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Abstract: This paper study the hybrid nanofluid flow over a stretching sheet with additional effect of Wu’s slip.
Comparative study of four different hybrid nanofluids is done here. We have considered manganese zinc fer-
rite NnZnFe,0,, Nickle zinc ferrite NiZnFe,O, as nanoparticles whereas Kerosene oil C;¢H,, and Engine oil
CgH;g as base fluids. Darcy Forchheimer porous medium is considered in momentum equation. Heat equation
is studied in presence of different effects namely radiation, convective condition, temperature dependent heat
source sink and viscous dissipation. Transformations are applied on PDE’s to form the governing equation of
ODE?’s. Shooting method technique is used to solve the governing equations. Velocity, temperature, Nusselt
number and skin friction behaviour against different parameters is analyzed via graphs. Velocity of the fluid
decays for higher slip parameter. Motion of the fluid increases for greater values of Forchheimer number. Tem-
perature is increasing function of Biot number.

Keywords : Wu’s slip, hybrid nanofluid, darcy forchheimer, radiation, convective condition, temperature dependent

heat source sink, viscous dissipation

1. Introduction

Nanofluid in past decade gain so much interest of
researchers and engineers in different areas of technology.
The purpose of nanofluid is to enhance the base fluid’s
convective heat transfer and thermal performance by
adding nanoparticles in it. Initially Choi [1] was the one
who worked on nanofluid. These type of liquids are
formed by adding nanoparticles of size (< 100 nm) in to
base liquids like water, kerosene oil, engine oil etc.
Nanoparticles are used to change the thermal charac-
teristics of base fluid. Heat transport characteristics are
enhanced due to addition of these nanoparticles with high
rate of thermal conductivity. Nowadays a new termino-
logy is used for nanofluid is hybrid nanofluid. In these
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type of fluids more than two nanoparticles or more than
two base fluids are mixed to make a nanofluid. These
type of fluids are more affected than simple nanofluid.
Lin et al. [2] scrutinized the non-Newtonian nanofluid
flow over a thin finite film with heat source effect. Madhu
et al. [3] presented the flow of nanofluid by considering
four different nanoparticles with power law viscosity
effect. Maxwell nanofluid flow with stagnation point is
studied by Bai et al. [4]. Ethylene glycol-titanium dioxide
nanofluid with heat source sink is studied by Hosseinzadeh
et al. [5]. Maxwell nanofluid flow over a convectively
heated surface is elaborated by Jusoh et al. [6]. Nanofluid
flow with gyrotactic microorganism considering convective
conditions is studied by Xu and Pop [7]. Williamson
nanofluid bidirectional flow with extra effect of mixed
convection is studied by Hayat ef al. [8]. Tangent hyper-
bolic nanofluid radiative flow with activation energy is
delineated by ljaz et al. [9]. Sisko nanofluid flow between
two stretchable disks is explained by ljaz et al. [10].
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Some more studies regarding nanofluid and hybrid nano-
fluid can be seen through Refs. [11-20].

Purpose of this paper is to study hybrid nanofluid flow
over a stretching sheet with additional effect of Wu’s slip.
Comparative study of four different hybrid nanofluids is
done here. We have considered manganese zinc ferrite
MnZnFe,O,4, Nickle zinc ferrite NiZnFe,O4 as nano-
particles whereas Kerosene oil C,oHy and Engine oil
CgH g as base fluids. Some more important effects are
studied in this paper namely Darcy Forchheimer porous
medium, temperature dependent heat source sink, radiation,
convective condition and viscous dissipation. Built in
Shooting method is used to find the solution of the
problem. Characteristics of fluid are elaborated through
graphs.

2. Mathematical Formulation

Here we have study the flow of different hybrid nano-
fluids by stretching sheet. Wu'’s slip condition is used for
momentum equation. Darcy forchheimer porous medium
is used in a momentum equation. Thermal equation is
formed by considering the effect of radiation, convective
condition, Temperature dependent heat source sink and
viscous dissipation. Zinc ferrite MnZnFe, O, and Nickle
Zinc ferrite NiZnFe,O, are used as nanoparticles and
Kerosene oil and engine oil are used as base fluids.
According to above assumptions flow equations are form-
ed as below:
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— 4+ ==
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where (u,v) are velocity vector, (x,y) are Cartesian

C *
K(fl/z > (pcp)hnﬁ khnﬁ QO: k,

o,n T 0O, A, B, and h; are known as density of hybrid

coordinates, P, ts, K, F =
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nanofluid, dynamic viscosity of hybrid nanofluid, porosity
constant, Forchheimer coefficient, heat capacitance of hybrid
nanofluid, thermal conductivity of hybrid nanofluid,
thermal dependent heat coefficient, mean absorption coeffi-
cient, exponential index, Temperature of fluid, exponential
dependent heat source, first order velocity slip, second
order velocity slip and heat transfer coefficient.

