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Abstract: In today’s era of rapid technological develop-
ment, there is an increasing requirement for high-func-
tioning investiture solutions, working liquids and materials
that can satisfy the benchmarks of energy efficacy.
Specifically, within the domain of heat transference-based
industries, an essential challenge is to fabricate a cooling
medium that can effectually cope with dissipation of sub-
stantial heat flux engendered by high-energy utilizations. At
present, nanoliquids are extensively deliberated as some of
the most promising aspirants for such effectual cooling med-
iums. The current investigation features hybrid nanoliquid
flow adjacent to magnetized non-isothermal incompressible
sphere. Rheological expressions representing micropolar
liquid are accounted for flow formulation. The rheological
analysis is developed using the boundary-layer concept.
Buoyancy impact is accounted for heat transference ana-
lysis. Nanoparticles with distinct shapes are considered.
The developed nonlinear systems are computed numerically
and non-similar simulations are performed.
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Nomenclature

a radius of sphere (m)

Cy skin fraction

f similarity variable

Gr thermal Grashof number

& gravitational acceleration (m s72)

j microinertia density

K vortex viscosity (kg m™s™)

m shape factor

N micro-rotation vector

Nu Nussle number

Pr Prandtl number

D pressure

R micro-rotation parameter

r(x) distance from axis of symmetry (m)

Ty surface temperature

T temperature (K)

T. ambient temperature

i, I, axial and tangential velocity components (ms™)
W, U,  dimensionless velocity components (ms™)

174 velocity field

X,y dimensionless coordinates (m)

Qnnf thermal diffusivity

V) stream function

Prnf density of hybrid nanofluid (kg m3)

0 dimensionless temperature

Vint gyro-viscosity of hybrid nanofluid

Bins thermal expansion coefficient of hybrid nano-
fluid (K'Y

Upne  Viscosity of hybrid nanofluid (kg m™s™)

¢, ¢,  solid volume frictions of nanoparticles

1 Introduction

Nanofluids (NFs) are delineated as the fraternization of
nanoparticles, characteristically at the nanometer scale
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into base liquids, e.g., engine oils, water (W), propylene
glycol and ethylene glycol. These nanoparticles possess
considerably augmented thermal conductivity in compar-
ison to the aforesaid base liquids. NFs (established by Choi
and Eastman [1]) exhibit excellent thermal attributes than
base liquids making them favorable for numerous thermal
utilizations. The formulation of NFs is feasible by amalga-
mating with distinct nanoparticles like ZnO,, graphene
oxide, TiOz, Mn304, C0304, ZrO;, Fes0y, Ales, Nl, CNTs,
SiO; and CuO. The magnetized NFs are elaborated through
thermal aspects and their ability to maintain flowability in
the existence of stronger magnetic field suggest a wide-
range diversity of possible utilizations like shock absor-
bers, gyrating shaft seals, electronic chilling, micro-fluidic
pumps, solar collectors, liquid crystal doping, magneto-caloric
pumps and bearing lubricants. The biomedical utilizations of
magnetized NFs encompass hyperthermia treatment, magne-
tically guided drug delivery, enhancing contrast in MRI-based
scans and seceding cells in bone narrowing samples septic with
ailments [2—4]. Researchers accounted various NFs models
[5-16] under multi-physical flow conditions and geometries.

