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Abstract. This article examines the activation energy between two parallel plates consisting of MoS2-
GO-EO hybrid nanofluid. The nanoparticles, molybdenum disulphide (MoS2) and graphene oxide
(GO), are added to the base fluid, engine oil (EO). The influence of activation energy is also measured
in this model. The finite difference method (FDM) is used to integrate the equations of motion,
heat, and mass balance. The effects of important parameters such as activation energy, chemical
reaction, temperature difference, random motion, and thermophoresis are discussed. The Nusselt
number and skin friction are compared with available work to validate the numerical procedure. An
enhanced Sherwood number is observed in Buongiorno’s nanofluid model, while an elevated Nusselt
number is seen with the hybrid nanofluid. Activation energy increases the profiles of temperature and
concentration.
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1. Introduction
Svante Arrhenius [5] first introduced the concept of activation energy in 1889. Activation energy
is the minimum energy required for a material to initiate a reaction. The process has gained
considerable attention owing to its diverse applications in industrial engineering, base liquid
mechanics, recovering thermal oil, etc. Bestman [6] was the first to investigate the combined
effects of a chemical reaction and Arrhenius activation energy on convective mass transfer
in a vertically oriented porous pipe. He utilized perturbation method to acquire an analytical
solution. Zeeshan et al. [32] examined the activation energy in magnetohydrodynamics (MHD)
radiative Couette-Poiseuille flow of nanofluid in horizontally oriented channel under convective
boundary constraints. Makinde and Franks [19] investigated hydromagnetic reactive unsteady
Couette flow with activation energy. Mustafa et al. [23] studied the impact of activation energy
in the nanofluid flow and heat transfer past an exponentially stretched sheet. Bodduna et al. [8]
considered activation energy in bioconvective nanoliquid flow in cavity.

Choi and Eastman [10] were instrumental in popularizing the term “nanofluid” to describe
the homogeneous suspension of nanoparticles within a base liquid. Because of the diverse
thermal applications of nanoparticles, researchers have recognized numerous applications
for these tiny particles in industrial processes, engineering systems, and practical challenges.
There are two models utilized by many researchers to describe nanofluid flow. The properties of
nanoparticles are focussed in the first model, known as single phase nanofluid model. This model
is focussed by Biswas et al. [7], Khanafer and Vafai [16], and Tiwari and Das [30]. Saha and
Paul [24] investigated turbulent flow of water-based Al2O3 and TiO2 NFs in a pipe subject to a
constant heat flux boundary constraint. They employed single-phase (homogeneous) technique
and thermo-reliant properties. Manca et al. [20] inspected nanofluid convection of Al2O3/H2O in
2-D channel with uniform heat flux by using single-phase. Ahmed et al. [2] examined convective
heat transfer through pipe under fixed wall thermal conditions.

Alternatively, the second model, known as the two-phase model proposed by Buongiorno [9],
incorporates Brownian motion and thermophoresis, treating the concentration of nanoparticles
as inhomogeneous. Gorla et al. [12], Mahmoodi and Kandelousi [18], Motlagh and
Soltanipour [22], Sheremet and Pop [26], and Sheremet et al. [27] addressed this model.
Ali and Makinde [3] investigated Buongiorno’s Couette nanofluid flow. Karim et al. [15]
inspected the impact of copper-water nanofluid flow through Couette channel. Meenakshi
et al. [21] studied influence of Brownian motion and thermophoresis on nanofluid flow. Hybrid
nanofluid, a versatile substance utilized across various fields of high technology such as
manufacturing, electro-sensing, thermal biosensors, and acoustic wave sensors, is created
through the amalgamation of multiple types of nanoparticles within a base liquid suspension
(see Ali [1], Huminic and Huminic [14], and Sidik et al. [28]). Sheikholeslami et al. [25] inspected
impacts of heat transfer, mass transfer of unsteady fluid flow past two plates. In their study,
Ghalambaz et al. [11] inspected the flow of hybrid nanofluid in square cavity. Sundar et al. [29]
analyzed hybrid nanofluid consisting of MWCNT–Fe3O4/H2O, whereas Madhesh et al. [17]
conducted an analysis of copper-titania/water hybrid nanofluid.

The objective of this article is to investigate the transient two-dimensional flow occurring
between two parallel plates, using a two-phase nanofluid model concerning activation energy.
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The channel is intended to accommodate a blend of nanoparticles, molybdenum disulphide and
graphene oxide in the base fluid of engine oil. As far as the authors are aware, the efficacy of
activation energy in the channel flow of a hybrid nanofluid composed of molybdenum disulphide,
graphene oxide, and engine oil has not been explored. By employing finite difference method,
the given equations are solved, and the resulting outcomes are visually represented through
2-D contours that depict the flow characteristics, as well as the distributions of heat and volume
fractions.

