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The suspension of nanoparticles in base liquids has found extensive applications in
various industrial processes like nanomedicines, microsystem cooling, and energy
conversion. Owing to its important applications, this article investigates the hybrid
nanofluid flow over a three-dimensional stretching surface. The fluid is influenced
by thermal radiation, chemical reaction, and a variable thermal source/sink. The
set of equations that administer the fluid behavior has been transformed to
dimensionless form by a suitable set of similarity transformations that are
further solved by the homotopy analysis method. It was found that as the ratio
parameter increased, the velocity of hybrid nanofluid velocity decreased along the
primary direction and increased along the secondary direction. The temperature
characteristic was augmented with greater values of nonlinear thermal radiation
and source/sink factors. Growth in the chemically reactive factor and Schmidt
number has an adverse effect on the concentration profile of the hybrid nanofluid
flow. A comparative analysis of the current results and those established in the
literature was conducted. A close agreement with those published results was
found. It was noted that temperature and concentration increase more quickly for
the MoS, + MgO/H,O hybrid nanofluid than the MoS,/H,O, MgO/H,O nanofluids.

KEYWORDS

nanofluid, hybrid nanofluid, Riga plate, thermal radiation, chemical reaction, variable
heat source

1 Introduction

The heating and cooling of fluids is quite useful in industrial applications like power
manufacturing and power transportation processes. Typical fluids have lower thermal
conductivities because of their lower thermal flow characteristics. In contrast, the thermal
conductivity of metals is higher. So, to create fluids with a desired level of thermal conductivity,
solid nanoparticles are mixed with conventional fluids, as proposed by Choi (Choi and Eastman,
1995). Shah et al. (2020) mixed gold nanoparticles in blood, discussed the behavior of that fluid,
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and concluded that the thermal characteristics were enhanced with
improvements in the radiation factor and number of solid
nanoparticles. Bhatti et al. (2022) studied the swimming behavior of
microorganisms in a Williamson MHD nanofluid flow over rotating
plates embedded in a permeable region and concluded that an increase
in magnetic factor and nanoparticle volume fraction increased the
temperature characteristics and decreased fluid velocity. Acharya et al.
(2022) inspected the variations in hydrothermal nanofluid flow
influenced by the diameters of nanoparticles and a nanolayer and
showed that the nanolayer enhanced the thermal flow by 84.61%.
Shahid et al. (2022) presented a numerical examination of nanofluid
flow over a permeable surface using the influences of activation energy
and bioconvection.

Mixing two different types of nanoparticles in a base fluid will
enhance its thermal conductivities. This is called a hybrid nanofluid.
Manzoor et al. (2021) studied the improvement of thermal transmission
of a magnetized hybrid nanofluid flow over a stretching sheet and
concluded that the temperature distributions were augmented with
enhancements in volume fractions and magnetic factors. Khan et al.
(2022a) examined the flow of a hybrid nanoliquid on a moving heated
needle placed horizontally in the fluid and found that the thermal
transmission was enlarged with an increase in Brownian motion, Eckert
number, and volume fractions of nanoparticles. Waseem et al. (2021)
examined the couple stress hybrid nanofluid flow over a vertically placed
heated plate using heterogeneous and homogeneous reactions. They
concluded that the skin friction increased with the increase in buoyance
forces. Eid and Nafe (2022) examined the thermal conductivity and heat
generation influences on MHD hybrid nanoliquid flow over a stretching
surface with slip conditions. Zhang et al. (2022) analyzed the flow of
hybrid nanoliquid past a stretching surface and concluded that the fluid
moved faster with higher values of the Darcy number, while the motion
of fluid was retarded with an increase in the magnetic factor. Ojjela
(2022) investigated the thermal transportation of hybrid nanofluid using
alumina and silica nanoparticles and compared the results with
established studies. The related analyses can be seen in Zabihi et al.
(2020a), Zabihi et al. (2020b), Wahid et al. (2020), Alhowaity et al.
(2022), Khan et al. (2022b), and Zabihi et al. (2022).

