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Abstract

The advanced heat transfer properties of various nanofluids are beneficial for the production processes in the current need of
science and technology. The significant contribution of enhanced thermal properties is due to the involvement of the particle
concentrations, shape and size of the nanoparticles. The recent investigation based on the utility of the magnetic nanopar-
ticles such as Fe;0, combined with titanium oxide (TiO,) in the base liquid ethylene glycol hybridized fluid movement via
an expanding/contracting slandering surface. The flow over the elongating surface packed with permeable medium enriches
the flow characteristic. The flow characteristic is enhanced for the interpretation of both the Joule and Darcy dissipation and
the impact of multiple slip that is assumed as surface condition. The mathematical model equipped with the aforementioned
assumptions gets converted into dimensionless form by the utilization of similarity rules and the proposed model is tackled
numerically using shooting-based Runge—Kutta technique. Further, the detailed discussion on the physical properties of
several factors is presented briefly via a validation with earlier investigation.

Keywords Magnetic nanoparticle - Ethylene glycol-based hybrid nanofluid - Hall current - Joule and Darcy dissipation -
Velocity and thermal slip - Numerical method
Introduction

Hybrid nanofluids, created by dispersing two or more dif-
ferent types of nanoparticles within a base fluid, have
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the influence of nonlinear radiation on a magneto-Casson
woodworm fluid containing hybrid nanomaterials dispersed
in sodium alginate, with applications in smart textiles. The
study provides a comparative evaluation of thermal perfor-
mance between mono-nanomaterials and hybrid nanoflu-
ids. Also, a reduction in velocity with increasing magnetic
parameter is observed for both hybrid and mono nanofluids,
with the decline being more pronounced in hybrid nanoflu-
ids. Additionally, the stagnation point parameter is shown to
significantly influence the velocity for both types of nano-
fluids. The application of hybridized fluids in wavy chan-
nels under the influence of entropy generation was discussed
by Abderrahmane et al. [2]. Their work uses the “Galerkin
finite element method (FEM)” to solve a numerical result
for buoyancy-driven flow of nanofluids in a cavity with a
magnetic field. They showed that heat transfer efficiency
is positively impacted when non-Newtonian nanofluids are
combined with porous media. Similarly, Zhu et al. [3] antici-
pated the thermal performance of antifreeze hybrid nanopar-
ticles, highlighting their utility in thermal applications. Ibra-
him et al. [4] examined dissipative MHD Casson fluid flow
over a porous, exponentially stretching surface, accounting
for heat generation, suction/injection, radiation, and reac-
tive species. Reddy et al. [5] applied a finite discretization
method to study unsteady MHD oscillatory mixed convec-
tive movement induced by an oscillating plate, considering
both chemical species and thermal radiation. Yun-Xiang Li
et al. [6] provided a computational analysis of the unsteady
MHD nanofluid transportation, incorporating thermal and
mass attributes, chemical reactions, and the interaction of a
heat source. Zainal et al. [7] examined temperature circula-
tion in a hybrid nanofluid through a porous, moving wedge,
considering bimolecular reaction and a binary chemical
reaction. Almaneea [8] performed a numerical investiga-
tion on the improvement of thermo-solutal attributes in
MHD Williamson fluid incorporating hybrid nanoparticles
under both catalytic reactions. Hussain et al. [9] analyzed the
interpretation of a first-order chemical reaction and melting
heat on the flow of a hybrid nanoliquid over a nonlinearly
stretched curved surface with shape factors. Suneetha et al.
[10] analyzed the influence of thermal radiation on unsteady
hydromagnetic free convection movement past a vertically
aligned plate that was impulsively started. Their study
accounted for spatial variations in both surface temperature
and solutal concentration, emphasizing the transient behav-
ior of the flow under electromagnetic and radiative effects.
In a related investigation, Ogulu and Makinde [11] examined
the transient magnetically free convection flow of a viscous,
radiative fluid along a vertical plate subjected to a constant
heat flux. Their work highlighted the combined influence of
radiative heat transfer and magnetic fields on the thermal and
velocity profiles. Trishivi et al. [12] investigated the move-
ment of a copper—water nanofluid over an exponentially
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elastic slippery surface, incorporating key physical parame-
ters into the model. The outcomes are extensively illustrated
and discussed to offer detailed insight. Moreover, compu-
tational results for engineering-relevant physical quantities
are presented and analyzed. Sarma et al. [13] reported the
dynamics of a Jeffrey hybrid nanofluid (TiO,—Cu/H,0)
flowing over a porous medium embedded in an exponen-
tially stretching surface. The nonlinear governing equations
were solved using MATLAB’s bvp4c solver, accounting for
various influential parameters. Additionally, Hamad [14]
explored the imposition of an external magnetism on the sta-
bility and convective behavior of a nanofluid flowing over a
vertical surface, highlighting the complex interplay between
magnetohydrodynamics and natural convection in porous
environments. Reddy et al. [15] conducted a comprehensive
study on the magnetohydrodynamic (MHD) stagnation point
flow of a Williamson hybrid nanofluid via an elastic mate-
rial embedded in a porous medium. Their research focused
on analyzing the combined effects of various physical
phenomena, including heat generation and chemical reac-
tions, on the flow characteristics. Sharma and Mishra [16]
analyzed radiative heat and solutal concentration effects in
the convective flow of a polar fluid over a stretching sur-
face, highlighting the influence of Soret and magnetization
phenomena. Malik et al. [17] examined the MHD behavior
of a tangentially oriented hyperbolic fluid flowing over a
stretched cylinder using the “Keller Box scheme.” Akbar
et al. [18] deliberated the motion of a hyperbolic fluid over
a magnetohydrodynamic boundary layer stretched surface
via numerical techniques. Idowu et al. [19] anticipated the
MHD thermo-solutal characteristics of Casson fluid under
the effects of variable viscosity and thermal conductivity.
Gbadeyan et al. [20] explored how changes in heat trans-
fer efficiency and viscosity influence Casson nanofluid flow
with convective heating and velocity slip. Reddy and Naik
[21] addressed MHD convective flow of Casson nanofluid
over an exponentially inclined, stretching surface embedded
in a porous medium, incorporating radiative heat, internal
heat generation, and Ohmic dissipation. By applying simi-
larity transformations, the governing PDEs were reduced to
ODE:s and solved using MATLAB’s built-in bvp4c solver.

