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Ethylene glycol with nanoparticles behaves as a non-Newtonian fluid and its

rheology can be best predicted by the power-law rheological approach. Further

nanoparticles (molybdenum disulfide and silicon dioxide) are responsible for

anti-oxidation, anti-evaporation, and anti-aging. Therefore, their dispersion in

ethylene glycol is considered as these propertiesmake the nanofluid stable. This

article examines the impact of molybdenum disulfide and silicon dioxide on the

thermal enhancement of ethylene glycol as it is a worldwide used coolant.

Moreover, simultaneous effects of temperature and concentration gradients,

Joule heating, viscous dissipation, thermal radiations, and buoyancy forces are

modeled and developed, and investigations are computed by the finite element

method. An increase in temperature due to the composition gradient and an

increase in concentration due to the temperature gradient are observed. A

significant increase in the Ohmic phenomenon with an increase in the intensity

of the magnetic field is observed. Numerical experiments are performed by

considering single-type nanoparticles (MoS2) and hybrid-type nanoparticles

(simultaneous dispersion of SiO2 andMoS2is considered). During the

visualization of simulations, the effective thermal conductivity of

MoS2-SiO2-ethylene glycol is observed.
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Introduction

Nanofluids can be created by dispersing colloidally dispersed single nanoparticles in a

new base fluid. This fluid is suitable for various applications, including microelectronics,

pharmaceuticals, thermal management, and temperature control. Finally, the base liquid

contained nanoparticles of two different types, i.e., hybrid nanofluid. When nanofluids
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made of alumina are heated or cooled, their dynamic viscosity

changes according to their composition. According to

researchers, this is because of the shape of the

nanoparticles. Nanoparticles and their base fluids are

thought to have different surface charges, affecting how

they interact with their base fluids. Nanoparticles [1]

have different surface charges, making them interact with

each other in different ways, which makes them unique.

Sahu and Sarkar [2] wrote that the shape of nanoparticles

affects how active and energetic nanoparticles are. Jiang

et al. [3] demonstrated the movement of nanofluids in an

aqueous solution via convection caused by heat and water

using a thermo-capillary convection chamber (spherical,

cylinder, brick, and platelet). Spherical and platelet

nanoparticles are the two nanoparticles with the most

significant thermo-capillary convection. However,

convection is not as strong as in a nanofluid containing

platelet-shaped nanoparticles. The number of nanoparticles

on the Nusselt blade has also gone up. It worked better for

the people who used blade-shaped nanoparticles than those

who used round nanoparticles. Nanoparticle shapes have

been talked about by Arno et al. [4] concerning this subject.

This was the first time three different nanoparticles were

mixed in a single primary fluid. Many studies have come up

with good results and helpful information. Thermal analysis

shows that high thermal diffusivity in supercritical solar

power plants can be advantageous because of the plants’

high stability and the slight temperature fluctuations in their

thermal diffusivity [5]. Mousavi et al. [6] observed the

movements of copper oxide, magnesium oxide, and

titanium oxide in a laboratory. Because nanoparticle

concentrations increased in all the nanofluids studied in

this study, their viscosity increased. The viscosity of a liquid

decreases as the temperature rises.

On the other hand, when it comes to the dynamics of

ternary hybrid nanofluids, they behave just like Newtonian

fluids. They did what they said they would and when they

said they would. When the temperature rises, the density of

ternary hybrid nanofluids gets less dense. Between 35 and

50°C, nanoparticles can be added to the base fluid to make it

more heat-resistant to handle more heat. Sahoo and Kumar

[7] studied these nanoparticles in water to figure out how

they work together and work with each other. They can

move in three different ways at the same time. Dynamic

viscosity can be used to determine how much volume a

trinary hybrid nanofluid has. This then helps figure out its

volume fraction. They have been talked about by Abbasi

et al. [8], Sahoo [9], and other researchers. For a long time,

fluids were moved by suction/injection and rotation, but this

has been changed to stretching at the wall. As long as suction

and stretching are used together, things can be moved in any

direction. When there are low suction rates, the Reynolds

number rises, which causes turbulence to form quickly.