Similarity transformations

T-T
gzy £,u=axf’(§),v=f,vav 5 = =
vy Ti=T,

(6)

where v,= 1 + v, in case of two base fluid.

Dimensionless form
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Corresponding reduced boundary conditions
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Where R is radiation parameter, Pr is Prandtl number, L,
is slip parameter, L, second order slip parameter, B, is
Biot number, K is porosity parameter, F, is Forchheimer
number, (0, is thermal dependent heat source parameter,
0. exponential dependent heat source parameter.
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Skin friction and Nusselt number in dimensional form
is

Tw X4

Ch=——""——,Nu.= 11
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Where
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In dimensional form
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Table 1. Thermo physical properties of base fluid and ferrite
nanoparticles.

Physical o) G k Pr
properties (kg/m®)  (J/kgK)  (W/mK)
CioHa 783 2090 0.15 21
CgHig 890 1868 0.145 12900
NiZnFe,O4 4800 710 6.3 -
MnZnFe,O, 4700 1050 39 -

Table 2. Thermo physical properties of MnZnFe,O4 — NiZnFe,O, — CiyHy, and MnZnFe,0, — NiZnFe,0O4 — CjoHy — CgHys.

Properties MnZnFe2O4 - NiZnFeZO4 - C10H22 MI]ZI]F8204 - NiZnFeZO4 - C10H22 - Cngg
Density Punt [ Ps1:| Ps> Phn (ps1 + ps2) (pPs1 + Psa)
=) (1= )+ 4,28 + .22 —Ll—7[17 + }+
) Pr (=g =dd Pr # Pr (on + P/Z)( P -d+ s (Pn+ pp) ¢2 (o + pp)
PCP Iy _ (PCp)si (pCp) (pCp)si + (pCp)
. B —a-ga-g e BB D (g1 )+ LD D]
Heat capacity (Cp)y l l " (pCp); (pCp)s + (PCp)p (1=g)| (=g + 4 (pCp)n + (pCp)y
(PC) + P + 5 2P + (2Cp)s
(pCp); (PCp)n + (PCp)p
Viscosity Ly = 7 Ly = Hy iy,
(1) hnf (1- ¢1)2.5(1 — ¢2)2.5 hnf (1- ¢1)2.5(1 _ ¢2)2.5
[
(khf, + kbf,)
l{_ﬁ_"f _ ksz + Zk/;f* 2¢2(kbf* ksz) (ksl + kg:) + z(kbfl + kbfl) — 2¢2((kbfl + kbfl) - (ks1 + ksz))
Thermal ki ks, ¥ 2kt $o(kyy—ks,) (ks, + ks,) + 2(kss, + kig) + ok + (s, + ks,)
conductivity kuy _ ks, + 2k;—2 ¢y (ky— ks)) (ks + k) _
ke ks 2kt pi(k—ks) (ks + k)
(ks, +ks)) + 2(k;, + k) = 2s((ky, + ky) — (ks + ks,))
(ks + ks,) + 2(ks, + ky) + ¢ ((ky, + k) — (ks + k)
Prandtl number 21 12921

Table 3. Thermo physical properties of MnZnFe,O4 — CioH,, and MnZnFe,O, — NiZnFe,O4 — CgHs.

Properties MnZnFe,O, — CioHp, MnZnFe,0, — NiZnFe,O, — CgH 3
D‘“’g)“y p= (1= 9o+ dp. But— (1= )| (1= ) + 422 |+ .22
e (pCp) = (1= 900G+ oG LR = (1 g (1 g+ 2R 4 (O

ku _ kst (n— Dk, + (n—1) ¢lks— k)
ks ks+ (n—1)k;+ ¢ks—ky)

Thermal conductivity

Prandt] number 21

Ky :ks2 + 2kyy, — 2 ¢y (ko — ks,)
ke ks, 2k, + $o(ky—ks) °

kyy _Ks + 2k — 201K~ Ks,)
ky ks + 2k + Pk~ ks))

12900
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3. Results and Discussion

This section is devoted for physical results of velocity,
temperature, Nusselt number, skin friction via different
parameters (See Figs. (1-13)). This whole section is
devoted for examination of different hybrid nanofluids
over a boundary value problem. In this segment Nickle
zinc ferrite (NiZnFe,O4) and maganese zinc ferrite
(MnZnFe,O,) are used as nanoparticles and kerosene oil
(CioHy,) and engine oils (CgH;g) are used as base fluids.
Thermophysical values of nanoparticles and base fluids
are presented in Table 1. Table 2 and Table 3 are design
to show the physical properties of four different hybrid
nanofluids.