Goal of the proposed investigation: The current investiga-
tion aims to;

e Explore the analysis of hybrid nanofluid flow composed
of magnetic nanoparticle like Fe;O, with TiO, in EG
over a slandering surface packed with porous medium.

e Examine the role of adopted thermal attributes such as
thermal conductivity, electrical conductivity, and viscos-
ity of hybrid nanofluid in association with the impact of
solid nanoparticles.

e Execute the interpretation of Hall current considering the
insertion of dissipative heat in the energy equation.
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e Project the role of velocity and thermal slip at the surface
of the fluid which affect the flow behavior.

Novelty: This study is distinguished by the following
novel features:

e The assumption of magnetic nanoparticles such as Fe;0,
combined with TiO, nanoparticles in EG-base liquid per-
forms a greater control of fluid flow.

e The bi-hybrid nanofluid flow over a slandering surface
embedding within permeable medium is useful in design-
ing the wing structure of aircraft.

e For the enhanced heat transport properties the role of
Hall current along with nonlinear buoyancy is vital.

e The dissipative heat for the combined impact of Joule
and Darcy dissipation enriches the heat transportation
mechanism.

e The role of all the above assumptions is important in
targeted drug delivery, cancer therapy, etc.

Model formulation

An assessment is proposed for the movement of bi-hybrid
nanofluid composed of Fe;O,, a magnetized nanoparticle
and titanium oxide TiO, in the base liquid ethylene glycol
through a slandering surface. The medium is saturated with
a porous matrix. The main emphasis of the investigation is
the impact of multiple slip those are applied at the surface
conditions. The heat transfer process is examined, taking
into account for the dissipative heat such as viscous and
Joule effect associated with the Hall current effect. In par-
ticular, the flow is confined within z > O region, whereas the
magnetic field is imposed along the z-direction. The surface
velocity of the extending surfaces along the xy— plane is
u, = uy(b+y+x)andv, = vy(b + y+ x)" respectively. The
assumption for the wall temperature vis-a-vis the ambient
state temperature are considered as T, and T, respectively

(Fig. ).

