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A B S T R A C T   

Jet flows are employed in a variety of applications. It can be found in daily life as well as in 
agriculture, for example, jet flow assists with irrigation and harvest protection. The current 
problem is related to the study of energy and mass transference on the hybrid nanoliquid flow 
with mixed convection effect due to the vertical stretching surface conveying the cobalt ferrite 
CoFe2O4 and titanium dioxide TiO2 nanoparticles (NPs) with the base fluid water H2O. Further, 
the role of the chemical reaction, heat source/sink, and activation energy are investigated. By 
exploiting the idea of the modified Buongiorno model, the thermophoretic and Brownian diffu-
sivity effects have discoursed on the existing flow behavior. The existing mathematical problem is 
framed with the application of the nonlinear higher-order PDEs. Higher-order PDEs of the 
mathematical model are changed into highly nonlinear ODEs by using the concepts of suitable 
similarity transformations. The modified higher-order nonlinear ODEs are cracked by manipu-
lating the bvp4c technique in MATLAB. The impacts of the numerous physical flow parameters on 
the velocity, energy, and concentration are computed in graphical forms. Key findings from the 
present problem revealed that the velocity of the nanoliquid and hybrid nanofluid decreased due 
to greater nanoparticles volume fraction. Furthermore, the heat transportation is greater for 
mixed convection and thermophoresis parameter.   
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1. Introduction 

Nanofluids can be prepared by mixing the different nanometer-sized particles such as nitride ceramics (AIN, SIN) semi-conductors 
(TiO2, SIC), metals (Cu, Ag, Au), metallic oxides (Al2O3, CuO), and carbide ceramics (SIC, TIC) in the base liquid such as engine oil and 
water etc. In recent years, nanofluid has extensive range of applications in diverse fields of engineering, environmental and industrial 
processes such as solar-based science, cooling electronics, energy storage, heat exchangers, vehicle thermal applications, pharma-
ceuticals, food packing industry, cancer cells in human organs, bones, tissues, fiber artificial organs, automobiles, aviation, aerospace, 
power, energy, microelectronics fuels cells, lubrications, transportation, air-conditioning, and etc. Due to these applications of the nf, 
researchers have employed nanofluid in their fields of interest for the enhancement of heat transport. Siddique et al. [1] have revealed 
the investigation of entropic optimization and autocatalysis chemical reactions in a flow of Cu-water and Al2O3-water nanoliquid due 
to the stretched cylinder and obtained that the nanoliquid velocity is amplified for greater curvature parameter. Song et al. [2] have 
identified the role of the Williamson nanoliquid flow over an elongating cylinder including the psychical significance of the magnetic 
field. It has been pointed out that the increase in the thermophoretic factor increased the heat transference rate. Waqas et al. [3] have 
presented a study of the mixed convective stratified couple stress nanofluid along with the occurrence of heat flux due to the vertical 
exterior. It is noted that the increment in the buoyancy ratio factor has enlarged the motile microorganism profile. Ullah et al. [4] have 
dissected the significance of the melting heat conditions by using the Prandtl-Eyring nanoliquid flow due to the linear stretched surface 
with Joule heating and chemical reaction. It has been examined that the energy curve is heightened due to the enrichment of the Eckert 
number. Reddy et al. [5] have addressed the upshot of the chemical reaction on the nanoliquid flow over curved surface. They 
simulated their problem with the use of the ND-solver technique. Swain et al. [6] have examined the Casson fluid flow due to the 
stretchy surface with thermal radiation. Further, they have employed the concepts of the Buongiorno model for the computation of 
energy communication. Prabakaran et al. [7] have deliberated the thermal operation of the CNT/ Al2O3 nanofluid in water over the 
stretching surface by using the applications of the homotopy analysis technique. It has been distinguished that the intensification of the 
Richardson number improved the surface drag force. Ramzan et al. [8] have determined the comparative study of copper oxide CuO 
and Iron oxide Fe3O4 (II, III) in a Williamson nanoliquid flow with magnetic dipole effect and activation energy. It has been noted that 
the amplification in the Schmidt number intensified the mass conveyance. Some related studies concerned to the nanofluid flow exist 
in Refs. [9–13]. 