3.1. Velocity distribution

This subsection is designed for the behaviour of velocity
field against different parameters in Figs. (1-6). Fig. 1
shows the trends of four hybrid nanofluids namely
MnZnFezO4 - NiZnFezO4 - C10H22 - CgH]g hybrld nano-
fluid, MnZnFe,O4 — NiZnFe,O, — C,oH,, hybrid nanofluid,
MHZ]’IF6204 - NiZnF6204 - Cngg hybrld nanofluid and
NiZnFe,04 — C19H,; nanofluid. It is seen that velocity for

3.0f; ]
NianEl 04 - MIZH.FEE 04 - Cs HlS - C]g H_w,l
2.5 MnZnFe, O, —NiZnFe; Oy — Cg Hig ]
2.0F I\AIIZI]:FEQ Oy —Ni.Z!]FE) Oy — Cyp Hny
. NiZn.Fel O; - C]g HH
15
)
1.0p
0.5
0.0f
0 1 2 3 1 5

3
Fig. 1. (Color online) Curve of f(&).
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Fig. 2. (Color online) Effect of L, on f'(¢).
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NiZnFe,04 — CjoHs; nanofluid is higher than other hybrid
nanofluid. It is due to the fact that in hybrid nanofluids
there are two nanoparticles due to which there is more
resistance for flow of fluid particles. Fig. 2 displays the
effect of second order velocity slip parameter against
MnZnFe,O4 — NiZnFe,0O4 — CgHy, — CgH, g hybrid nano-
fluid and MnZnFe,0, — NiZnFe,O, — C;oH,, hybrid nano-
fluid. It is seen that overall behaviour of fluid is
decreasing but velocity is more in case of MnZnFe,O4 —
NiZnFe,O4 — CjgHp, hybrid nanofluid. Fig. 3 is for
behaviour of second order velocity slip against NiZnFe,O, —
CyoHy, nanofluid. It is seen that velocity for NiZnFe,O4 —
CyoHy, nanofluid. Trends show that it is decreasing for
both nanofluid but decrease is more for MnZnFe,O, —
NiZnFe,O4 — C;oH,; hybrid nanofluid. For impact of slip
parameter against MnZnFe,O4 — NiZnFe,O4 — CoHp,
hybrid nanofluid and MnZnFe,O, — NiZnFe,O4 — C;oHp,
— CgH,g hybrid nanofluid. Velocity reduces for higher
values of L. Fig. 5 is sketched to show the impact of first
order velocity slip against MnZnFe,O, — NiZnFe,O, —
CyoHy, hybrid nanofluid and NiZnFe,O, — C;oHy, nano-
fluid. It is seen that velocity decays due to increase in slip

NiZl].FEI O_L —MIZI].FE‘.Z O_L —Cs H]g

061 \, --oe e NiZnFe, O; —Cyg H

1,=0,-02,-04,-06

Fig. 3. (Color online) Effect of L, on f(&) for two different
condition.

e NiZnch 04, = I\"IllZﬂFEg 04, = Cg ng = CIO HH
i e MnZuFe, O; —NiZnFe; Os —Cyo Hop

f'(£)

/' 1,=0,02,04,06

(=)
—
(39
w
N
i

Fig. 4. (Color online) Effect of L, on f/(¢).



Journal of Magnetics, Vol. 25, No. 4, December 2020

T T T T T

NiZIlFEE 04 7MIIZI]FEQ 04 - Cm Hgl

(75
(=]
T

| S— NiZnFe; Oy —Cyo Hy

(8]
in

[ ]
[=]
T

& 15F \
NN L;=0,02,04,06

Lof N
0.5}

0.0F ) === - -1
0 1 2 3 4

P

Fig. 5. (Color online) Impact of the L, on f/(£) with two dif-
ferent hybrid nanofluids.
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Fig. 6. (Color online) F, on f'(¢).

parameter. As we increase the values of slip parameter
stretching velocity partially transferred to the fluid due to
which velocity decays. Fig. 6 is scrutinized to show the
impact of Forchheimer number against MnZnFe,O, —
NiZnFe,O4 — CyoHy, hybrid nanofluid and NiZnFe,O4 —
CioHy; nanofluid. It is seen that velocity enhances for
greater F,. It is due to the fact that when we increase the
values of porosity constant decays due to which resistance
between the fluid particles decays hence velocity increases.