Fluids that conduct electrically, like liquid metals, plasmas, and
electrolytes, can be organized using magnetic fields. These flows have
many applications in earthquakes, astrophysics, geophysics, and
sensors. In such phenomena, magnetic and electric fields are used to
control and direct the flow of fluids; these are called EMHD flow. Fluids
flowing in electrically weak conducted fluids can be organized and
controlled by applying an external electric field using a Riga plate, which
is an electromagnetic surface with alternatively assembled electrodes.
Such an arrangement produces hydrodynamic and electromagnetic
behavior within the fluid flow on a surface. Lielausis (1961) constructed
a Riga plate to control the fluid flow by producing a Lorentz effect along
a wall. Shafiq et al. (2021) studied double stratification at the stagnant
point in a Walters-B nanofluid past a radiative Riga plate. They
observed  that
concentration was found for double stratification, while stronger

intensive retardation in thermal flow and
radiation values corresponded to a significant rise in temperature.
(2022)

characteristics regarding the thermal, skin friction, and concentration

Asogwa et al compared two different nanofluid
past an exponentially accelerated Riga plate. They found that in the case
of increased radiation, a CuO-based nanofluid behaved much better

than a Al,Os-based nanofluid. Gangadhar et al. (2021) investigated the
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flow of a radiative EMHD fluid on a Riga plate due to heat convection
using the modified Buongiorno model. Rahman et al. (2022) examined
the effects of suction and magnetic factors on a nanofluid flow
containing copper oxide, metal, alumina, and titanium dioxide
nanoparticles over a spinning disc. Anuar et al. (2020) analyzed the
magnetohydrodynamic effect on a nanofluid flow over a nonlinear
extending surface. Kumar et al. (2017) investigated the influence of
chemical reactions on the MHD three-dimensional nanofluid flow over
a Riga plate.

Thermal radiation plays a fundamental role in the heat transport
phenomenon. Many investigations have been made on the nanofluid
flow with thermal radiation effects. Hayat et al. (2013) investigated
the Jeffery liquid flow past a stretching sheet with the impact of
thermal radiation and found that the skin friction and Sherwood
number were amplified due to the higher radiation factor. Sabir et al.
(2021) examined the Sutterby fluid flow with the influence of
thermal radiation and concluded that higher strength of magnetic
and radiation factors augmented the thermal characteristic and skin
friction. Jjaz et al. (2021) simulated the effects of a thermal radiation
magnetic field on a nanofluid flow containing gyrotactic
microorganisms and concluded that the temperature- and space-
based heat absorptions were more appropriate for cooling. Ali et al.
(2021) inspected the influences of thermal radiation and magnetic
field effects on the Darcy flow and observed that with an increase in
the diameter of copper nanoparticles, the temperature distribution
Saeed et al. (2021)
Darcy-Forchheimer nanoliquid flow with thermal radiation and

was  increased. investigated  the
determined that the velocity profile reduced with the higher Darcy
number, and temperature was increased with growth in the
radiation factor. The impacts of thermal radiation, chemical
reaction, and heat absorption/generation on MHD Maxwell
nanofluid flow were examined by Tlili et al. (2020).

In many investigations, there may be reasonable thermal
differences between the ambient fluid and the surface on which
the fluid flows. This idea necessitates deliberation in the presence
of thermal heat or a thermal sink that strongly affects the thermal flow
rate of a fluid flow system. This idea is gaining more attention because
of its expanding uses in production engineering problems where the
heat transportation is substantial to enhance the quality of the final
product. Khader and Sharma (2021) evaluated the time-based MHD
liquid flow over a shrinking/stretching sheet using thermal radiation
and a heat source and found that temperature declined with an
expansion in the steadiness factor and the thermal buoyancy
parameter, whereas it increased with higher values of the heat
source. Tarakaramu et al. (2022) discussed the three-dimensional
couple stress fluid flow past a stretching surface with nonlinear
thermal radiation and heat source impacts. Ram et al. (2022)
examined the mixed convection thermal and mass transportations
in a magnetized fluid flow at a stagnant point of a stretching surface
with a heat source. Haq et al. (2022) examined the mixed convective
nanofluid flow past an irregular inclined sheet with a chemical
reaction and heat source impact and found that velocity rises with
the increases in the angle of inclination. Sharma et al. (2022) explored
the effect of a thermal source on EMHD nanofluid flow over an
extending surface. Saleh et al. (2022) analyzed the influence of the heat
source on nanoliquid flow past a stretching surface and found that
thermal distribution increased as the temperature-based heat source
and space factors increased. Li et al. (2022) discussed the double
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diffusion nanofluid flow with the influence of activation energy, a
nonlinear heat source/sink, and convective conditions. Many similar
studies can be seen in Alharbi et al. (2018), Alwawi et al. (2020),
Hamarsheh et al. (2020), Sravanthi (2020), El-Zahar et al. (2021),
Khan et al. (2021), Shamshuddin et al. (2021), El-Zahar et al. (2022),
Thumma et al. (2022), Ullah et al. (2022), and Waini et al. (2022).
Apart from the aforementioned analyses, there is less work on
the hybrid nanoliquid flow over a stretching surface. The surface of
the plate is kept at a constant temperature and concentration. The