Nowadays, liquid flowing problems capturing non-
Newtonian rheology have procured substantial importance
and efficacy in addressing pragmatic challenges. Liquids fea-
turing non-Newtonian rheology are predominant in numerous
industries, encompassing chemicals, oil, petroleum and bio-
fluid mechanics. Such liquids, unlike Newtonian liquids,
possess distinguishing aspects, for example, microstruc-
tures, disclose behaviors implicating couple stresses,
angular momentum, and micro-inertia. For that reason,
the classical hydrodynamics relations are inadequate to
completely elaborate and comprehend the complications
unveiled by non-Newtonian liquids. Liquid crystals, animal
blood, muddy fluids, liquids subjected to additives, etc., are
such liquids that contain the aforesaid characteristics.
Kausar et al. [17] first reported micropolar liquid theory
based on microstructures. Analysis elaborated by Kausar
et al. [17] is accounted by various researchers subjected to
diverse mathematical assumptions. Patel et al [18] mathema-
tical study of unsteady micropolar fluid flow due to non-
linear stretched sheet in the presence of magnetic field.
Time-dependent stretching flow featuring magnetized micro-
polar liquid under porosity, Robin conditions, Ohmic dissipa-
tion and chemical reaction is formulated by Thenmozhi et al
[19]. Yadav et al [20] scrutinized entropy generation analysis
in micropolar couple stress fluid's flow in an inclined porous
channel using Homotopy Analysis Method. Magyar et al [21]
combined effect of heat generation or absorption and first-
order chemical reaction on micropolar fluid flows over a
uniformly stretched permeable surface. Mustafa et al [22]
find non-similar solution for a power-law fluid flow over a
moving wedge.
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Lie group analysis is the method which is used to find
the similarity variables that transform the partial differen-
tial equations for engineering boundary value problems to
ordinary differential equations. This method based on the
invariant conditions but these conditions do not possess by
some partial differential equations such as the governing
equations for the flow of non-Newtonian fluid past a
Wedge at an oblique angle [23], viscous dissipative flow
[24] etc., in these situations non-local similar or non-
similar solutions of the governing equations over can be
obtained. Chamkha et al. [25] applied local non-similarity
method to develop the equations for convective flow over c
cylinder. Kong and Liu [26], Lyu et al. [27] and Qiu et al. [28]
explored the applications of micro-spectroscopy under pres-
sure, characteristics of cavity dynamics and spatial confine-
ment in fiber-optic laser respectively. Qiu et al. [29] and Zhao
et al [30] worked on chlorine emission characteristics on
cement pastes and sub-microscale uncertainty measure-
ment method using pattern recognition. Non-similar solu-
tions method have been used in recent years to discuss
flows, coupled heat and mass transfer in different geome-
tries under the various physical conditions [31-36]. Previous
literature [41-46] highlight some recent development in
fluid flow via various flow assumptions.

Thermal analysis of hybrid NFs due to their applica-
tions in paint industry, electronic chips and mechanical
engineering is an interesting topic and the only similar
solution to the governing equations for the flow of these
fluids are available in literature. Modeling and non-similar
solution for the governing equations for the flows of hybrid
NFs are interesting and challenging issues from a mathe-
matical point of view. The present exploration accounts for
dual convection importance in hybrid nanoliquid flow adja-
cent to magnetized non-isothermal incompressible sphere.
Micropolar liquid is considered to formulate the boundary
layer convective flow. The developed nonlinear systems are
computed numerically and non-similar simulations are per-
formed. The outcomes are graphically illustrated and sub-
sequently analyzed for interpretation.

2 Formulation of the problem

Consider the free convective transport of water-based
micropolar hybrid NF adjacent to non-isothermal sphere.
The magnetized flow of incompressible micropolar hybrid
NF over a sphere having radius a and heated to tempera-
ture T,, is considered as presented in Figure 1. The
temperature at free stream is considered to be T... The x
coordinate is taken along the external of the sphere and y
coordinate is taken normal to the surface of sphere.
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Nanoparticles

Figure 1: Geometry of the problem.

Furthermore, the radiated space (r) is chosen from sym-
metric axes to r = asin(x/a) surface. The gravity acts in
downwards direction of the sphere. The flow region is under
the impact of strong transverse magnetic field

B = (0, By, 0). By employing the conservation laws on
boundary conditions, the following boundary layer equa-
tions for the problem are follows as

The fundamental conservation laws under present
assumptions are [32,37] as follows:

V. V = 0, (continuity equation), ()]
DV — =35 _
Prnt g = VD * (Ui + KVV + K(V x N) @
+ F, (linear momentum equation),
DN _ oo
Prnti 7 = YtV N + k(V x V = 2N), (micro 3
rotation equation),
DT _
oF - anne V2T, (energy equation), @

where V = (@i, @iy, 0) is the velocity of hybrid NF, T is the
temperature of hybrid NF, p is the pressure, N is the micro-
rotation vector and k is the vortex viscosity. Furthermore,
P 1s the density of hybrid NF, w, . is the viscosity of
hybrid NF and ayys is the thermal diffusivity of hybrid NF.
Also, j stands for microinertia per unit massand F = J x B

Table 1: Thermo-physical properties of hybrid NF [37,38]
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and gl(pﬁ)hnf(T - T.)sin g where g stands for gravita-

tional acceleration and f, . stands for the thermal expansion
coefficient of hybrid NF. By using basic equation of magneto
hydrodynamics J X B = —(~0pntBZil, OnneBEi, 0), in which
Onns 1S the electric conductivity of hybrid NF.