Gregory and Walker [10] found this out. The findings of

other scientists back up this claim. In terms of suction, there

are two main ways to use it: to bring energy into the system

and take it out. Another way to use it is to get energy. Suction

can make blood pressure differences between arterial and

venous vessels more significant [11]. Suction can be used to

control shock and boundary layer separation and

interaction, as shown by Krogmann et al. [12],

Animasaun [13], and Zaydan [14]. A small medium can

also be used to see how thermo-magneto-convection

dynamics change. In addition, the work of Hashem Zadeh

et al. and Alsabery et al. should also be talked about in these

processes, and also Ghalambaz, Hashem Zadeh, and

Alsabaery, you’ll also find the articles [15, 16, 17, 18, and

19] in this direction.

Reiner-model swirling water is used in the same way as

Sahoo et al. [20] studied the effects of suction and injection.

This study found that injecting can exacerbate oscillation

while changing the speed of transportation and using

suction could lessen it. While the suction may not be

strong enough to harm the brain, Rehman et al. [21]

claimed that the brain can still be damaged. The suction

flux stays the same, but the suction speed changes depending

on the situation. Several important contributions covering

the transport of momentum and energy are covered in

[22,23]. Moreover, studies regarding Hall impacts are

mentioned in [24,25,26,27,28]. Krishna et al. [29] studied

impacts based on ion slip and Hall in rotating flow

considered magnetic field for unsteady flow in a porous

surface. Krishna et al. [30] investigated thermal features

involving ion slip and Hall impacts in a vertical plate

containing nanofluid considering the magnetic field.

Bhandari and Tripathi [31] discussed the mechanism of

entropy generation and heat transfer in a microtube

involving a membrane-based system. Akram et al. [32]

performed the phenomena of electro-osmotically

modulated including peristaltic propulsion in the

occurrence of nanoparticles in a curved channel.

Bhandari et al. [33] discussed the consequences of

Newtonian fluid and thermal energy characteristics in a

microchannel in the presence of buoyancy forces and

pressure gradient. Studies related to thermal

enhancement due to nanofluid are mentioned in

[34,35,36,37,38].

Formulation of the developed model

The assumptions are listed as follows.

➢ Steady and 2D flow are addressed;

➢ The rheology of the power law model is assumed;

➢ Hybrid nanoparticles are added;

Frontiers in Physics frontiersin.org02

Nazir et al. 10.3389/fphy.2022.996174

https://www.frontiersin.org/journals/physics
https://www.frontiersin.org
https://doi.org/10.3389/fphy.2022.996174


➢ Aspects of the chemical reaction and heat source are

accumulated;

➢ A vertical surface is taken out;

➢ Soret and Dufour impacts are implemented;

➢ Thermal radiation and Joule heating are included;

➢ Thermal properties for hybrid nanoparticles are shown in

Table 1 while geometry is shown in Figure 1.

The set of non-linear PDEs [39, 40 and 41] in view of the 2D

flow of heat and mass transfer is

zu

zx
+ zv

zy
� 0, (1)

u
zu

zx
+ v

zu

zy
� −μhnf

ρhnf

z

zy
(−zu

zy
)n

− (B0)2σhnf
ρhnf

u + Gβ1(T − T∞)

+ Gβ2(C − C∞),
(2)

u
zT

zx
+ v

zT

zy
� ⎛⎜⎝ Khnf(ρCp)hnf +

σ*16T3
∞

3k*(ρCp)hnf⎞
⎟⎠ z2T

zy2

+ Q(ρCp)hnf (T − T∞) Khnf(ρCp)hnf[(−
zu

zy
)n−1

zu

zy
]2

+ DhnfkT

Cs(Cp)f
z2C

zy2
+ (B0)2σhnf(ρCp)hnf (u

2),
(3)

u
zC

zx
+ v

zC

zy
� Dhnf

z2C

zy2
− K0(C − C∞) + DhnfkT

Tm

z2T

zy2
. (4)