nonlinear  thermal radiation, variable heat source/sink,
thermophoresis, Brownian motion, and chemical reaction
impacts are considered to make this model novel. The

mathematical formulation of the flow is presented in Section 2.
Section 3 provides a semi-analytical solution to the flow problem.
The validation of current results with published results is presented
in Section 4. The discussion of the present results is presented in
Section 5. Concluding remarks are presented in Section 6.

2 Problem formulation

Consider the flow of a hybrid nanofluid on a three-
dimensional extending surface. The surface stretches along the
x axis with a velocity u, (x) =ax and along the y axis with
velocity v, (y) = by, where a and b are positive fixed values. The
flow in the system is induced by a Riga plate with M = M, (x)
along the z direction. At the surface of the Riga plate, T, is
temperature and C,, is concentration, whereas, at the free surface,
these quantities are given as T and Cu. Nonlinear thermal
radiation, the variable heat source/sink, thermophoresis, and
chemical reaction effects are also considered. Using these
assumptions, the leading equations can be written as follows
(Ahmad et al., 2016; Muhammad et al., 2021; Algarni, 2022; Shah
et al., 2022):

a_u+@+a_w_0 (1)
ox dy o0z
V) .
u%+va_u+w a_u=.uhnfa_1/l L—HJOMeXp _l ) (2)
ox 0y 0z P 02% Py 8 2%
ov ov OV g %
Maﬁ'V@*’U)&—phnfa_zz, (3)
aT+ 8T+ oT king  O°T 1 aq,+ 1
U—+V—FW—= =— - 9
Ox 9y 9z (PCP)Imf 9z (PCP)hnf 9z (PCP)hnf

(4)
oaC oC aC o’C
= D~ _K*(C -
uax+vay+waz DBaZ2 K*(C -Cy), (5)
at z=0}

(6)

with boundary conditions:

C=C,
z — 00

v=",(y)=by, T=Tu

U = uy, (x) = ax,
T—->Ts, ,C—>Cy as

u—0 v—-0,

As mentioned previously, u,v,andw are the velocity
components along the coordinate axes, M is the magnetic
property of the plate surface due to the permanent magnet, and
jo is the electrode current density.

The g, (radiative heat flux) is defined as follows (Algarni, 2022):

Frontiers in Materials

10.3389/fmats.2023.1132468

TABLE 1 Thermophysical characteristics of base fluid and nanoparticles
(Mishra and Upreti, 2022).

Property MgO MosS, H,O0
p 3580 5.06x10° 997.1
G, 879 397.21 4179
k 30 904.4 0.613
40* OT*  160* O oT
B . A s ) 7
T 5 oz T Ak az< az> @)

The variable heat source/sink term ¢ is defined as follows (Khan
et al., 2022¢; Rawia et al., 2022):

q- uy (X)kpns (

el CACTRE L) f'+H(T-Ty)).  (8)

In the aforementioned equation, S, is the space factor and H is the
heat sink/source factor.
Substituting Eqs 7, 8 in Eq. 4, we have

or or  or 1 P 62T+160* 9 (ys O
U—+tw —_—+v-_—=7—"~— nf =5t 5 = =
ox 0z ay (PCP)hnf hnf 0z° 3k* Oz 0z o
9

w kn
+ 1 u(x)hf(

(L, o T+ T T

The thermophoresis models for a nanofluid and hybrid
nanofluid are appended as follows (Acharya et al., 2020), while
their numerical values are assumed in Table 1.