3.2. Thermal distribution

Figs. (7-11) sketched the impact of pertinent parameters
against temperature field with different hybrid nanofluids.
Fig. 7 tells impact of these four hybrid nanofluid namely
MHZHFGQO4 - NiZnFezO4 - C]()sz - CgH]g hybrld nano-
ﬂuid, MIIZHFCQO4 —NiZnF 6204 - C10H22 hybl'ld nanoﬂuid,
MnZnFe,04 — NiZnFe,O4 — CgH;g hybrid nanofluid and
NiZnFe,O4 — CioHp, nanofluid against temperature fluid.
It is seen that temperature is highest for NiZnFe,O, —
CioHy, nanofluid. Fig. 8 shows the influence of Biot
number via temperature field of MnZnFe,O, — NiZnFe,O,
— CyoHp, — CgHyg hybrid nanofluid, MnZnFe,O,—NiZnFe,0,
— CioHy; hybrid nanofluid. It is seen that temperature
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Fig. 7. (Color online) Curves of (&) for different hybrid
nanofluids.
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Fig. 8. (Color online) Curve of 4(¢&) for diverse values of Bj.

rises for greater Biot number due to increase in heat
transfer coefficient. It is also observed that MnZnFe,O, —
NiZnFe,O4 — CigHyp hybrid nanofluid temperature is
prominent than other hybrid nanofluid. Impact of thermal
heat source parameter via temperature of MnZnFe,O,4 —
NiZnFe,O4 — CgHjg hybrid nanofluid and NiZnFe,O, —
CyoHy, nanofluid is presented in Fig. 9. Temperature rises
for greater values of (.. Physically with increase in Q,

T T T T
A

0.5 _\:\ — Ni.Zl']FEZ 0Oy — MnZnFe; Oy — Cy Hyg — Cyp Ha |
“‘\Y\\‘:\‘ ——————— NI.I].ZI]FEQ 04, 7NiZl]FE: 04 - Cm Hg;
\

«

—~ 03[
)
T /‘/ 0;=0,051,15
0.2
0.1
0.0L . . . "
0 2 4 6 8
¢

Fig. 9. (Color online) Curve of 6(&) for diverse values of Q,.
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Fig. 10. (Color online) Curve of 8(&) for diverse values of Q..
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¢, =0,0.1,02,0.3

[=]
[N
.

Fig. 11. (Color online) Curve of €(¢) for diverse values of ¢,.

thermal heat source coefficient increases due to which
temperature enhances. Fig. 10 shows the impact of
temperature field of MnZnFe,O, — NiZnFe,O, — CgHig
hybrid nanofluid and NiZnFe,O, — CioHy, nanofluid
against exponential heat source parameter Q,. It is clearly
seen that temperature is more for higher values of Q,. Fig.
11 portrays the impact of nanoparticle volume fraction of
CioHyp, via temperature profile of MnZnFe,O, — NiZnFe,0,
— CgHyg hybrid nanofluid and NiZnFe,O4 — C;oHy; nano-
fluid. It is seen that temperature of the fluid reduces via
higher ¢.

3.3. Coefficient of skin friction and rate of heat trans-
fer

Figs. 12 and 13 are designed to show the behaviour of
Nusselt number and skin friction against pertinent para-
meters. Fig. 12 describes that magnitude of surface drag
force reduces for higher values of second and first order
velocity slip parameters. Fig. 13 tells the influence of
thermal heat source parameter against Nusselt number of
MHZHF6204 - NiZnFeZO4 - C10H22 - CgH]g hybrld nano-
fluid, MnZnFe,O4 — NiZnFe,O, — C;oH,; hybrid nanofluid.
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Fig. 12. (Color online) Curve of coefficient of skin friction
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Nusselt number
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Fig. 13. (Color online) Curve of Nusselt number versus Q..

It is observed that Magnitude of Nusselt number boosts
up for rising Q..

4. Conclusion

Key points of the present analysis are mentioned below:

* Velocity and temperature of MnZnFe,O4 — C;oHp, is
more than other nanofluids.

* Velocity of the fluid reduces for higher first and
second order velocity slip.

» Temperature enhances for greater values of O, and Q..

* Temperature of the fluid reduces for greater estimation
of @,.

+ Skin friction reduces for higher L; and L,

* Nusselt number is rising for higher Q..
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