A hybrid nanoliquid is an extension of the nanoliquid. In a hybrid nanofluid, two dissimilar kinds of nanoparticles are mixed into 
the base liquid. It has been proved by different experiments that hybrid nanofluid (hnf) performs better than regular fluids. In the 
different arenas of industries and engineering, hybrid nanofluid has an extensive variety of applications such as solar cells, cooling 
devices, generators cooling, defense, microfluidics, medicals, nuclear systems cooling, transportation, naval structures, power pro-
duction engines, etc. Inspired by the hybrid nanofluids’ aforementioned uses, several studies have been reported. Assiri et al. [14] have 
employed the GO and Ag nanomaterials for the fluid model along the strained sheet with the applications of the Fourier law and Hall 
current. Kumbhakar and Nandi [15] have employed the slip conditions on the hnf flow past an extending sheet comprising Cu and 
Al2O3 nanoparticles. It has detected that the solutal Biot number has increased the Sherwood number. Raizah et al. [16] have explored 
the radiation impact on the heat transportation through the hnf flow. Further, they used the copper Cu, graphene oxide GO, and 
aluminum oxide Al2O3 nanoparticles in an Ethylene glycol base fluid during the simulation of their model. Mahmood et al. [17] have 
presented a study of hnf flow due to the heated stretched cylinder including the combined role of the heat source and suction effects. 
Further, Cu, Fe3O4, and SiO2 are mixed up into the base fluid for the creation of the ternary hnf. Zainal et al. [18] have considered the 
physical aspects of hnf flow having copper Cu,and aluminum oxide Al2O3 nanoparticles. Further, they have analyzed that the magnetic 
field parameter enlarged the heat transport. Tuz Zohra et al. [19] have calculated the energy transference due to the hybrid nanoliquid 
flow induced by a rotating disc. In this study, Ag and MgO NPs are scattered to water, for the creation of the hnf. Shah et al. [20] have 
calculated the combination of copper Cu and titanium dioxide TiO2 in a water base liquid due to the flow of the Prandtl hybrid 
nanoliquid model with motile microorganisms. They have initiate that the increase in the Lewis number declined the liquid solutal 
profile. Zhang et al. [21] have debated the magnetic field impact of the hnf flow towards an elastics surface along with the mixing of 
the tantalum and nickel nanoparticles and found that the velocity curve is higher for the Darcy forces. Furthermore, some important 
results and studies have been also presented by Refs. [22–26]. 

In various industrial, engineering, and natural processes, the phenomena of the chemical reaction (CR) have played a vital role. The 
main uses of the chemical reactions in different fields of industrial, technological, environmental and engineering processes are 
combustion and furnace, filtration, refrigeration metal spinning, erosion in iron, heat transportation, mass transportation, etc. Many 
researchers and scientist have employed chemical reaction in their fields of study because of their enormous variety of applications. 
Bilal et al. [27] described the fluid flow with influence of CR on the bioconvective hnf flow above the wedge and cone through the 
permeable media. They have obtained that the nanofluid temperature is greater in the case of radiation effect. Biswas et al. [28] have 
studied the prevalence of CR due to the nf flow across the elongating sheet. Reddy and Sreedevi [29] have computed the heat-mass 
transference and spotted that the rise in the radiation factor reduced the thermal profile. Shah et al. [30] have used the 
cross-nanofluid model with the physical aspects of thermal conductivity, and CR due to the cylindrical panels. In this investigation, 
they have found an increment in Sherwood’s number due to CR factor. Bayones et al. [31] have considered the effects of CR across the 
nonlinear radiative Maxwell hnf flow by an elongating surface with Soret impacts. They have employed the similarity conversions for 
the renovation of highly PDEs into ODEs. Bilal et al. [32] have discussed the hybrid nanoliquid conveying small nanoparticles along the 
extending surface with Darcy forces. A numerical technique known as the bvp4c is used for the simulation of their model. Patil et al. 
[33] have used the convectively heated surface for the study of the CR on the Prandtl nanoliquid flow with the magnetic impact and 
initiated that the nanoliquid is amplified for greater Biot number. Ramzan et al. [34] have discoursed the uses of engine oil and 
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autocatalytic CR due to the cross-hnf flow. In this study, graphene oxide GO and molybdenum disulfide SiO2 are used as the 
nanoparticles. 