oy 1

Ps (pCP)nf:
ueo (1-¢)" '

Pos _ 1-¢)+¢
o (1-9¢) b (G,

3(5—1)¢>
ka: (ks +2kf) —2¢(kf —ks) Onf =1+ oy

ki (ko+2ks)+¢(k;-k) of <2+&>+<1_&>¢.

$,04 + ¢’2‘752>
3( D2 T P02 5 ,
| (B (6, +4)

of $,04 + ¢,00 $,04 +§,00 ’
2+< (¢1+¢2)‘7f>_< o @ +¢2)>

‘uh_nf = ; Ph—nf = 1 — — + & + /ﬁ
uy (1 —, - ¢2)2,5 Py ( ¢, ¢2) ¢1Pf ¢2pf
] PCs),., C C
( P)h L= (1 - - ¢2) + ¢1(P P)SI + ¢2(p P)sz,
(PCP)f Pr Ps
kad, + koo,
khnf ~ W"’ 2kf + 2(k51¢1 + k52¢’2) - 2(¢1 + ¢2)kf
k - ksl 1 ksZ ) ’
PR ok -2k ket ¢ (4 6K

(11)
The similarity variables are given as follows:

u=axf'(&,v=ayg (&),

_ C-Cq
T Cy-Co

w= @7 (98 + £ (©)
_ (12)
e(f)zgi) z a .

163 — v
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Employing Eq. 12, the governing equations are reduced as follows:

W O+ @O+ @) &~ (f @)

Punf[Pf
exp(—¢a) =0, (13)
Phnf/pf

.“hnf/ﬂf m ! 2 " _
———=g" () - (g &) +(@®+f()g"®=0, (14
Pung [ Pf

khnf/kf N 3) "

+ {(1+ (0, -1} [0" (D)+
<(pCP)hnf/(pcP)f CP)hnf/ PCy f

(Kiny [Fes )(Phnf / Pr)
CP)W/(PCP);)((/‘hnf/ﬂf))

Pr(f () +g(9)0' (&) + ( (Spf'(©)+HB(E) =0

(15)
OO g O-r®=0 (9

with boundary conditions

fg=0=0, f'(¢=0=1 f'(§—00)=0,
g(=0=0, g'(§=0=S, g'(—00)=0, (17)
0(E=0)=1, 0((—>o00)=
p(§=0)=1, ¢(§—o00)=0.
In the aforementioned equations, a (= lﬂ \/W ) is the EMHD material
_ HjoMo

parameter, H (= £25>°) is the modified Hartmann number, S (= %) is

4] ) is the Schmidt number, Pr (= M)

160*T?

is the Prandtl number, N (— e k““) is the thermal radiation factor,

0, (= ’“) is the temperature ratio factor, andy(= & £ is the chemical

8a’p

the ratio parameter, Sc (=

reaction factor.

2.1 Quantities of interest

The main engineering quantities of interest, skin friction (C fx3
Cry), Nusselt number (Nu,), and Sherwood number (Sh,), are
specified as follows:

T'UJX T'U/ xqu}
C X = T C = 7},) Nux = >
B w0 o () K (Tu - Too)
Xqm
Shy=———-2" 18
DB (Cw - Coo) ( )
such that
ou ov aT
Tux = Hinfs N Twy = s, Y Qu = _khnfgizzo + qr|z:0’
oC
Gm = —DBE 70. (19)

Using Eq. 12, we have

Binf Phng
VRe; Cy = —2f"(0),+/Re, C, = —2g" (0),
I " f y “fy " g

Nu, (ks B 3\ g She _
= - <kf +N(1+(8,-1)8(0) )0 URe. - ¢'(0).