Fig.1 Flow geometry

Nanoparticles

However, the major assumptions are;

e The impact of Hall current along with nonlinear buoy-
ancy in the fluid velocity.

e The slandering sheet embedding with porous matrix.

e Dissipative heat integrated with the role of Joule and
Darcy effect.

e Assumption of velocity and thermal slip.

Pertaining to the aforesaid assumptions the flow phenom-
ena of the proposed fluid is mentioned as;

ou_ v ow_, 1
ox dy odz M
2 B
Md_u + va—” + w@ = Uhnfa_’; — Ow? (u+mv) — Hnt_ u,
0 ady 0z 022 poe(14m?) Prntk;
2
2 B2
4 + y + w? = Uhnfa_;) O (v —mu) — —ﬂhnf. v,
ox dy oz 022 ppoe(1+m?) Ptk
3)
or 9T | T _ 0T Ohne B 2,2
Yox TV ay T or TS T e (14 ) (w+v)

Hnnf du : % : 4
¥ (pCp)hnf<<a_z> +<0_z> ) @
Hnnf 2, oy, QT -Ty)
T ) s

The corresponding surface conditions reported as

du L0V LOT

“=hTa—Z+MW,V=h1 % +vW’w=0’T=h2()_Z+TW’

u—0,T->T,v—-0, (5)
Z=j(b+x+y)%.

The followings are the similarity rules utilized for the
transformation of the non-dimensional model:
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1/2 o
w=ub+y+ 0P =2(2) " G+y+07T,
U
v=u,(b+y+x)"'Gwm, T-T, = (T - Tw)e(n),

w

(6)

w==(ugor) b+ y+ 0T (L ED + Go) - 5 (Fo) + G ) ),

The wall velocity, temperature corresponds to,

1-n
Uy =g +y+x)" v, =ug(b+y+x)"Ty, =T +To(b+y+x)72,
1-n
B=Byb+y+x) 7 A2 =KXb+y+x"".

(N
Using the above-mentioned similarity rules the model
presented in Egs. (2)-(10) are transformed to,

(n+ DEF+G) ., Ha iz

F"+ yix F' +mG
142 2 (1+m)2( )
—;(])(2(nF'+nG')F'—DaF' =0 8)
+1\(F+G Ha’ 1, 15
G" + yx (—” )(—)G”+— mF - G'
22 2 (1+m)2( )

—ny 1, (F' +G')G —DaG' =0

Further, the domain defined on [0, c0) urge to introduce
the transformed functions,

Fi=f(n—ay) =f©).Gn)=g(n—ay) =g©)
O =0(n—a;) =0().
(12)

Using the similarity transformation, Eq. (2-5) takes the
subsequent forms,

" n+1 f+g / Haz)( A3 '
f +)(1)(2< ) )( ) )f_(1+72n);(f +mg)

—Xlgz(nf/+ng')f/—Daf’ =0 (13)

1N(f+8g
i <n+ ) 7
8 X1X2 ) ) 8

—nypx(f +¢)g —Dag =0

H32)(2)(3 / /
(1 +m)? (mf” = &)

9
) (14)
150" +PrEc(F* + G?)| x _Ha® + z1Da | + y, PrEc(F"? + G'?)
5 3 (1 +m2) 1 1 (10)
+ 7 Pr(F+G)8 +PrQo =0.
The surface conditions are conveniently expressed as:
_ 1-n 1" _ 1-n 1" ’ 1"
F=a(12)(1+KF").G=a (52 ) (1 +KG"). F = K" +1, N -
G =K,G'"+A,0=K,0' + 1.
F'-0,G -0,06-0, atn — oo.
1" 12 ” Ha’ 12 )
250" + PrEc(f”? + ¢*)| 35—+ x1Da | + x, PrEc(f"* + ¢"%) (15)
(1+m?)

+ 1, Pr(f + )0 +PrQo =0.