Activation energy (AE) is process in which the minimum amount of the energy is required to initiate the chemical reaction process. 
In 1889, firstly the idea of the AE was revealed by Arrhenius. The activation energy has a lot of manufacturing and industrial uses such 
as oil reservoir, water emulsion, chemical engineering, food processing, liquid metal filtration, geothermal engineering, chemical 
reaction species, heat exchangers, fusion control, casting, heat transfer in heat media, nuclear reactors cooling, metallurgy, thermal 
magnetic flux, and many others. The scientists have presented a lot of models related to the activation energy under different 
geometrical configurations due to their widespread array of applications in different areas of industries and engineering. Azam et al. 
[35] have explored the numerical consequence of the activation energy on the radiative Casson nanoliquid flow with viscous dissi-
pation along the moving cylinder. It has been determined that the motile number is reduced through the greater Peclet number. Habib 
et al. [36] have discussed the nanoliquid flow with activation energy and motile gyrotactic microorganism in which they obtained that 
the velocity curve is weakened for the greater rotating parameter. Ullah et al. [37] have employed Fourier law for the study of heat 
transport on the magnetized Prandtl-Eyring Powell hnf flow with melting heat transport and AE. The heightening in heat transference 
is noticed for the higher melting parameter. Sarkar et al. [38] scrutinized the energy and mass transition with entropy generation and 
non-Newtonian Viscoelastic nanofluid flowing over a stretching cylinder. Alsallami et al. [39] have used the rotating disk for the 
computation of activation energy and entropic generation due to the Marangoni Maxwell nanofluid flow. It has been obtained that the 
increase in temperature difference parameter increased the Bejan number. Li et al. [40] have employed convective conditions for the 
study of the double diffusion flow of hnf over the extending sheet with the existence of the AE. Abdal et al. [41] discussed the physical 
aspects of AE on the Maxwell and Williamson hnf flow over the stretched surface through the permeable medium. Ali et al. [42] 
focused on entropy generation’s ascent in a MHD bioconvective slip flow of the nanoliquid comprising gyrotactic microbes over an 
elongated cylinder in the presence of AE. Some recent literature may be found in Refs. [43–45]. 

In view of the above-mentioned literature, it is noticed that the thermal conductivity of the common fluid has been improved by 
mixing the nano-particulates in the base fluid. The main goal of the present model is to discuss the heat and mass transport charac-
teristics of the jet flow of hnf over the vertical stretching surface by using the idea of the heat source/sink, CR and AE. Further, the 
Brownian and thermophoresis diffusivity impacts are applied on the flow behavior. A hnf is designed by adding the cobalt ferrite 
CoFe2O4 and titanium dioxide TiO2-NPs into the water H2O base fluid. Through the application of the bvp4c technique in MATLAB, a 
numerical simulation of the present problem is performed. By using the graphs, the variation in velocity, energy, and mass is 
computed. 

2. Mathematical formulation 

We assumed the 2D Jet flow consists of nanoparticles across a vertical stretching surface. The hnf is produced by the scattering of 
hybrid Nano composites (CoFe2O4 and TiO2). The following are some basic assumptions.  

• The nanomaterials suspension is assumed to be diluted.  
• Additionally, the consequences of second order CR and Arrhenius AE are considered. 

Fig. 1. Hybrid nanofluid flow across a stretching vertical surface [46].  
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• Two-dimensional jet flow.  
• The effect of heat source is simulated with the energy equation.  
• The sheet is stretching with uniform velocity Uw.  
• The surface temperature and concentration is indicated by T∞,C∞, whereas Tw and Cw signifies the ambient as shown Fig. 1. 