(20)

where Re, (= %) and Re, (= %) are the local Reynolds
numbers.
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3 Method of solution

To solve Eqs 13-16 with Eq. 17, we use the homotopy analysis
approach (HAM) presented by Liao (1999) and Liao (2010). It is a
semi-analytical approach used to find the solution of extremely
nonlinear differential equations in the form of series solutions. It is a
fast convergent approach for the solution of fluid problems. The
initial guesses for this approach are given as follows:

fo(®) =1-Exp[-€], go(§) =S(1- Exp[-£]), (1)
60 (§) = Exp[-€],  ¢,(§) = Exp[-¢].
The linear operators are specified as follows:
83f of g g 826
Ly (§) = Li®)=-5-55 L=
afaz(p 3 Il oy (22)
L(p (E) = a_gz -

with properties

Lo ({; Exp[-€] + {s Exp[¢]) =

{Lf(cwczExp E]+CzExp[f)=0,
L, ((9 Exp[-&] + Exp[f]) =

Ly ({4 + {5 Exp[-E] + {5 Exp[£]) = 0, }
(23)

where {; — (), are the constants in general solution.

These are zeroth-order problems:

(1-H)Ls (f (&H) - fo(8)) = HAN (f (& H), g (& H)),  (24)
(1-H)L, (g(&H) - go (§)) = HAN, (g (& H), f (& H)),  (25)
(1-H)Le(6(&H) - 6, (£)) = HaNg (0(¢; H), f (§; H), g (¢ H)),

(26)
(1-H)L,(¢(§&H) - ¢, () = HAN, (¢ (& H), f (§;H), g (§; H)),
(27)
fO;H)=0, f'(0;H)=1, f'(co;H)=0,
g(O;H) =0, g'(;H)=S, g'(co;H)=0, (28)
0(0;H) =1, 6(co;H)=0,
¢(0;H) =1, ¢(c0;H) =0,

where H € [01] is the embedding parameter and % is the non-zero
auxiliary factor. The nonlinear operators can be written as
follows:

#hnf/ﬂf O f(§H)
Phnf/pf g’
O f(&H) <6f(E,H)> H
(=Ea),
o0& o phnf/pfexp ¢
(29)

N, (f(EH), g(EH) =

+(g(&:H) + f(&H)

. o’ 5 b5 ; 2
Ng(g(f;fo(f;H)):“hf/“f g H)_< g9 (§ H))

Phnf / Py o o8

+ (g £H+f<£H>)ag(£’ . (0)

King [y . N
(PCI’);(nf/(pCP)f (PCP)hn}/(pcP)r 2°0(&;H)
ot

Ny (0(&H), f(§H), g(&H) =
{(1+ (6, — DO(E H)O (& H)Y

OEH)  (king/kr)(Puns /) ( 5 2 EH)
i4

+Pr(f (& H) + g (¢; H))
I (PR RNTPER P A

+H59(5;H)>,

(31)
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2 r
Ny (¢(&H), f(&H), g(&H) = é 8(/);7(;,1&)
F(fER+gE H>>a¢§g D
- yo (& H).
(32)
For H=0 and H = 1, we have
F&0) = fo (5, f&D=f(&),
9(&0)=go(5), g(&1)=g(), (33)
0(&;0) =0(&), 0(&1)=0(%),
?(&0) =98, ¢(&1)=9().

Using a Taylor series expansion with respect to H, we have

00 am . 3
FER = Fo(©+ 3 fu@H, ()= oo LD
9EW = 0O+ Y g, OH g, ()= %

JH) = 3 m _ L J"6(H)
OEH =0+ 20 OH" 0.(8) =5~

PEH) = 0O+ Y0, O g, (0 = - TECTD

69
These are mth-order deformation problems:

Ly (fn (&) = Xy fnr (§) = 1R, (§), (35)
Ly (g (§) = X,pGm1 (§)) = 1R, (©), (36)
Lo (0 (8) = X401 (§) = 1R, (&), (37)
Ly (9 () = 91 (8)) = R}, (8), (38)