Boundary conditions are based on the no-slip theory which

states that the velocity of the fluid at the solid boundary is equal

to the velocity of the solid boundary. Similarly, the temperature

of fluid and concentration at the wall are equal to the temperature

of the solid wall and the amount concentration of species at the

solid wall, respectively. Hence, one gets the following boundary

conditions [40].

u � ax � Uw, v � 0, T � Tw( � T∞ + B1
x

l
), C � Cw( � C∞ + B2

x

l
) at y � 0,

u → 0, T → T∞ , C → C∞ at y → ∞ .

⎫⎪⎬⎪⎭
(5)

The following variables [40] are used to convert governing

equations into a dimensionless form:

η � y(Re1/n+1
x

), Ψ � xURe−1/n+1f, θ � T − T∞
Tw − T∞

,

u � zΨ

zy
, v � −(zΨ

zx
), φ � C − C∞

Cw − C∞

⎫⎪⎪⎪⎪⎪⎬⎪⎪⎪⎪⎪⎭
. (6)

ODEs in term of the dimensionless form [40 and 41] are

(∣∣∣∣f″∣∣∣∣n−1f″)′ − (1 − ϕ2)⎧⎨⎩ (7)

(1 + 4
3NR

) θ″ +
(ρCp)hnfKf

(ρCp)fKhnf

[Pr( 2n
n + 1

)fθ′ − Prf′θ] + Kf

Khnf
PrQhθ

+ Kf

Khnf

PrEC(1 − ϕ1)2.5(1 − ϕ2)2.5[(−f″)
n−1

f″]2 + Kf

Khnf
PrECM2(f′2)

+[(1 − ϕ1)2.5(1 − ϕ2)2.5] Kf

Khnf
A1PrDfφ″ � 0,

θ(0) � 1, θ(∞) � 0,

⎫⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎬⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎭

,

(8)

TABLE 1 Thermo-physical properties [41] for σ, k, Cp , and ρ.

ρ Cp k σ

C2H6O2(� 1113.5) C2H6O2(� 1113.5) C2H6O2(� 0.253) C2H6O2(� 4.3 × 10−5)
MoS2(� 2650) MoS2(� 2650) MoS2(� 1.5) MoS2(� 0.0005)
MoS2 and SiO2(� 5060) MoS2 and SiO2(� 5060) MoS2 and SiO2(� 34.5) MoS2 and SiO2(� 1 × 10−18)

FIGURE 1
2D-verticle surface of the current analysis.
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ϕ″ + ( 2n
n + 1

) Sc(1 − φ1)2.5(1 − φ2)2.5 fϕ′ −
KcReSc(1 − φ1)2.5(1 − φ2)2.5 ϕ + ScSrθ″ � 0,

ϕ(0) � 1, ϕ(∞) � 0,

⎫⎪⎪⎬⎪⎪⎭.

(9)

The following correlations [39, 40 and 41] are used in

numerical simulations:

ρnf � (1 − ϕ)ρf + ϕρS, ρhnf � [(1 − ϕ2){(1 − ϕ1)ρf + ϕ1ρS1}] + ϕ2ρS2 ,

(ρCp)nf � (1 − ϕ)(ρCp)f + ϕ(ρCp)S, (ρCp)hnf � ⎛⎝[(1 − ϕ2){(1 − ϕ1)(ρCp)f
+ϕ1(ρCp)S1}] + ϕ2(ρCp)S2

⎞⎠
⎫⎪⎪⎪⎬⎪⎪⎪⎭,

(10)