(f = (%Z)(al +a1K1f”),g = (ﬁ)(al +a1K1g"),f’ =1 +K1f”,)

¢ =Kg"+A0=K0 +1.
f =0, -0,60-0,

The corresponding boundary condition is expressed as
follows:

atn - q (16)

atny — oo.
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The emerging parameters are characterized by Ha”
Hartmann number, Ec, Eckert number, Pr Prandtl number,
and a; wall thickness factor separately. Further, K|, K,, are
velocity and thermal slip constraints. The expression for
the parameters used in the flow phenomena are,

. K? B2
5=T—W,(Zl=J Q’Ez E“‘,Krzi’Hazzu’
Ty v Tk Uy Uopg
Da=-25 Ec= — _ Pr=%Sc=%0=—2_
kewd (€P(Ty~T) a Dy 0 uy(pCp)y
n=1 n—1
K, = hT,/”;O(b+x+y)7,K2 =hy(T, - Too),/“f(b+x+y)7

a7

The constants defined for the thermal models used in
the governing equation are;
Viscosity model:

_ Mot _ 1

/1= .
1 s (1 _d)l)z.s(l _d)z)z.s

Density model:

Pt s Ps2
=2 (1) |- ) + 0 2|+ 22
Ps P Ps
Electrical conductivity model:
O O,
7= Zbnf  “nf
Onf  Of

o +(n— 1oz —(n— 1), (O'r - 651)
oy +(n—Dog+ ¢, (o; —0yy)

0 + (1= Doy — (1= Dpy (00 — 05)
6 + (1= Doy + b (00 — 0,2)

Specific heat model:

(pCp)s;
(0Cp); |

= PCPnt _ , (PCP)er
YT (Cp)y T (oCp);

+ (=) [(1-¢y) + &,

Thermal conductivity model:

X5 = khnf % knf

knf kf

kg + (n = Dkye — (= Dby (ko — kia )

The physical quantities, such as friction drag and heat
transport rate, hold significant value from an engineering
perspective. These quantities of interest are mathemati-
cally defined as follows:

T Tyz (x + y + b)q
Ch=p o= N = r— (18)
u py v2 pg ke(Tyy — Ts)
In general,z,,, Ty and g,,, are defined as,
Jdu
Txz = Mnnf a_ 1-n° Txz = Hnnf
Z | z=j(b+y+x) 2
ov oT
()_ 1on? m = — khnfa_ 1-n
2 lz=j(b+y+x) 2 2 lz=j(b+y+x) 2 (19)

In their dimensionless form, these equations are expressed
as:

n+1

0.5
(Re,) " cf, = 2( ) 0f" ), (Re,) " Cf,

n+1\%
=2< 5 ) 18" 0),

-05 n+1\%
Nu, (R - —( ) 0'(0),
ux( ex) )(5 ( ) (20)
b+ b
Rex = —( y+X)MW,RCy = —( +y+x)vw.
v v

Discussion following validation

The present investigation aims the numerical investigation
on the ethylene glycol-based hybrid nanofluid composed of
Fe;0, and TiO, nanoparticles over an extended surface for
the impact of dissipative heat embedding within a perme-
able medium. The impact of Hall current with an additional
heat source enriches the heat transport phenomenon. Table 1
presents the thermal attributes of Fe;O, and TiO, combined
with base liquid EG in a standard temperature collected from

kg + (0 — Dkyg + ¢y (kop — kg )

ko + (n = Dkg — (n = Dy (kg — k)
kg + = Dke+ ¢y (ke —kyy)

Physical quantities:

Table 1 Thermophysical
features of the base fluid and

1

nanoparticles

Particles and base liquid p/Kg m™> KW m™' K~! c /I Kg'K™! o/S m~

Titanium dioxide (TiO,) 4250 8.9538 686.2 2.38 x 10°
Cobalt Ferrite (Fe;0,) 4907 3.7 700 5.51 % 10°
Ethylene Glycol(C,H¢O,) 1113.5 0.253 2347 43x107°
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Table 2 Comparison of w ith f”/(0) with previously reported findings
forHa=a, =K, =K, =0=m=¢, =¢,=0

n A Xia et al. [22]f"(0) Present study f”'(0)
1.0 0.0 —1.000008 —1.000008233
0.5 —1.224780 —1.224755245
1.0 1.0 —1.414424 —1.414421467
3.0 0.0 —1.624355 —1.624357134
3.0 0.5 —1.989425 —1.989423456
3.0 1.0 —2.2297186 —2.229718245