fn(0) = £,,(0) = f,,(c0) =0

9m(0) =g,,(0) =g,,(c0) =0
0,,(0) =0,,(c0) =0 (39)
¢,,(0) = ¢,,(00) =0

[Ty T = s ; ,
Rﬁ, (E) = nf ffmfl+ Z gmflfnfm + Z fmflfnfm - (fmfl)2
Phngl Py =0 =0
+ exp (—§a), (40)
Phnf/Pf
thf/ By w s, =l .= "
R}qn (5) = ——FYmT (gm—l) + z gm—l—ngm + z fm—l—ngma (41)
Phnf/Pf =0 o
Ky [k s N ,
R, (§) = ( L {(1+ (B = 1)0n )0 }3>em4
(PCP)hnf/(PCP)f (PCP)hnf/(pCP)fl 1
+Y§fm,1,n6;n +'§ym—1—n9; o e /) pwnsly)
"0 =0 ((PCP)W/ (rCp) f)((‘uh"f )
(Sp fonrt Hbou ), 42)

m=1

1, = ) )
R (§) = SOt D Grrn@p+ Y ftnPry = VP (43)
n=0 n=0

where

m<1

K = , m>1"

|
——
— O
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FIGURE 1

7~ curves for f"(0), g"(0), 6'(0), and ¢’ (0).

3.1 HAM convergence

HAM ensures the convergence of our series solution of the modeled
equations. The auxiliary factor % plays a key role in adjusting and
controlling the convergence region of the flow problem. To examine the
convergence of our present model, we have plotted Figure 1. The
convergence region of f"(0) is -2.0<h;<0.0, g"(0) is
-1.0<745<0.0, 0 (0) is —2.3<hp<0.3, and ¢ (0) is —2.5< 7, <0.5.

4 Validation

A comparative analysis was carried out, as shown in in Table 2,
between the current results and the results given in Kumar et al. (2017),
Anuar et al. (2020), and Shah et al. (2022). The current results have a
close relationship with results previously published in the literature.

5 Results and discussion

This article investigates the EMHD flow of a hybrid nanofluid
past a bi-directional extending surface. The fluid is influenced by
nonlinear thermal radiation, chemical reactions, and a variable
heat source. The set of equations that administered the fluid
behavior has been transformed to dimensionless form by
applying appropriate similarity variables. The impacts of
various substantial parameters on the flow profiles are
discussed in the following paragraphs.

Figure 2 depicts the influences of the Hartmann number on fluid
velocity. It is observed that the higher values of H increase the
velocity profile. The higher H intensity of the electric field enhances
the parallel Lorentz force, and, as a result, the velocity of the hybrid
nanofluid flow enhances. This shows that along the x-direction, the
velocity gets support from the parallel Lorentz force. Therefore, the
velocity profile of the hybrid nanofluid flow enhances with the
greater H.

Figures 3, 4 show the impact of S on f'(£) and g'(£). It is
observed that S is a retarding function of f'(£) and an augmenting
function of g’ (¢). Physically, the increasing values of S support the
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TABLE 2 Comparative analysis of common factors among current and previous results for ¢, = ¢, = 0.

~"(0) ~g"(0)
Wang et al. Hayat et al. Kumar et al. Present Wang et al. Hayat et al. Kumar et al. Present
( ( ( value ( ( ( value
) ) ) ) ) )
0.0 1.0000 1.000000 1.00000 1.00000 0.0000 0.000000 0.00000 0.00000
025 1.0488 1.048810 1.04906 1.04881 0.1945 0.19457 0.19457 0.19457
05 1.0930 1.093095 1.09324 1.09309 0.4652 0.465205 0.46532 0.46520
0.75 1.1344 1.134500 1.13458 1.13450 0.7946 0.794620 0.79470 0.79462
1.0 1.1737 1.173721 1.17378 1.17372 1.1737 1.173721 1.17378 1.17372
1.2} ‘ ‘ ‘ 1.0 ‘ ‘ ]
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FIGURE 2 FIGURE 3
Impact of H on f'(&). Impact of S on f'(&).
skin friction at the surface of the Riga plate by extending more
friction to the fluid motion in its opposite direction at the surface. 0.4l ]
The reason for this is that the ratio parameter S is in a direct S=0.1
relationship with the fluid velocity in the y-direction and in a reverse 0.3
relationship in the x-direction. Hence, a retarding impact was noted ' S=02
in f' (&), and an augmenting effect was observed in g’ (). o —— S=0.3
The behavior of temperature flow due to the increase in the > 0.2} - 5=04 |
nonlinear thermal radiation factor N is depicted in Figure 5. We see
that with the increase in N, the thermal profile increases. With 01F 7
growing values of N, maximum thermal diffusions occur at the
surface of the Riga plate due to the electrical and magnetic 0.0l
characteristics at the surface. Hence, an increase in N results in Tl : : . y : :
L A . - 0 1 2 3 4 5 6
an expansion in the thermal distribution, as depicted in Figure 5.
The influence of the space factor S, and the heat source/sink §
factor Hg on temperature distribution is depicted in Figures 6, 7. FIGURE 4