μnf � μf(1 − ϕ)2.5 , μhnf � μf(1 − ϕ1)2.5(1 − ϕ2)2.5 ,
knf
kf

� ⎧⎨⎩kS + (n − 1)kf − (n − 1)ϕ(kf − kS)
kS + (n − 1)kf + ϕ(kf − kS)

⎫⎬⎭,

khnf
kbf

� kS2 + (n − 1)kbf − (n − 1)ϕ2(kbf − kS2)
kS2 + (n − 1)kbf + ϕ2(kbf − kS2) ,

σnf
σf

� (1 + 3(σ − 1)ϕ
(σ + 2) − (σ − 1)ϕ),

σhnf
σbf

� σS2 + 2σbf − 2ϕ2(σbf − σS2)
σS2 + 2σbf + ϕ2(σbf − σS2) ,

σbf
σf

� σS1 + 2σf − 2ϕ1(σf − σS1)
σS1 + 2σf + ϕ1(σf − σS1) ,

A1 � ⎡⎢⎢⎢⎢⎢⎣(1 − ϕ2)⎧⎪⎨⎪⎩(1 − ϕ1) + ϕ1

(ρcp)S1(ρcp)f
⎫⎪⎬⎪⎭⎤⎥⎥⎥⎥⎥⎦ + ϕ2

(ρcp)S2(ρcp)f , Dhnf � Df(1 − ϕ1)2.5(1 − ϕ2)2.5

⎫⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎬⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎭

.

(11)

The dimensionless parameters are listed as follows:

M2⎛⎝ � 2σfB2
0

aρf
⎞⎠, Qh

⎛⎜⎝ � Q

a(Cp)fρf
⎞⎟⎠,

Pr⎛⎝ � Cp)fρfax2Re
2

n+1

Kf

⎞⎠, Kc( � K0]f
U2

),
Re( � xn(Uw)2−nρf

kf
), Sc( � ]f

Df
),

(12)

Df
⎛⎜⎝ � kt(Cw − C∞)Df

(Tw − T∞)Cs(Cp)f]f
⎞⎟⎠,

Sr( � kt(Tw − T∞)Df

(Cw − C∞) ]fTm
),

λN(� Gr

Re
), λM(� Gm

Re
),

Gr( � β1ρf(Tw − T∞)
k1

),

(13)

Gm( � β2ρf(Cw − C∞)
k1

),
Ec⎛⎜⎝ � (Uw)2

(Tw − T∞)(Cp)f⎞
⎟⎠, NR( kk*

4σ*T3∞
) (14)

The skin friction coefficient [41] is

Cf � τw|y�0
ρhnf(Uw)2, (Re)

1
n+1Cf

� − 1(1 − ϕ1)2.5(1 − ϕ2)2.5
∣∣∣∣f″(0)∣∣∣∣n−1f″(0). (15)

The Nusselt number [41] is expressed by

Nu �
x(Khnf + 16σ*T3∞

3k* ) zT
zy

∣∣∣∣y�0
Kf(Tw − T∞) ,

(Re)− 1
n+1Nu � −Khnf

Kf
(1 + 4

3NR
)θ′(0)

(16)

The Sherwood number [41] is given as

Sh � xqm
Dhnf(Cw − C∞), qm � −Dhnf

zC

zy

∣∣∣∣y�0, (Re)− 1
n+1Sh

� − 1(1 − ϕ1)2.5(1 − ϕ2)2.5φ′(0). (17)

Numerical procedure

The model problem along with boundary conditions is

simulated by an efficient technique called the finite element

method [42]. Numerous computational fluid dynamics

problems are solved by the FEM. Basically, six steps of the

FEM are discussed here and these steps are given in Figure 2.

Step I. The subdomains are obtained by dividing the problem

domain into elements. The discretization of the elements

gives an approximation solution over each element rather

than over the whole domain and the approximation solution is

considered as a linear polynomial. Weighted residuals are

derived as

∫
ηe+1

ηe

w1[f′ −H]dη � 0, (18)

FIGURE 2
Illustration of FEM (finite element method) steps.

