a Cylindrical radius (m)

B, Radial magnetic field
X Stream wise coordinate (m)

7 Skin friction coefficient
Y Transverse coordinate (m)
G7 Grashof number
We Weissenberg (viscoelasticity )number
&  Acceleration due to gravity (m/sz)

U,V Nondimensional velocity elements in the x- and
y-axes

K Thermal conductivity of fluid (g K )
T Temperature (C)

Nu' 1 ocal Nusselt number

Pr
)

M

Prandtl number

At steady pressure, specific heat (1;_; °C)

Magnetic body force parameter

Aand B Non uniform heat source and sink

F Radiation parameter

Bi A Newtonian heating variable that is non-

dimensional

Greek symbols

@ Thermal diffusivity (m?/s)

. . . . 2

v Kinematics viscosity (M /)

B Coefficient of thermal expansion (°C™1)

' Time dependent constant

on-dimensional temperature

& Non-d I temperat

0 Fluid with high electrical conductivity

1" Dimensionless transverse coordinate

P Density of viscoelastic fluid (kgm™3)

S Dimensionless steam wise coordinate

Y Dimensionless steam wise coordinate

Subscripts

W The state of the wall

©  Free-flowing circumstances
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