Under the Boussinesq boundary layer approximations,
the governing equations are as follows [32]:

o(rie o(rit
( Ell) L o Elz) _ o, -
ox ay
ﬂ%+ﬂ%—( +K)azﬁ1+Kﬂ
Prnt| Mgy ™ Mgy | = Whne ™ K5 ™ Koy
- O'hnfBOZL_ll (6)
_ . X
+ gl(pﬁ)hnf(T - T,)sin E s
|_oN _oN 9’N o _
Prnt] ulE + uzg] = Yhnt ay? K E + ZN], )
173 a—T + U a—T =q ﬂ (8)
16)? 2 ay hnf ayz )

where &I is the velocity component along X-axis and &I, is the

velocity component along y-axis and yy, s = [uhnf + g], stands

for the vortex viscosity of hybrid NF. The appropriate conditions
for the flow and heat transfer for the flow over fixed solid sphere
are given in Table 1.

_ 1oy -
171=_2=0,N=Ea—l;71,T=Tw on y =0, &)
G =0T=T, on y — o (10)

In which, ¢, represents the solid volume fraction of
Fe;04 nanoparticles and ¢, denotes the solid volume frac-
tion of CoFe,04 nanoparticles. The subscript f stands for
the properties of base fluid which is water (H,0) and s;
denotes the properties of Fe304 and s; of CoFe;0,4. Also, m is

Viscosity

Density
Heat capacity
Specific heat

Thermal conductivity
Kot

Electric conductivity
Obf

Ohnf

bt = g g5

Prnt = A= 0)A = @y)p; + d1p, + D5,

(PCo)rnt = (1 = 91 = d,)(pCpds + §1(PCp)s; + Do(PCp)s,
PBInnt = (1= ¢ = )PP + $1(PB)sy + D2(PB)s;

Kinf _ Ksy + (m - DKpf - (m - 1)@(Kpf ~ Ksp) Kbt _

Key + (m—DK; - (m— 1)y (Kg ~ Ks;)
K5y + (m-1)Kg + ¢1(Kf*Ksl)

Ksp + (m—~1DKpf + (Kt - Ksp) Ke
T3y + 20pf - 209(0bf - Ts1)
Ts1 +20pf + Po(Opt —Osy)

s + 20 - 201(0f - Os)

where gy = G5y + 201 + 91(01 —0y) OF
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Table 2: Numerical values of shape factor for different shapes of
nanoparticles [39]

Different shapes of nanoparticles Numerical values

Bricks 3.7
Cylinders 49
Platelets 5.7
Blades 8.6

the shape factor, the numerical values of different shapes
of nanoparticles is presented in Tables 2 and 3.

The flow and heat transfer Egs. (5)-(8) with its
boundary conditions (9) and (10) by employing the dimen-
sionless variables are given below as:

X 1y a 1
X=—,y= GrZX, Uy = —]Gr'zﬁl,
a a Vpf
_ 11)
al. _1_ T-T, at) . 3.
U = |—|Gr aily, d = ————, N = |—|Gr 4N,
Vpt Tw - Tm Vpf

where Gr represent the thermal Grashof number
and uy, Uy, 6, N, y represent the dimensionless coordi-
nates, velocities, temperature and micro-rotation respec-
tively. The microinertia density is j = a?Gr™"2. After using
the above variables, the governing equations takes the form

6(ru1) + a(ruz) _

12
ox ay 0 12
2
ox 0y Prntl Ut oy Prhnt OY
+ (pﬁ)hnf ﬂ 0 sinx (13)
(PB)bt Prng
- ﬂmHazul’
Prhnt Obt
N N R|3°N
g_aa_P_[u_Ef;_
Y Prnt| Upr ly 14)
_ Rﬂ[% . ZNI
Phnt| Oy

Table 3: Properties of nanoparticles and the base fluid [40]
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00 00  apy 1 0%
— + uz_ = o A0
0x dy  aps Pr 9y?