Frontiers in Physics frontiersin.org04

Nazir et al. 10.3389/fphy.2022.996174

https://www.frontiersin.org/journals/physics
https://www.frontiersin.org
https://doi.org/10.3389/fphy.2022.996174


∫
ηe+1

ηe

w2[

(∣∣∣∣H′
∣∣∣∣nH′)′ − (1 − ϕ2){(1 − ϕ1)} + ϕ1

ρs1
ρf

+ ϕ2

ρs2
ρf

H2

⎛⎝(1 − ϕ2){(1 − ϕ1)} + ϕ1

ρs1
ρf

+ ϕ2

ρs2
ρf
⎞⎠ 2n
n + 1

�fH′

−(1 − ϕ1)2.5(1 − ϕ2)2.5σhnfσf
M2H

⎡⎣(1 − ϕ2){1 − ϕ1} + ϕ1

ρs1
ρf

+ ϕ2

ρs2
ρf
⎤⎦(λNθ + λNφ)

⎤⎥⎥⎦

(19)

∫
ηe+1

ηe

w3[

(1 + 4
3NR

)θ″ + [Pr( 2n
n + 1

)fθ′ − PrHθ] + kf
knf

PrQhθ

kf
knf

PrEC(1 − ϕ1)2.5(1 − ϕ2)2.5[(−H′)n−1H′]2 + kf
knf

PrECM2H2

+(1 − ϕ1)2.5(1 − ϕ2)2.5 kfknfA1PrDfφ″

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

(20)

∫
ηe+1

ηe

w4

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣φ″ +
2n
n + 1

Sc(1 − ϕ1)2.5(1 − ϕ2)2.5 fφ′ −
KcReSc(1 − ϕ1)2.5(1 − ϕ2)2.5 φ

+ScSrθ″

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦dη � 0.

(21)

Step II. The shape functions are the orthogonal nodal basis

which possesses the property Kronecker delta. The

approximation solution is obtained from the product of shape

functions. The linear shape functions are used here.

Step IV. assembly approach is implemented to obtain stiffness

elements. Stiffness elements are

K11
ij � (dψj

dη
ψi)dη, K13

ij � 0, b1i � 0, K12
ij � −(ψiψj)dη, K14

ij � 0,

(22)

K22
ij �

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
−(1 − ϕ2){(1 − ϕ1)} +⎛⎝ϕ1

ρs1
ρf

+ ϕ2

ρs2
ρf
⎞⎠( �Hψiψj +

2n
n + 1

�f
dψj

dη
ψi)

−∣∣∣∣H′
∣∣∣∣ndψi

dη

dψj

dη
− (1 − ϕ1)2.5(1 − ϕ2)2.5σhnf

σf
M2ψiψj −H′n

∣∣∣∣H′
∣∣∣∣n−1dψi

dη

dψj

dη

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦dη,

(23)

K23
ij � ⎛⎝⎡⎣(1 − ϕ2){1 − ϕ1} + ϕ1

ρs1
ρf

+ ϕ2

ρs2
ρf
⎤⎦λNψiψj

⎞⎠dη, (24)

K24
ij � ⎛⎝⎡⎣(1 − ϕ2){1 − ϕ1} + ϕ1

ρs1
ρf

+ ϕ2

ρs2
ρf
⎤⎦λMψiψj

⎞⎠dη, (25)

K21
ij � 0, b2i � 0, K43

ij � −(ScSr) dψi

dη

dψj

dη
dη, b3i � 0, b4i � 0,

(26)

K33
ij � [

−(1 + 4
3NR

) dψi

dη

dψj

dη
+ [Pr( 2n

n + 1
)�fdψj

dη
ψi − PrHψiψj]

kf
knf

PrQhψiψj +
kf
knf

PrEC(1 − ϕ1)2.5(1 − ϕ2)2.5⎡⎢⎣(−H′)n−1dψj

dη
ψi
⎤⎥⎦2

+ kf
knf

PrECM2 �Hψiψj

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦ (27)