The mathematical framework takes the following arrangement [46,47]: 

∂u
∂x

+
∂v
∂y

= 0, (1)  

u
∂u
∂x

+ v
∂u
∂y

= νTnf
∂2u
∂y2 −

g
ρTnf

(
βtρf (1 − C∞)(T − T∞) − βC

(
ρp − ρf

)
(C − C∞)

)
, (2)  

u
∂T
∂x

+ v
∂T
∂y

=αTnf
∂2T
∂y2

(

DB
∂T
∂y

∂J
∂y

+
DT

T∞

(
∂T
∂y

)2
)

+
Q0

(ρc)Tnf
(T − T∞), (3)  

u
∂C
∂x

+ v
∂C
∂y

=DB
∂2C
∂y2 +

DT

T∞

∂T
∂y

− K2
r (C − C0)

(
T

T∞

)n

exp
(

−
Ea

κT

)

, (4) 

Subjected to the boundary conditions (BCs) [46,47]: 

u = Uw,T = Tw, v = 0,C = Cw at y = 0,
u→0,C→C∞, T→T∞ as y→∞.

(5)  

here, the similarity transformations [46,47] and stream function ψ are expressed as 

u=
∂ψ
∂y

and v=
− ∂ψ
∂x

.ψ =
(
ν2x
)1

4f ,Θ(η)= T − T∞

Tw − T∞
,Φ(η)= C − C∞

Cw − C∞
, η= 1

4
(
ν2x3)− 1

4 y. (6) 

By putting eq. (6) in eqs. (1)–(4) & eq. (5), we get: 

μhnf

μf
f‴ +

ρhnf

ρf

(
ff ″ − 2f ′2)+ 64λ(Θ − Nr Φ)= 0, (7)  

khnf

kf
Θ″+

(
ρCp
)

hnf(
ρCp
)

f

Pr f Θ′ +Nb Θ′ Φ′ +NtΘ′2 +HtΘ= 0, (8)  

Φ″ +
Nt
Nb

Θ″+ ScFΦ′ − Kr(1 + εδ)nΦ exp
(

−
E

1 + εδ

)

= 0, (9) 

The non-dimensional BCs are: 

f = 0, f ′ = 1,Θ = 1,Φ = 1 at y = 0,
f ′→0,Θ→0,Φ→0 as y→∞.

(10) 

The skin friction, Nusselt number and Sherwood number are expressed as: 

Cfx = − νtnf

(
∂u
∂y

)

y=0

U2
w

,Nux = −
xktnf

kf

(
∂T
∂y

)

y=0

(Tw − T∞)
, Shx = −

xDB

(
∂C
∂y

)

y=0

(Cw − C∞)
. (11) 

The dimensionless form of eq. (11) are: 

Cfx = −
μhnf

μf

− f ″(0)
̅̅̅̅̅̅̅
Rex

√ ,
Nux
̅̅̅̅̅̅̅
Rex

√ = −
khnf

kf
Θ′(0),

Shx
̅̅̅̅̅̅̅
Rex

√ = − Φ′(0). (12) 

The non-dimensional parameters are stated as: 

Table 1 
The experimental values of (φ1 = φTiO2

) and (φ3 = φCoFe2O4
) [48].  

Base fluid & Nanoparticles ρ(kg /m3) k(W /mK) Cp(j /kgK) σ(S /m)

H2O 997.1 0.613 4179 0.05 
TiO2 4250 8.953 686.2 2.38× 106 

CoFe2O4 4907 3.7 700 5.51× 109  
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λ =
gβT(Tw − T∞)(1 − C∞)

νf
,Nt =

DT
(
ρCp
)

hnf (Tw − T∞)
(
ρCp
)

f T∞νf
,Nr =

βJ
(
ρp − ρf

)
(Cw − C∞)

ρf βT(Tw − T∞)(1 − C∞)
,

Nb =
DB(Cw − C∞)

(
ρCp
)

hnf(
ρCp
)

f νf
,αhnf =

khnf(
ρCp
)

hnf

,Pr =
νf

αf
, Sc =

αf

DB
,E =

Ea

κT∞
,Kr =

K2
r

νf
.

(13) 

Tables 1 and 2 illustrate the experimental values and mathematical model used for the estimation of the hybrid nanoliquid as given 
as. 