0.9
‘ Hybrid nanofluid (Fe,0,, + TiO, + C,H.0,)

276 2
Nanofluid (TiO, + C,H.O,)

0.8 §
0.7

0.6

Ha=1,15,225

Fig.2 Haon f'(n)

the earlier references. The fundamental thermal properties of
the viscosity, conductivity, specific heat, etc., for the hybrid
nanofluid is also depicted within the text. The mathematical
model proposed for the said assumptions are designed and
the transformations into non-dimensional form is presented
by utilizing similarity rules. Further, shooting technique is
adopted in finding the assumed initial guess values and then
the Runge—Kutta method is employed in handling the solu-
tion of these equations. Table 2 presents the validation of
the current result with the work of Xia et al. [22] for the
particular values and it is seen that the coinciding results are
well equipped which lead to the convergence policy of the
methodology used. The significant characteristics of various
factors affecting the flow phenomena are presented in the
upcoming section.

Physical significance of Hall current

The flow profile consisting of both the axial and transverse
velocity is affected by the implementation of the Hall current
which shows the magnetized property on the flow profiles.
Figures 2 and 3 depicts the impact of Hartmann number
on the axial vis-a-vis transverse velocity and the results are

@ Springer

0.02

-0.02 -

Ha=1,15,225
—0.04

g

- 0.06 1
—0.08 Hybrid nanofluid (TiO, + Fe,0, + C,HO,) 1
Nanofluid (TiO,, + C,H.O,)
oA ‘ ‘ ‘ ‘
0 1 2 n 3 4 5

Fig.3 Haon g'(n)

0.9 T T T T
Hybrid nanofluid (TiO2 +Fe 0, + cszoz)
08 Nanofluid (TiO, + C,H.0,) i
0.7 J
0.6 025577 T
AN}
0.5 0.25 1
§ \‘ \‘
< 04 0.245 J
' (AN}
o Ha=1,1.5,225 0.24 W |
: (RN
0.235 Vi
0.2 1
06 065 0.7
01 J
0 . —
0 1 2 3 4 5

Fig.4 Haon 0(n)

constructed in two different folds. In particular, the case of
TiO, ~EG nanofluid and TiO, + Fe;0, ~EG hybrid nano-
fluid, respectively. To execute the variation, the Hartmann
number (Ha) is considered as 1 < Ha < 2.5. The generation
of Lorentz force is produced for the involvement of Hall
effect on the axial velocity and this resists the velocity pro-
file which leads to a pronounced damping in the velocity
distribution. Further, the comparative outcomes evident that
with the inclusion of more nanoparticles that in the circum-
stances of bi-hybridized fluid the growing density, the atten-
uation in the profile is more pronounced. Moreover, in the
transverse velocity the profile shows an augmentation in the
distribution from the negative to positive direction for the
increasing Hartmann number, as the magnitude escalates the
profile thickness retards significantly due to the resistivity
of the magnetization. Figure 4 portrays the attributes of the
Hartmann number on the thermal state of fluid in contrast
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to the variation of both the fluids. The diminished velocity
across the flow domain stores energy at the bottom surface
and this accumulated energy moves up and gives rise to an
enhancement of the fluid’s energy. Therefore, increasing
Hartmann number enhances the fluid temperature irrespec-
tive of the fluids considered. In comparative analysis it is
seen that for the hybridized fluid the fluid temperature is
greater than that of the case of nanofluid. This fact is ren-
dered due to the enhanced thermal conductivity of the hybrid
nanofluid augments the fluid’s energy. The profile is asymp-
totically meet the requisite surface conditions throughout.