Note that for the positive values of » and Hg, both behave as a heat
generation source. Furthermore, the presence of a heat source factor
discharges the energy to the fluid flow system. This released energy
augments the temperature boundary layer, and consequently, the
temperature distribution increases.

The effect of the chemical reactant factor y on the concentration
profile is shown in Figure 8. The higher chemical reaction factor
reduces the concentration profile of the hybrid nanofluid flow.

Frontiers in Materials 06

Impact of S on g’ (é).

The behavior of concentration characteristic in response to the
variation in Schmidt number Sc is shown in Figure 9, which shows
that the concentration profile reduces with the higher values of Sc.
Note that Sc has an adverse impact upon the concentration
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FIGURE 5
Impact of N on 0(&).
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FIGURE 6
Impact of S, on 6(¢).

characteristics. Physically, with higher values of Sc, the mass
diffusivity reduces, while the kinetic viscosity of fluid enhances,
causing the declination in the mass profile. The fluid particles at the
surface of the Riga plate with greater values of Sc defuse less, due to
which less mass transmission occurs. As a result, the concentration
characteristic diminishes gradually, as portrayed in Figure 9.

Figures 10, 11 depict the behavior of velocity profiles of the
MgO - H,O nanofluid, the MoS, - H,O nanofluid, and the
MoS, — MgO/H,O hybrid nanofluid. In the case of the MgO —
H,0 and MoS, — H,O nanofluids, there are the same variations in
velocity characteristics at the surface of the Riga plate. However, in
the case of the MoS, — M gO/H,O hybrid nanofluid, the behavior is
different. Fluid motion is higher for the MoS, — M gO/H,O hybrid
nanofluid flow than the MoS, — H,0O and MgO — H,O nanofluid
flows, as depicted in Figures 10, 11.

Similarly, from Figures 12, 13, we see that the behavior of
temperature and concentration profiles for the MgO — H,O,
MoS, — H,O,and MoS, — MgO/H,O hybrid nanofluids are quite
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FIGURE 10
Velocity profile (f' (£)) for the comparison of MoS, - MgO/H,O,
MoS; - H,O, and MgO - H,O.
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FIGURE 11
Velocity profile (g’ (§)) for the comparison of MoS, - MgO/H,O,
MoS; - H,0O, and MgO - H,O.

different. For the MgO — H,O and the MoS, — H,O nanofluids,
there are some variations in temperature and concentration
characteristics at the surface of the Riga plate. However, in the
case of the MoS, — MgO/H,O hybrid nanofluid flow, more heat
transfer is offered to flow particles. Hence, the temperature is
increased more in the case of the MoS, - MgO/H,O hybrid
nanofluid flow, as depicted in Figure 12. The reason is that the
hybrid nanofluid flow has greater thermal conductivity than the two
other nanofluids. Similarly, the concentration boundary layer
thickness is largest in the case of the MoS, — MgO/H,O hybrid
nanofluid flow when compared to the MgO — H,O and MoS, —
H,0 nanofluids. Hence, the concentration profile is higher in the
case of the MoS, — M gO/H,O hybrid nanofluid flow. The reason is
that the hybrid nanofluid flow has more mass transfer rate than the
other two nanofluids, as shown in Figure 13.