3. Numerical solution 

The reduced obtained set of ODEs (7)–(9) and (10) are solved by using Matlab built-in package bvp4c. For the purposed, the set of 
ODEs are further simplified to 1st order differential equations by employing the following variables. 

I1 = f (η),I2 = f ′(η),I3 = f ″(η),I4 = Θ(η),I5 = Θ′(η),I6 = Φ(η),I7 = Φ′(η). (14) 

By incorporating eq. (14) in eqs. (7)–(10), we get: 

μhnf

μf
I

′
3 +

ρhnf

ρf

(
I1I3 − 2I2

2)
+ 64λ(I4 − NrI6)= 0, (15)  

khnf

kf
I

′
5 +

(
ρCp
)

hnf(
ρCp
)

f

Pr I1I5 +NbI5I7 +NtI5
2
+HtI4 = 0, (16)  

I
′
7 +

Nt
Nb

I
′
5 + Sc I1I7 − (1 + εδ)nKr I6 exp

(

−
E

1 + εδ

)

= 0, (17) 

The BCs are: 

I1 = 0,I2 = 1,I4 = 1,I6 = 1 at y = 0,
I2→0,I4→0,I6→0 as y→∞.

}

(18) 

The obtained set of Eq. (15)–(18) are further solved through Matlab software using bvp4c package. 

4. Results and discussion 

In this part, the physical significance of the chemically reacting jet flow of mixed convection hnf with AE and CR is elaborated. For 
simulation, the higher order ODEs (7–9) along boundary condition (10) are solved by using the numerical built-in bvp4c technique in 
MATLAB. Further, the effects of the involved flow constraints on the velocity, energy, and concentration of the nanofluid (nf) and hnf 
are demonstrated in a graphical form. 

Figs. 2–4 are drawn to find out the physical implication of the Nr, φ and λ on the velocity of the CoF2O4/water nf and TiO2 +

CoF2O4/water hnf. The impact of the Nr on the velocity of the CoF2O4/water nf and TiO2 + CoF2O4/water hnf is examined in Fig. 2. It 
has been analyzed that the velocity of the fluid drops when the Nr amplifies. Physically, it is detected that when the Nr increases that 

Table 2 
The mathematical model of hybrid nanoliquid (φ1 = φMgO,φ2 = φCoFe2O4

) [49].  

Properties Models 

Viscosity μhnf

μbf
=

1
(1 − φTiO2

− φCoFe2O4
)
2 

Density ρhnf

ρbf
= φTiO2

(ρTiO2

ρbf

)

+ φCoFe2O4

(ρCoFe2O4

ρbf

)

+ (1 − φTiO2
− φCoFe2O4

)

Thermal Capacity (ρCp)hnf

(ρCp)bf
= φTiO2

(
(ρCp)TiO2

(ρCp)bf

)

+ φCoFe2O4

(
(ρCp)CoFe2O4

(ρCp)bf

)

+ (1 − φTiO2
− φCoFe2O4

)

Thermal Expansion (ρβT)hnf

(ρβT)bf
= φTiO2

((ρβT)TiO2

(ρβT)bf

)

+ φCoFe2O4

((ρβT)CoFe2O4

(ρβT)bf

)

+ (1 − φTiO2
− φCoFe2O4

)

Thermal Conductivity 
khnf

kbf
=

⎡

⎣

(φTiO2
kTiO2 + φCoFe2O4

kCoFe2O4

φTiO2
+ φCoFe2O4

)

+ 2kbf + 2(φTiO2
kTiO2 + φCoFe2O4

kCoFe2O4 ) − 2(φTiO2
+ φCoFe2O4

)kbf

(φTiO2
kTiO2 + φCoFe2O4

kCoFe2O4

φTiO2
+ φCoFe2O4

)

+ 2kbf − 2(kTiO2 φTiO2
+ kCoFe2O4 φCoFe2O4

) + 2(φTiO2
+ φCoFe2O4

)kbf

⎤

⎦

Electrical Conductivity 
σhnf

σbf
=

⎡

⎣

(φTiO2
σTiO2 + σCoFe2O4 φCoFe2O4

φCoFe2O4
+ φTiO2

)