Behavior of porosity

The transportation of hybridized fluid over an extending
surface is embedded within the porous medium, give rise
to project the effect of porosity on the flow profiles. Fig-
ures 5 and 6 depict the implication of the porosity on the
axial and transverse velocity distribution, respectively. The
results are presented for the considerable range of the fac-
tor Da as 0 < Da < 3. Here, the numerically assigned Da,
Da = 0 projects the insignificant role of porosity, i.e., the
flow over a clear fluid medium and the Da # 0 assigned
for the flow through a permeable medium is shown. In a
similar observation, porosity also provides a resistive force
which leads to a significant resistive property to attenuates
the axial velocity, and the profile shows a greater thick-
ness in the velocity bounding surface. From the transverse
velocity profile it is observe that increasing permeability
overshoots the velocity in magnitude and the thickness
retards significantly. In both the cases, the hybrid nanofluid
with greater density retards the velocity bounding surface
in comparison with the TiO, ~EG nanofluid. Figure 7 dis-
plays the role of Da on the fluid temperature of the hybrid

1 T T T T

Hybrid nanofluid (Fe304 + TiO2 + C2H602)

Nanofluid (TiO2 + CZHGOZ)

Fig.5 Daon f'(n)

0.02 T T

- 0.02 -

0.04 Da=0,1,2,3 4

g
|

— 0.06

Hybrid nanofluid (Ti02 + Fe304 + cszoz)

Nanofluid (TiO2 +C_HO,) b

— 0.08 ,He0,

Fig.6 Daon f'(n)

nanofluid. In similar observation, the heat transport phenom-
enon enhances greatly with the increasing porosity at all the
points. The comparative analysis reveals that for the inclu-
sion of more nanoparticles, i.e., the case of hybrid nanofluid
with greater thermal conductivity encourages the heat trans-
port properties and the fluid temperature increases greatly in
comparison with the case of nanofluid.

Behavior of velocity slip

The velocity profile is affected due to the inclusion of
velocity slip (Kl) on the profiles of axial and transverse
velocity. Figures 8 and 9 display the implication of velocity
slip affecting the profiles for the variation of single nano-
fluid and bi-hybrid nanofluid. The illustration of the fac-
tor is reported for the standard range of 0 < K| < 3. Here,
K, =0 represents the no-slip constraints in which the
velocity of the surface and the fluid motion at the surface

1.4 T T T T

Hybrid nanofluid (TiO,, + Fé304 + CZHSOZ)

Nanofluid (TiO2 + C2H602) 8

1.2

0.8 B
S
I

0.6 Da=0,1,23 ]

0.4 i

0.2 i

0 .
0 1 2 n 3 4 5

Fig.7 Da on 6()
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0.8 r J |
0.6 - 1
S \
N—
~ \ K,=0,1,23 _
0.4r \y 1
\ i
\
N \
L \ i b
0.2 X Q <
N S
— ~ b
~ -~ -
o L 1
0 1 2 n 3 4 5 4 5
Fig.8 K,on f'(n) Fig. 10 K, on g'(n)
0.02 0.06 T T T T
Hybrid nanofluid (TlO2 + Fe304 + C2H602)
ol 0.04 == tianoﬂuid (TiO2 + czHeoz) i
= -
Z cd
0.02
4 ]
—0.02 A
4 =2
B 7K ,=0,1,23 \; 0
S -o0.04 g -
)
- 0.02
—0.06 - 1
- 0.04
Hybrid nanofluid (TiO2 + Feso4 + cszoz)
—0.08 Nanofluid (TiO,, + C,H.0,) _ 0.06 |
e/
— 041 . . . .
0 1 2 7 3 4 5 —0.08

Fig.9 K,ong'(n)

are the same or zero. Further, the non-zero variation shows
the behavior of slip where both velocities are different. In
this case, the slip factor affects the fluid velocity signifi-
cantly. From the figure it is observed that for the increasing
slip the axial velocity attenuates throughout asymptotically
and this causes a thinning in the velocity bounding sur-
face thickness retards. Moreover, the transverse velocity
distribution favors in elevating the profile for the increas-
ing slip and as a result the thickness also retards. This
behavior is rendered due to the greater density of the solid
nanoparticles.