251 15)

Opp2,2
fEOa P _m

= oGO r=_.| are dimensionless

K
where [R =-—,Ha
Hpe

micro-rotation parameter, Hartman number and Prandtl
number. The dimensionless boundary conditions can be
expressed as follows:

16111
u1=u2=0,N=EE,9=1 on y=0, (16)
w=0,0=0 on y— an

The stream function P = xr(x)f(x,y) is related to
velocity components such that w = (1/r)oy/dy and u, =
-(1/r)oY/ox and dependent variables 8 = 6(x,y) and
N = xg(x,y) to reduce the number of dependent variables
in the governing equations; the governing equations are as
follows:

(A, + R) X ]/7 R
" o4 1 + COSX R —
Ay f sinx Alg (18)
A sinx A of” of
_ N\ + _3 9_ _ _4H 2£7 - /S frw_t
f) A x A af Xfax fax’
[AZ "3 X
—g"+ |1+ cosx|fg’ — gf’
a4 8 [ sinx ]/g g (19)
R og of
—_— 2 + ”y = _9 _ 7 s
Al(g i) X[f ax  oxd
1 apnf [ X Vg 00 af
__6” + 1 + — /= I _0/ , 20
Pr ays sinx cosx X/ ox 0x .
_ Pt _ Hnnp _ (pB)nnt _ Onnf
where A; = o Ay = iy’ As = OB’ Ay o and
A5 = St

apt
After using the stream function and dependent vari-

ables, the relevant boundary conditions takes the form

f=0=f,0=1 at y=0,

21
ff7=0,0=0 at y— oo, @

The dimensionless mathematical expression for skin
friction and Nusselt number are as follows:

Properties Density (p) Specific heat (Cp) Thermal conductivity (K) Thermal expansion Electric
coefficient g x 10-5 conductivity (o)

H,0 997.0 4,179 0.6071 210 55 x 107

Fe30, 5,180 670 9.7 13 0.74 x 106

CoFe;0,4 4,907 700 3.7 13 1.1 x 107
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3 Solution methodology

Many numerical methods are proposed and implemented
by mathematicians and scientists for boundary layer flows.
Keller box method has advantages over these methods due
to second order accuracy and easy in programming. The
governing Eqs. (18)—(20) subject to boundary conditions
(21) are simulated for involved dependent variables by
using Keller box method. The numerical scheme is applied
in four steps.

Step 1: First, we reduce the governing equations into a
system of first order equation by considering

ff=U,P=V,g=W,0=S,0 =t, we have

(4 + R) X R
—V'+|1+ cosx|fV+ —W
A sinx A 4)
=T G T [y L
A X Ay o0x GX
R
X (Zg +V)
— W'+ |1+ U A
A [ sinx COSX]/W g ! (25)
og of
=x\U— - —W|,
X ox 0x
1 28 o
— Gt g, [1 + X cosx]/S U— - —fS] (26)
Pr ayt sinx

in which prime is derivative of dependent variables with
respect to y, The boundary conditions take the form

f=0=U,S=1 at y=0,

27
U=0,§=0 at y— . @7

Step 2: The derivatives of dependent quantities are
approximated by central difference and rest of dependent
variables by taking mean values, the system of governing
equation can be written as follows:

=iy = —(U" + UM, (28)

U]n - ] 1~ _(Vn + Vn 1) (29)
A

g 84 = %(W" + Wiy, (30)
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A
S} - 81 = S+ ), Q)

J

A +R) V] - VL X

CREIMIN +[1+ . cosx][," 144
sinx

Al Ay

X n n
+ |1+ ——cosx|f"{W",
sIx =9 Iy

Un
g]_;

(33)

2

28"+ V1
=3

1
2
]- [Rs];_1

(ft)"

g 1

o LS ] (34)
2

j=5 J-

[Un Sn 1l +

fn t" 1] [RZ]

Step 3: In this step, obtained system of non-linear Eqs.
(32)—(34) is linearized by using following iterations for
unknowns:

5ff =} + &f}, 8U} = U} + U}, V] = V] + 8V},
(35
(Sg]n = g]n + (ngn’ (SW]n = W]" + SWJU’ (SSJn - S]" * SS}n

After ignoring O(6%) terms, the resulting linearized
algebraic equations are as follows:

&f; = &1 - Afy(&]j + 8Up1) = ()1, (36)
6U; = 8Uj-1 - A7y<5Vj + 8V = ()1, 37
8) = 981 Ajy@Wj toW) = ()1 (G39)
88 - 881 - %y(&j + 6tj-1) = (r4)],_ % 39)

+ asan + a(;é‘Uj_l
(rS)j_%;

alé'V]- + a26Vj_1 + a36f]- + a45f}-_1

+ @760 + ag80j_1 + agSPj + &4, OPj-1 = (40)
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bldtj + b26tj_1 + bgé‘Sj + b458j_1
+ bs6f + bedfyq + bi6U;+ besUjer = (), 1, AP
2
Clal/V]' + Cz(ﬂ/‘/}‘_l + Cgé‘f}- + C4(Sf}_1 + C56U/' + C66U]'_1
42
+ C7é‘g}- + c86gj—1 + C96Vj + Clog‘/j—l = (r7)/~_%x ( )
Step 4: The Eqgs. (36)—(42) are decomposed by block
elimination method having block tridiagonal structure.
Usually, the tridiagonal structure of block matrices having
the order of 7 x 7 are computed for the unknowns with
forward and backward sweeps. The whole process is
implemented in computational software MATLAB.

4 Results and discussion

This section presents the impact of micro-rotation para-
meter R and the magnetic parameter Ha on the different
flow features for both traditional NF Fe;0,/H,0 based NF
and hybrid NF. Figure 2 demonstrates the impact of micro-
rotation parameter R on the axial velocity for both types of
NFs under consideration. For traditional Fe304/H,0 NF, the
solid volume fraction of Fes0, nanoparticles is considered
to be about 10% while in case of hybrid NF, the solid
volume of fraction of both types of nanoparticles Fe;0,
and CoFe,0, is considered to be 10 and 20% approximately.
The response of axial velocity f” near the surface of the
sphere and in the free stream region is opposite for enlar-
ging the micro-rotation of microstructure in the traditional
NF and hybrid NF. The axial velocity rises near the surface
of the sphere with the increase in the micro-rotation factor,
while it decreases in the free stream region. The velocity
has small magnitude for traditional NF while the boost in
the velocity is noticed for the case of hybrid NF. It is an
important fact that micro-rotation plays a key role in con-
trolling the movement of the fluid near the surface and this

02

Black line: Fe,O,/H,0 nanofluid

0.15} Blue line: Hybrid nanofluid 4

R = 0.0,0.1,0.2,0.3,0.4

0.05H5

Figure 2: Impact of R on axial velocity f with M =1.0, x = 0.1, Pr = 6.2 and
m = 8.6.
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Figure 3: Impact of M on axial velocity f with R = x = 0.1, Pr = 6.2 and
m = 8.6.

feature is negligible in the free stream region. Figure 3 is
plotted to analyze the response of magnetic parameter Ha
on the axial velocity f” for both types of NFs. The velocity
profile shows a decreasing trend for the increasing values
of magnetic parameter for both types of NFs. It is noted
that the magnetic force acts as a resistive force on the
transport of both types of ferromagnetic nanoparticles
adjacent to the surface of the sphere. The effects of mag-
netic parameter are dismissed in the free stream region.
Furthermore, the velocity of the hybrid NF is squeezed in
the free stream region and due to both types of ferromag-
netic nanoparticles, this response is dominant. Figure 4
demonstrates the impact of axial-coordinate on the axial
velocity of traditional Fe30,4/H,0 NF and hybrid NF over the
surface of solid sphere. It is also observed that the axial
velocity of hybrid NF and traditional NF reduces near the
surface of the sphere while rises in the rest region.