2. Mathematical Formulation
Consider a flow configuration between two parallel plates, where the base fluid Engine Oil (EO)
is augmented with hybrid nanoparticles Molybdenum Disulphide-Graphene Oxide (MoS2-GO).
In this investigation, we also take into account the influence of activation energy. In Figure1,
x-axis is regarded to align with wall, while y-axis is assumed to be perpendicular to it. At the
top plate (y = h), a convective condition is taken into consideration. Table 1 illustrates the
thermophysical properties of both the nanoparticles and the base fluid. The equations governing
the system, which are based on the NF approaches proposed by Buongiorno [9], and Tiwari and
Das [30], are as follows:
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The boundary conditions are given by,

u = 0, T̄ = T̄0, C̄ = C̄0, at y= 0,
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Figure 1. Physical configuration
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The thermophysical attributes pertaining to both the nanofluid and hybrid nanofluid are
detailed as follows
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Table 1. Thermophysical values of MoS2, GO and EO

Physical properties MoS2 GO EO

Cp (J/KgK) 397.21 717 1910

ρ (Kg/m3) 5060 1800 884

k (W/mK) 904.4 5000 0.144

The following nondimensional parameters are utilized:
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The non-dimensional transformed equations are:
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The nondimensional boundary conditions are

When t > 0, U = 0, T = 0, C = 1, at Y = 0,

U = 1,
∂T
∂Y

=−Bi(T −1),
∂C
∂Y

=− Nt
Nb

∂T
∂Y

, at Y = 1 . (2.8)

The parameters skin friction, Sherwood and Nusselt number at bottom, top walls are specified
as

C f =
1

(1−φ1)2.5(1−φ2)2.5
∂U
∂Y Y=0,1

, Sh=−∂C
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∂θ
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.

3. Methodology of Solution
The governing nonlinear expressions (2.5)-(2.8) is were solved for numerical solution using FDM
(Ali et al. [4], Ali and Makinde [3], Hajmohammadi [13], Karim et al. [15], Tlili et al. [31]). The 1st
and 2nd order differentials are approached by forward and central differences, respectively. The
convergence is accomplished when |ϕn+1 −ϕn| ≤ 10−5, where n is frequency of instances and ϕ

specifies [U ,θ,φ]. Table 2 presents an analogy between current data to prior studies for special
instance φ= 0, and an excellent agreement is observed.

Table 2. Comparison of Skin friction and Nusselt number for φ= 0

β Bi Cf Nu
Ali and Makinde Karim et al. Current Ali and Makinde Karim et al. Current

[3] [15] results [3] [15] results
0.1 1 3.97×10−1 3.95×10−1 3.962×10−1 5.12×10−1 5.11×10−1 5.121×10−1

0.1 3 4.06×10−1 4.05×10−1 4.058×10−1 7.90×10−1 7.84×10−1 7.883×10−1

0.5 1 1.45×10−1 1.46×10−1 1.443×10−1 2.23×10−1 2.21×10−1 2.227×10−1

4. Discussion
This section focusses on presenting computational results of nanofluid flow between plates
comprising molybdenum disulphide (MoS2) and graphene oxide (GO) as nanoparticles and
engine oil (EO) as base liquid. The outcomes are demonstrated in the form of contours
and streamlines for quantities: activation energy (E = 1−5), nanoparticle volume fraction
(φ = 0.01−0.25), Biot number (Bi = 1), Eckert number (Ec = 0.1−1), Brownian movement
(Nb= 0.01−0.2), thermophoretic parameter (Nt= 0.01−0.5), chemical reaction (ω= 0.1−3) and
temperature difference (δ= 0.1−3).

Figure 2 depicts the profiles of velocity, temperature and concentration of nanoparticle
concentration for the alteration of nanoparticle volume fraction (φ). In case of MoS2-EO
nanofluid, a rise in the nanoparticle volume fraction declines velocity and concentration
in the channel. Conversely, the escalation in nanoparticle volume fraction improves the
temperature. The figure also demonstrates that the enhancement/reduction trend caused by
MoS2-EO nanofluid is opposite to that of MoS2-GO-EO hybrid nanofluid. The introduction of GO
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nanoparticles enhances the thermal conductivity, resulting in an improvement in temperature
in the case of hybrid nanofluid.