Effect of Hall current parameter
The interpretation of magnetization for the insertion of the
Hall effect is projected in the flow profiles. Figures 10 and

11 showcase the contribution of the Hall current param-
eter on the axial and transverse velocity distribution. The

@ Springer

Fig. 11 mon g'(n)

consequence of the factor is reported by considering the
range of the factor as 1 <m < 3. As the magnetization
retards the velocity profiles the electric current induced by
the fluid momentum upserges the axial velocity and this
enhancement is irrespective to the fluid considered. Fur-
ther, the variation of the factor on the transverse velocity
is reported corresponding to different fluids, such as single
nanofluid and bi-hybrid nanofluid, respectively. The elevat-
ing Hall current parameter significantly enhances the profile
thickness. Moreover, Fig. 12 depicts the behavior of the
Hall current parameter on the temperature distribution of
the hybrid nanofluid. The increasing Hall current favors
in controlling the fluid’s energy. In each of the distribu-
tions, i.e., for the velocity profile, the circumstances of
hybrid nanofluid attenuate the fluid velocity in a greater
rate whereas the case of fluid temperature, it augments the
distribution in comparison with a single nanofluid. This
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0.9 T -
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behavior is executed due to the higher thermal conductiv-
ity of the nanofluid.

Behavior of Eckert number

The dissipative heat energy is assumed in the energy trans-
port phenomenon for the consideration of both the Joule
and Darcy dissipative heat. The Joule dissipation is inserted
because of the magnetization property and the Darcy dis-
sipation is encountered for the flow through permeable
medium. Figure 13 describes the impact of Eckert num-
ber, the coupling parameter on the temperature distribution
where the profile is presented in two-folds. The variation of
the factor Ec is projected considering the range of the fac-
tor as 0 < Ec < 1.5. Here, Ec=0 assigned for the absence
of dissipative heat whereas the non-zero value presents the
behavior of Eckert number reflecting the dissipative heat
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impact. The factor is generally defined as the ratio of the
kinetic energy and the enthalpy change. The increasing
numerical values shows the increasing kinetic energy and
vis-a-vis the retardation in the enthalpy. Physically, enthalpy
is the difference between the temperature of the fluid and the
ambient state temperature. The positive values indicates the
greater temperature at the surface and therefore, the fluid
temperature increases significantly. The comparative results
presented from the figure that increasing thermal conduc-
tivity of the hybrid nanofluid for the inclusion of TiO, and
Fe;O, nanoparticles enhances the fluid temperature greatly
than that of single nanofluid.
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'fljlacltail:;:n?aC O(;?ﬁn;?:r:?non of skin Ha Da m K, n (Rex)o's cr. (Rex)o.s o
Hybrid nanofluid ~ Nanofluid ~ Hybrid nanofluid ~ Nanofluid
1 -2.5797 —1.8048 0.2284 0.2156
2 -3.2219 —2.2637 0.2948 0.2795
3 -3.7118 —2.6145 0.3428 0.3258
1 0.1 —2.4454 —1.6958 0.2237 0.2104
0.2 —-2.5138 —1.7514 0.2261 0.213
0.3 -2.5797 —1.8048 0.2284 0.2156
0.3 0.1 -2.5797 —1.8048 0.2284 0.2156
0.2 —2.5576 —1.7885 0.2785 0.2634
0.3 —2.526 —1.7654 0.3241 0.3069
0.1 0.1 -2.5797 —1.8048 0.2284 0.2156
0.2 —2.2946 -1.6177 0.1987 0.1891
0.3 —2.0681 —1.4667 0.1758 0.1683
0.1 0.1 -2.5797 —1.8048 0.2284 0.2156
0.2 —2.7533 -1.919 0.2412 0.2272
0.3 —2.9246 —2.0316 0.2537 0.2386

Behavior of thermal slip and heat source

The significant characteristic of the thermal slip due to the
consideration of the convective condition and the impact of
the heat source on the fluid temperature is depicted through
Figs. 14 and 15, respectively. The parametric variation of
the thermal slip (K, ) on the profile is conducted within the
range of 0 < K, < 1.5. Here, K, = 0 signifies a no-slip con-
dition and K, # 0 indicates that the thermal slip is on the

temperature profile. The increasing thermal slip retards the
fluid temperature at all points within the domain. The com-
parative results are presented for the illustration of a single
nanofluid and the hybrid nanofluid. Again, the enhanced
thermal conductivity of the hybrid nanofluid for the inclu-
sion of both nanoparticles encourages the heat transport phe-
nomenon significantly, rather than the single nanofluid. Fig-
ure 15 demonstrates the characteristics of the heat source on
the fluid temperature of the hybrid nanofluid. The behavior