The rotational velocity of hybrid NF and traditional
Fe304/H,0 NF is reported in Figure 5 for various values
of micro-rotation parameter. It is noted that the rise in
micro-rotation parameter rises the rotational velocity of
both types of NFs. The rotational velocity is minimum in
magnitude in the absence of microstructure in the

0.14 v v :
x = 0.0, 78, w6, w'd
0.12} Black line: Fe,O, /H,O nanofluid 1
01k Blue line: Hybrid nanofluid 1
008 g ]
~

0.06

0.041

Figure 4: Impact of x on axial velocity f with R = M = 1.0, Pr = 6.2 and
m = 8.6.
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-0.05 " " " 2 L L L L "
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Figure 5: Impact of R on rotational velocity g with M=1.0,x=0.1, Pr=6.2
and m = 8.6.

traditional NF as well as hybrid NF. The impact of magnetic
parameter M on the rotational velocity is reported in
Figure 6 for both the types of NFs. The rotational velocity
increases near the surface of the sphere at small scale and
after this, the increase in the rotational velocity is noticed.
Figure 7 demonstrates the impact of x-coordinate on the
rotational velocity. The analysis is presented for both tra-
ditional NF and hybrid NF and it is noted that near the
surface of the sphere, the velocity declines as axial-coordi-
nate moves towards 7. The temperature profile is an
increasing function of micro-rotation parameter R for
Fe;0,/H,0 based NF as well as hybrid NF as shown in
Figure 8. The micro-rotation plays a key role in the rise
in the temperature of NFs. Actually, due to the rise in the
microstructure rotation in NFs, the thermal characteristics
of the NFs also rises which rises the internal kinetic energy
of the base fluid. As a result, the rise in the temperature of
the hybrid NF at large scale is noticed with the micro-rota-
tion of microstructure. In Figure 9, the effects of magnetic
parameter Ha on the temperature profile are illustrated
for both types of NFs under consideration. It is observed
that the rise in the magnetic force cause remarkable

0.02 T T T T T T T T -

0.01}+ N = ]
[/ -t
_/ 3

or f
-0.01+ M =0.0,0.5,1.0,1.5 4
9
-0.02+ 4
-0.03 Black line: Fe,O /H,O nanofluid 4
Blue line: Hybrid nanofluid
-0.04 4
.0.05 1 'l 'l il 'l 1 1 I
0 1 2 3 4 5 6 7 8 9 10

Figure 6: Impact of M on rotational velocity g with R=x=0.1, Pr=6.2 and
m = 8.6.
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-0.03 Black line: Fc30 JH,O nanofluid .

Blue line: Hybrid nanofluid
-0.04 4
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Figure 7: Impact of x on rotational velocity g with R=M=1.0, Pr =6.2 and
m = 8.6.
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Figure 8: Impact of R on temperature 6 with M =1.0, x = 0.1, Pr = 6.2 and
m = 8.6.

resistance to the flow and as a result, the collusion between
the nanoparticles in the liquid rises. Due to this reason, the
internal kinetic energy of NFs rises which boosts the tem-
perature of NFs. In Figure 10, the temperature profile is
plotted against x-coordinate for traditional NF and hybrid
NF over an isothermal surface of the sphere. It is noticed
that as we move from 0 to 77, the temperature of both types
of NF rises over the surface of sphere. Figure 11 is plotted to
explore the impact of different shapes of nanoparticles on

0.8} ¥\ 1
\
A\
0.6 o\ g
- "~._\.\ Ha = 0.0,0.5,1.0,1.5
0.4t o\ 1
N
K
02+ NN Black line: Fe,O,/MH,0 nanofluid .
N Blue line: Hybrid nanofluid
0 1 1 R — &
0 1 2 3 4 5 6
y

Figure 9: Impact of M on temperature 8 with R = x = 0.1, Pr = 6.2 and
m = 8.6.
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Black line: Fe.O /H,O nanofluid
Blue line: Hybrid nanofluid

6 7 8 9 10

Figure 10: Impact of x on temperature § with R = M = 1.0, Pr = 6.2 and
m = 8.6.