(a) (b)

(c)

Figure 2. Effect of φ on (a) velocity, (b) temperature, (c) concentration for E = 1, ω= 1, δ= 1, Ec = 1,
Pr= 30, Bi= 1, Nb= 0.4, Nt= 0.16, Sc= 1

(a) (b)

Figure 3. Effect of δ on (a) temperature, (b) concentration for E = 1, ω= 1, φ= 0.05, Ec = 1, Pr = 30,
Bi= 1, Nb= 0.4, Nt= 0.16, Sc= 1
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Figure 3 illustrates the nanoparticle concentration and temperature trends as temperature
difference (δ) varies. The growth in δ reduced the temperature and the concentration.
Furthermore, it is evident that the impact of increasing δ on the reduction is more pronounced
in the case of MoS2-GO-EO hybrid nanofluid compared to MoS2-EO nanofluid.

The profiles of temperature and nanoparticle concentration for the variation of activation
energy (E) are depicted in Figure 4. The rise in E upsurges the concentration and temperature
as well. The temperature trend is found to be advanced for MoS2-GO-EO hybrid nanofluid
compared to MoS2-EO nanofluid. The concentration trend in MoS2-GO-EO hybrid nanofluid is
comparatively lower than that in MoS2-EO nanofluid.

(a) (b)

Figure 4. Effect of E on (a) temperature, (b) concentration for ω= 1, δ= 1, φ= 0.05, Ec = 1, Pr = 30,
Bi= 1, Nb= 0.4, Nt= 0.16, Sc= 1

Figure 5 describes the profile of nanoparticle concentration and temperature for the
alteration of chemical reaction (ω). The rise in ω deteriorates the concentration and temperature
in channel. The temperature trend indicates greater increase in MoS2-GO-EO hybrid nanofluid
compared to that observed in MoS2-EO nanofluid. In contrast, concentration trend demonstrates
opposite to that of temperature trend.

(a) (b)

Figure 5. Effect of ω on (a) temperature, (b) concentration for E = 1, δ= 1, φ= 0.05, Ec = 1, Pr = 30,
Bi= 1, Nb= 0.4, Nt= 0.16, Sc= 1
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Figure 6 illustrates the profile of nanoparticle concentration and temperature for the
alteration of Nb. The rise in Nb accelerates concentration of channel. Brownian motion induces
a decrease in temperature within the channel. The temperature trend is found to be advanced
for MoS2-GO-EO hybrid nanofluid compared to MoS2-EO nanofluid. The concentration profile
for MoS2-GO-EO hybrid nanofluid is found to be declined than that of MoS2-EO.

(a) (b)

Figure 6. Effect of Nb on (a) temperature, (b) concentration for E = 1, ω = 1, δ = 1, φ = 0.05, Ec = 1,
Pr= 30, Nt= 0.16, Bi= 1, Sc= 1

Figure 7 illustrates the profile of nanoparticle concentration and temperature for the
alteration of thermophoresis (Nt). The rise in thermophoresis accelerates the temperature
and decelerates the concentration of channel. The temperature trend is found to be advanced in
MoS2-GO-EO hybrid nanofluid compared to MoS2-EO nanofluid. The concentration trend is
detected to be declined for MoS2-GO-EO hybrid nanofluid than that of MoS2-EO nanofluid.

(a) (b)

Figure 7. Effect of Nt on (a) temperature, (b) concentration for E = 1, ω = 1, δ = 1, φ = 0.05, Ec = 1,
Pr= 30, Nb= 0.4, Bi= 1, Sc= 1

Figure 8 displays Nuavg and Shavg for alteration of Buongiorno model, NF , hybrid nanofluid
and activation energy. As the activation energy grows from E = 0.1 to E = 4, Sherwood number
Shavg decreases for Buongiorno model, MoS2-EO nanofluid and MoS2-GO-EO hybrid nanofluid.
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Hybrid nanofluid model showed higher Shavg. In contrast, Nuavg showed increasing trend for
Buongiorno model, MoS2-EO nanofluid and MoS2-GO-EO hybrid nanofluid.

(a) (b)

Figure 8. Effect of E on (a) Nusselt number, (b) Sherwood number for nanofluid and hybrid nanofluid

5. Conclusions
This article inspects the impacts of molybdenum disulphide-graphene oxide-engine oil hybrid
nanofluid and molybdenum disulphide-engine oil nanofluid accompanying activation energy in
flow of channel with parallel plates. FDM is functioned to execute the computation of outcomes.
The inferences are drawn as follows:

• Velocity profile is weakened with nanoparticle volume fraction (φ).

• Temperature profile is boosted with activation energy (E), thermophoresis (Nt) and
nanoparticle volume fraction (φ). In contrast, Brownian motion (Nb), temperature
difference (δ) and chemical reaction parameter (ω) reduced the temperature profile.

• Nanoparticle concentration profile is deteriorated with thermophoresis (Nt), temperature
difference (δ), chemical reaction parameter (ω), and nanoparticle volume fraction (φ).
In contrast, activation energy (E) and Brownian motion (Nb) elevated the concentration
profile.
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