K34
ij � [−(1 − ϕ1)2.5(1 − ϕ2)2.5 kfknfA1PrDf

dψi

dη

dψj

dη
]dη, (28)

K44
ij �

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
−dψi

dη

dψj

dη
+ 2n
n + 1

Sc(1 − ϕ1)2.5(1 − ϕ2)2.5 �f
dψj

dη
ψi

KcReSc(1 − ϕ1)2.5(1 − ϕ2)2.5ψiψj

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦dη.
(29)

Step V. global stiffness matrix is obtained with the help of the

assembly process.

Step VI. Finally, algebraic equations are achieved using the

Picard linearization method. The code is designed in MAPLE

18 and mesh free analysis is shown in Table 2. Validation of the

current problem is shown in Table 2.

Mesh-free investigations

Maple 18 is utilized to design the programming of the finite

element method. [0, 8] is assumed as the computational

domain. Convergence analysis is shown in Table 2. The

output numerical values of the velocity and temperature

profiles are recorded against increasing elements via 300. It

is estimated that the solution is converged at the mid of

300 elements. Table 2 shows the convergence analysis and

mesh-free analysis for the velocity profile and temperature

profile. It is investigated that grid sizes became independent

via 300 elements.

Results and discussion

Theoretical assessment of the transfer of heat and mass in

power-law fluid suspended with hybrid nanoparticles is carried

out. The numerical tests are performed and results are noted.

These outcomes are depicted as follows. Both

MoS2-SiO2-ethylene glycol and MoS2-ethylene glycol are

electrically conducting fluids. In the present investigation, it

is considered to visualize the influence of M on the motion of

fluid particles because the impact of the magnetic field directly

impacts the velocity of fluid particles, and hence, has direct

consequences on the tangential stresses. Therefore, graphical

assessments related to the impact of the Hartmann number on

the flow of nano and hybrid nanofluids are carried out. The

related consequences are noted during numerical simulations.

These simulations depict that the flow of both mono and hybrid

nanofluids decelerates due to the increase in the intensity of the

variable magnetic field. It is also referred that the influence of

the magnetic field on the flow of mono nanofluid is higher than

that on the flow of hybrid nanofluid. Thus, magnetic-fluid
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interaction in mono nanofluid is stronger than that in hybrid

nanofluid. The comparison among the velocity profiles of

MoS2-ethylene glycol and MoS2-SiO2-ethylene glycol clearly

depicts that MoS2-ethylene glycol experiences less drag due to

Lorentz force than the drag experienced by

MoS2-SiO2-ethylene glycol. The viscous region for

MoS2-ethylene glycol is wider than the viscous region for

MoS2-SiO2-ethylene glycol. The influence of buoyancy forces

arise due to temperature and concentration differences (under

Boussinesq approximation). The terms Gβ1(T − T∞) and

Gβ2(C − C∞) in the momentum equations called buoyancy

forces (see the dimensionless momentum equation) are λN
and λM and here these are called mixed convection

parameters. The values of mixed convection parameters λN
and λM have negative values and the flow is under negative

gravitational force. Alternatively, λN and λM are positive when

the flow is in a vertical downward direction (such a flow is called

an assisting flow) whereas λN and λM have negative values when

the flow is in a vertically upward direction. Such flow is called

opposing flow. Figures 3, 4 show the behavior of mixed

convection parameters (λN and λM ) on the velocity profiles

of MoS2-ethylene glycol. Figures 3, 4 show the impact of

buoyancy forces arising due to compositional and

temperature gradients on the flow of the fluid. These figures

show that for positive buoyancy forces, the flow is assisted and

fluid particles are accelerated. However, an opposing flow is

noticed in the case of negative values of mixed convection

parameters λN andλM. Figures 5–7 show the transfer of heat in

both mono and hybrid nanomaterials. The role of heat

generation Qh on temperature is graphically noted in

Figure 6. It is shown that temperature increases due to

enhancement in the values of Qh. The simulations related to

TABLE 2 Mesh-free study for concentration, velocity, and temperature fields predicted by 300 elements.