Table 1 of different
thermophysical characteristics. Table 3 depicts the influences

portrays the numerical values

of nonlinear thermal radiation N, space factor Sps and a heat
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FIGURE 12
Temperature profile (0’ (¢)) for the comparison of
MoS; - MgO/H,O, MoS, - H,O, and MgO - H,O.
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Concentration profile (¢’ (¢)) for the comparison of
MoS; - MgO/H,O, MoS; - H,0O, and MgO - H,O.

source/sink factor Hg on the Nusselt number in the case of the
MgO - H,O nanofluid, the MoS, — H,O nanofluid, and the
MgO — MoS,/H>0 hybrid nanofluid. With growing values of
N, the maximum thermal diffusions occur at the surface of the
Riga plate due to the electric and magnetic characteristics at the
surface. Hence, amplification in the values of N results in an
increase in the Nusselt number. Similarly, an increase in the space
factor S, and heat source/sink factor Hg causes an increase in the
Nusselt number. Growth in the Nusselt number in the case of the
MgO — MoS,/H>O hybrid nanofluid is greater than in the
MgO - H,O and MoS,; - H;O nanofluids. In Table 4, the
impacts of the chemical reactant factor y and the Schmidt
number Sc are shown on the Sherwood number. With the
increase in y, the solutal molecules grow and cause mass
diffusions. Hence, growth in y causes a decline in the values
of the Sherwood number. Similarly, with higher values of Sc, less
mass transmission occurs; as a result, the Sherwood number
decreases gradually.

frontiersin.org


https://www.frontiersin.org/journals/materials
https://www.frontiersin.org
https://doi.org/10.3389/fmats.2023.1132468

Algehyne et al.

TABLE 3 Impacts of different physical factors on the Nusselt number.

Nu,
\/Re,
MgO - H,O0 MoS, -H,0 MgO — MoS,/H,0

0.1 1.05455 1.05282 1.10516
0.2 1.14768 1.14586 1.19981
0.3 1.24278 1.24087 1.29642
0.2 1.07391 1.07186 1.12650
03 1.09323 1.09088 1.14723
0.4 1.11260 1.10989 1.16823
0.2 1.07391 1.07186 1.12650
0.3 1.09323 1.09088 1.14723
0.4 1.11260 1.10989 1.16823

TABLE 4 Influence of y and Sc on the Sherwood number.

Shy
VRer
MgO - H,0 MOSz - H,0 MgO = MOSz/Hzo
0.1 0.98543 0.97584 1.05285
0.2 0.73236 0.72169 0.85410
0.3 0.45356 0.43864 0.57638
0.2 1.53567 1.53567 1.67083
0.3 1.50425 1.48536 1.65487
0.4 1.47653 1.45369 1.63863

6 Conclusion

This work investigates hybrid nanofluid flow past a bi-
directional stretching surface. The hybrid nanofluid flow is
affected by thermal radiation, chemical reactions, and a variable
thermal source/sink. The set of equations that administer the hybrid
nanofluid flow behavior was transformed to a dimensionless form by
suitable similarity transformations. After a comprehensive analysis,
the following points are noted.

a) Because the increase in the Hartmann number augments the
strength of the electrical field externally, the behavior of the wall
Lorentz force increases the decrease in the velocity of the fluid.

b) The ratio parameter has a direct relationship with the hybrid
nanofluid flow velocity in the y-direction and a reverse
relationship in the x-direction. Hence, a retarding impact was
noted on the primary velocity, and an augmenting effect was
observed on the secondary velocity.
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Nomenclature

T, surface temperature

u,, stretching velocity

M magnetic factor

q, radiative heat flux

q variable heat source/sink
Spand H; space and heat factors
k* Stefan-Boltzmann constant
Sc Schmidt number

N nonlinear thermal radiation
y chemical reaction

C, specific heat

MgO magnesium oxide

MoS, molybdenum disulfide
(Csxs Cyy) skin frictions

vr kinematic viscosity

0(&) temperature profile
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C,, surface concentration

Ejy rate of deformation

Jjo electrode current density

p density

¢* mean absorption coefficient
« EMHD factor

H modified Hartmann number
§ ratio parameter

Pr Prandtl number

0,, temperature ratio parameter
k thermal diffusivity

H,O0 water

Nu, Nusselt number

Sh, Sherwood number

Re Reynold number

f'({) velocity profile
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