Table 4 Computation of Nusselt

number Da Ee K " Q (Re,) N Uy
Hybrid nanofluid Nanofluid
0.1 1.4137 1.5713
0.2 1.2475 1.3918
0.3 1.0891 1.2218
0.3 0.1 1.0891 1.2218
0.2 0.5295 0.772
0.3 —-0.0302 0.3223
0.1 0.1 1.268 1.4304
0.2 1.0891 1.2218
0.3 0.9544 1.0663
0.1 0.1 1.0891 1.2218
0.2 1.1137 1.2445
0.3 1.1386 1.2672
0.1 0.1 1.0891 1.2218
0.2 1.0059 1.1484
0.3 0.9265 1.0792
0.1 0.1 1.0891 1.2218
0.2 0.8443 0.9877
0.3 0.5413 0.7016

@ Springer



Multiple slip effects with Hall current on the three-dimensional hybrid nanofluid flow combining...

11303

of the factor heat source Q is reported as 0 < 0 < 0.2. In
general Q = 0 presents the absence of a heat source, which
validates the case of earlier studies and the non-zero varia-
tion of heat source. The increasing heat source enhances the
fluid temperature and the results are presented irrespective to
the variation of the fluid considered. The result reveals that
for the increasing particle concentration of nanoparticles in
the hybrid nanofluid, enhances greatly in comparison with
the single nanofluid.

The simulated results of the shear rate along both direc-
tions of the coordinate system is reported in Table 3. The
behavior of distinct factors on the profile of skin friction
coefficients is reported and it is seen that for the increasing
Hartmann number and permeability, the skin friction coeffi-
cient enhances significantly, and the significant enhancement
is observed due to the resistivity of the magnetization and
the permeability of the medium. The increasing Hartmann
number attenuates the shear rate profile which retards the
skin friction coefficient. The behavior of velocity slip on the
skin friction coefficient is presented. The result reveals that
increasing velocity slip decelerates the skin friction coeffi-
cients and the increasing power index significantly enhances
the coefficient. The comparative analysis reported that with
the increasing particle concentration of the hybrid nanofluid
enriches the profile.

Table 4 represents the characteristics of the heat transfer
rate in the form of the Nusselt number for the variation of
different factors. Here, the resistivity due to the inclusion
of porosity retards the heat transfer rate so that the Nusselt
number retards significantly. The increasing Eckert number
retards the heat transfer rate and this retardation is the due to
the retardation in the enthalpy. The increasing thermal slip
attenuates the thermal gradient which favors in the retarda-
tion in the Nusselt number. However, the augmentation in
the Hall current effect enhances the heat transfer rate. The
increasing heat source controls the heat transfer rate and the
Nusselt number decreases significantly.

Conclusions

A numerical investigation on the transportation of hybrid-
ized fluid comprising magnetized nanoparticles, i.e., Fe;0,
and the TiO, over the stretching surface embedded within
the permeable medium is obtained in this article. The impact
of dissipative heat, along with a heat source enriches the
heat transport properties of the hybrid nanofluid. The trans-
formed model, characterized by several factors, are handled
numerically following similarity rules. Further, the physical
behavior of various factors is presented and the important
outcomes are displayed as;

e The numerical results presented in the tabular form show
validation of the present result with the earlier investiga-
tion, and this leads to the convergence analysis of the
present methodology.

e The magnetization due to the inclusion of the Hartmann
number retards the axial velocity and the impact is oppo-
site in case of transverse velocity.

e The velocity slip parameter significantly attenuates
the thickness of the velocity bounding surface, and the
results are depicted in both the case of single and bi-
hybrid nanofluid.

e The heat transport phenomena elevate due to the inclu-
sion of dissipative heat, i.e., the increasing Eckert num-
ber enhances the fluid temperature significantly.

e The shear rate profile is enhanced by the increasing mag-
netization, and this leads to develop the bounding surface
thickness of the velocity boundary layer.

e The heat transfer rate is controlled by the increasing Eck-
ert number, but the hybrid nanofluid enhances the rate in
comparison with the case of the nanofluid.
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