No. of elements f9(η∞2 ) θ(η∞2 ) ϕ(η∞2 )

30 0.02333985815 0.01983564166 0.01410914312

60 0.02102177491 0.01044906650 0.005291086151

90 0.1968636970 0.007226612780 0.002785750834

120 0.01834540620 0.005576056715 0.001700976130

150 0.01362936407 0.004579205769 0.001150379024

180 0.02562519759 0.003923974634 0.0008468378539

210 0.02205069404 0.003478348492 0.0006778816543

240 0.02118788022 0.003186664686 0.0006039711856

270 0.02045243579 0.003050970629 0.0006678049734

300 0.02000820527 0.003090644402 0.006688342495

TABLE 3 Validation of the present work compared with published works in terms of −f 99(0) considering λM , λN, ϕ2 , ϕ1 � 0.

M n Chen [39] Andersson et al[40] Present work

0.0 0.4 1.27294 1.273 1.27291

0.5 0.4 1.81095 1.811 1.81230

1.0 0.4 2.28377 2.284 2.28291

1.5 0.4 2.71859 2.719 2.71970

2.0 0.4 3.12650 3.127 3.12692

0.0 0.8 1.02919 1.029 1.02899

0.5 0.8 1.30790 1.309 1.30899

FIGURE 3
Variation in velocity curves versus λN.
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the variation of heat generation parameters are visualized and it

is observed that heat generation effects onMoS2-SiO2-ethylene

glycol are stronger than those in MoS2 ethylene glycol.

Therefore, this is not encouraging behavior of

MoS2-SiO2-ethylene glycol as it affects thermal performance

directly. This is a drawback ofMoS2-SiO2-ethylene glycol if it is

used as a coolant. An increase in heat energy is found when heat

generation is enhanced. This can be noted in Figure 8 It also

studied that the temperature gradient effects on hybrid

nanofluid (MoS2-SiO2-ethylene glycol) are more significant

those in MoS2 ethylene glycol. The visualization of the

chemical reaction number is shown in Figure 9. It has a

tendency to decrease the concentration field while the

chemical reaction (destructive) in the transport of mass

specie is declined. Table 3 prepared to cover the comparitive

investigation of performed research. Table 4 shows the

FIGURE 5
Variation in velocity curves versus Sr .

FIGURE 6
Variation in thermal curves versus Qh .

FIGURE 7
Variation in thermal curves versus Df .

FIGURE 8
Variation in concentration curves versus Sr .

FIGURE 4
Variation in velocity curves versus λM .
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numerical behavior flow rate, mass diffusion rate, and

thermal rate.

Conclusion

Thermal enhancement and mass transport in ethylene

glycol (non-Newtonian-power law fluid) in the presence of

hybrid nanoparticles (SiO2andMoS2) are studied numerically

via the finite element method. The simulations for the

impact of viscous and Joule heating, buoyancy and

Lorentz forces, heat generation, temperature gradients,

and concentration difference are investigated through

several parameters.

➢Due to the dispersion of nanoparticles and diffusion of

solute in fluid (ethylene glycol), the compositional

gradient becomes significant, and the aroused buoyancy

force due to the compositional gradient has considerable

magnitude. Thus, it leads to erroneous results if this force

is not considered, especially for the flow’s vertical surface.