1 . T
03 ' Bricks, Cylinders; Platelets, Blades
0.8
025
° 02 g
0.6}
0.15
o
0.4} 01 25 3 g
y
0.2+ Black line: R = 0.0 -
Blue line: R = 1.0
0 . : . . . .
0 1 2 3 4 5 6 7 8 9 10

Figure 11: Impact of m on temperature 6 with R = M = 1.0, Pr = 6.2 and
x=0.1.

the temperature of hybrid NF in the presence and absence
of micro elements. It is noted that temperature is small
in magnitude for bricks and large in magnitude for
blade-shaped nanoparticles. Furthermore, the micro-rota-
tion of the structure also enhances the temperature of
hybrid NF.

Figure 12 shows the impact of micro-rotation para-
meter R on the skin friction of traditional NF and hybrid
NF. It is noted that skin friction rises with the increase in
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Figure 12: Impact of R on skin friction with M = 0.5, Pr = 6.2 and m = 8.6.
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Figure 13: Impact of M on skin friction with R=1.0, Pr = 6.2 and m = 8.6.

the micro-rotation in both types of NFs. For smaller values
of micro rotation, i.e., R < 1, the decrease in the skin fric-
tion is noticed for x < 2 and increases for the rest region.
While on the other hand the skin friction is an increasing
function of micro-rotation for R > 1 along the whole x-coor-
dinate. The impact of magnetic parameter on the skin fric-
tion is illustrated in Figure 13 for both types of NFs. It is
noted that the rise in the magnetic force reduces the skin
friction along the surface of sphere in the whole cross-
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Figure 14: Impact of R on Nusselt number with M = 0.5, Pr = 6.2 and
m = 8.6.
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Figure 15: Impact of M on Nusselt number with R = 1.0, Pr = 6.2 and
m = 8.6.
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Table 4: Comparison of Nusselt number with that in the study by Lone
etal. whenPr=0.7,¢, = ¢, =0,Ha =0

R Nusselt number (present) Nusselt number ( [37])
x=0 X =1/6 x=0 X =1/6

0.0 0.4575628340 0.44790626 0.4576 0.4480

0.5 0.43348216 0.42449248 0.4337 0.4245

1.0 0.41678183 0.40787651 0.4165 0.4080

2.0  0.39365007 0.38520306 0.3930 0.3850

section. The resistance to the flow allows the decrease in the
magnitude of the shear stress on the surface of the sphere.
Furthermore, for hybrid NF, the magnitude of shear stress is
large at the surface of the sphere as compared to Fe304/H,0
NF. The response of Nusselt number against the micro rota-
tion is plotted in Figure 14. It is noted that the rise in micro
rotation parameter R reduces the Nusselt number and
the decline is Nusselt number is minimum near the origin
and as away from origin this trend is reversed. The
responding magnitude of Nusselt number is large in case
of hybrid NF as compared to Fe;0,/H,0 NF. The impact of
magnetic parameter Ha on the Nusselt number is depicted
in Figure 15 for hybrid NF as well as traditional NF. The
response of Nusselt number is also decreasing against mag-
netic parameter for both types of NFs under consideration.
The impact of different shapes of nanoparticles on the Nus-
selt number is displayed in Figure 16. It is noted that the
Nusselt number is small in magnitude for brick-shaped
nanoparticles while large in magnitude for blade-shaped
nanoparticles (Table 4).

To validate, the numerical values of Nusselt number
are compared with the existing results for viscous fluid
reported by Lone et al [37] and it is found in good
agreement.

Non-similar modeling and numerical simulations of microploar hybrid == 9

5 Conclusions

* Both micro-rotation parameter and magnetic parameter

reduces the axial velocity hybrid NF as well as traditional

NF on the surface of the sphere.

The axial velocity as well as tangential velocity is large in

case of hybrid NF.

* The micro-rotation parameter rises the rotational velo-
city of both fluids near the surface of sphere.

* Both micro-rotation parameter and magnetic parameter
rises the temperature of NFs.

* The temperature of hybrid NF is large as compared to the

traditional NF.

The skin friction is a decreasing function of magnetic

field, while it is an increasing function of micro-rotation.

Both skin friction and Nusselt number are large for

hybrid nanoparticles as compared to Fe30,/H,0 NF.

The Nusselt number is a decreasing function of micro-

rotation parameter and magnetic parameter.

* Both temperature and Nusselt number of hybrid NF satisfy
the following order for different shapes of nanoparticles:

bricks < cylinders < platelets < blades.
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