Similar observations are also noted for density differences

caused by the temperature gradient;

➢Significant effects of the temperature gradient on mass

transport and concentration gradient on heat transfer are

noticed from numerical experiments. Therefore, it is advised

to consider such effects for the simultaneous transfer of heat

and mass in fluid regimes. Without consideration of such

effects, it may lead to results that will not match the results

obtained on an experimental basis;

➢Numerical experiments are performed by considering

single-type nanoparticles (MoS2) and hybrid

nanoparticles (simultaneous dispersion of SiO2 and

MoS2). During the visualization of simulations, it is

observed that the effective thermal conductivity of

MoS2-SiO2-ethylene glycol is greater than that of

TABLE 4 Numerical behavior of flow rate, Sherwood number, and Nusselt number against M, Sc, Kc, and Df .

Nanofluid Hybrid nanofluid

−Re 1
n+1Cf −Re −1

n+1Nu −Re −1
n+1Sh −Re 1

n+1Cf −Re −1
n+1Nu −Re −1

n+1Sh

0.0 0.6143201 1.4313210 0.18132103 2.61234324 3.601143081 2.32100166

M 0.3 0.6312020 1.4102103 0.17213132 2.41921431 3.410130384 2.23513013

0.7 0.6503211 1.3810321 0.16096088 2.30288134 3.309141141 2.10112318

0.0 0.7131062 1.40133072 1.72101032 2.72380340 2.871027101 2.51301075

Df 0.5 0.7131041 1.31330366 1.84313021 2.80321738 2.871026392 2.41434277

0.7 0.7131032 1.30120128 1.62113830 2.51031738 2.871024313 3.33633311

-1.5 0.7321307 1.43192132 0.41381232 2.53084303 2.710528148 3.30202831

Kc 0.0 0.6321332 1.30321703 0.71212103 2.41010324 2.619222028 3.53432738

1.3 0.5310476 1.20133570 0.83601205 2.31080325 2.437842230 3.71305301

0.0 0.3261313 1.60214321 1.41432029 2.63218308 2.301582235 3.52310255

Sc 0.3 0.3317219 1.83225323 1.63073590 2.83207133 2.731351055 3.72293301

0.7 0.3730205 1.90133208 1.81380493 2.90113208 2.820323283 3.92303135

0.0 0.7320972 1.41240320 2.71353132 2.32102820 2.503308303 3.52103425

Sr 1.3 0.8310235 1.83213535 2.53280713 2.52127033 2.733214343 3.80352125

1.5 0.9312303 1.63232706 2.32122054 2.83038323 2.802352150 3.90320323

FIGURE 9
Variation in concentration curves versus Kc .
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MoS2-ethylene glycol. Hence, it is observed that

MoS2-SiO2-ethylene glycol is a better coolant than

MoS2-ethylene glycol.
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Nomenclature

v, u Velocity components

μ Fluidic dynamic viscosity

σ Electrical conductivity

β1, β2 Coefficients of concentrations

K Thermal conductivity

T, T∞ Temperature and ambient fluidic temperature

Cp Specific heat capacitance

Q Heat source number

Cs

B0 Magnetic induction

Tm

a Stretching rate along the x-axis

Re Reynolds number

f Dimensionless velocity

ϕ2, ϕ1 Volume fractions

M Magnetic number

Pr Prandtl number

Ec Eckert number

Df Dufour number

Sc Schmidt number

Gm

τw Wall shear stress

qm Mass flux

y, x Space coordinates

n Power-law index number

G Gravitational acceleration

C, C∞ Concentration and ambient concentration

σ* Stefan–Boltzmann constant

ρ Fluidic density

k* Mean absorption coefficient

D Diffusion coefficient

KT Thermal diffusion

k0 Chemical reaction

Uw Wall velocity

l Characteristic length

ψ Stream function

θ Dimensionless temperature

NR Thermal radiation number

λM, λN Buoyancy parameters

Qh Heat source number

M Magnetic number

kc Chemical reaction number

Sr Soret number

Cf Skin friction number

Nu Nusselt number

Sh Sherwood number
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