+ 2σbf + 2(φTiO2
σTiO2 + φCoFe2O4

σCoFe2O4 ) − 2(φTiO2
+ φCoFe2O4

)σbf

(φTiO2
σTiO2 + φCoFe2O4

σCoFe2O4

φTiO2
+ φCoFe2O4

)

+ 2σbf − (φTiO2
σTiO2 + φCoFe2O4

σCoFe2O4 ) + (φTiO2
+ φCoFe2O4

)σbf

⎤

⎦
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resist the fluid motion because the Nr is related to the buoyancy forces. Therefore, the velocity of the CoF2O4/water nf and TiO2 +

CoF2O4/water hnf is reduces. Fig. 3 signifies the variation of the velocity of the CoF2O4/water nanoliquid and TiO2 + CoF2O4/water 
hnf against higher values of the φ. In this enquiry, decreasing behavior of the velocity is observed due to the change of φ. By increasing 
φ, the viscosity of the nf and hnf is increases which is the key factor that decrease the velocity of the CoF2O4/water nf and TiO2 +

CoF2O4/water hnf. 
Fig. 4 capture the flow pattern of the velocity of the CoF2O4/water nf and TiO2 + CoF2O4/water hnf due to the augmentation of λ. 

For varying values of λ, the velocity of the CoF2O4/water nf and TiO2 + CoF2O4/water hnf is amplifies. The effects of the Nb, Nt, φ and 
Ht on the temperature of the CoF2O4/water nf and TiO2 + CoF2O4/water hnf is scrutinized in Figs. 5–8. The variation in the tem-
perature of the CoF2O4/water nf and TiO2 + CoF2O4/water hnf versus amplifying values of the Nb is considered in Fig. 5. Fig. 5 exposed 

Fig. 2. Effect of thermophoresis parameter Nr on the velocity f′(η) curve.  

Fig. 3. Effect of nanocomposites φ on the velocity curve f′(η).  

Fig. 4. Effect of mixed convection parameter λ on the velocity f′(η) curve.  
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that the intensification in Nb amplifies the energy of the CoF2O4/water nf and TiO2 + CoF2O4/water hnf. The increase of Nb (i.e. the 
increase of the concentration of nanoparticles in a fluid) causes an intensification in the rate of energy transference between the fluid 
and the nanoparticles. This is due to the enhanced thermal boundary resistance between the fluid and the nanoparticles, caused by the 
increased collisions between the fluid molecules and the nanoparticles. This increased heat transfer results in a higher temperature 
amplitude in the nanofluid. 

Fig. 6 is presented to access the fluctuation in the temperature of the CoF2O4/water nf and TiO2 + CoF2O4/water hnf for greater 
estimates of the thermophoresis parameter Nt. This graph explains that the magnitude of the temperature of the CoF2O4/water nf and 
TiO2 + CoF2O4/water hnf is rises when the Nt is grown up. Nanofluids are suspensions of nanoparticles in a liquid, and the thermo-
phoresis parameter is a measure of the ability of the nanoparticles to transfer in response to temperature gradient. As the 

Fig. 5. Effect of Brownian motion factor Nb on the energy θ(η) curve.  

Fig. 6. Effect thermophoresis parameter Nt on the energy curve θ(η).  

Fig. 7. Effect of nanoparticles φ on the energy curve θ(η).  
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thermophoresis parameter increases, the nanoparticles are more likely to move towards regions of higher temperature, which can lead 
to an upsurge in the temperature. This is because the nanoparticles are able to transport heat more effectively, leading to a more 
efficient transfer of thermal energy throughout the fluid. Additionally, the increased motion of the nanoparticles can also enhance the 
mixing of the nanofluid, which can also contribute to an increase in temperature. 

In Fig. 7, the change in the temperature of the CoF2O4/water nf and TiO2 + CoF2O4/water hnf with respect to the higher nano-
particle volume fraction φ is explained. It is seeming that the intensifying values of nanoparticle φ decays the temperature of the 
CoF2O4/water nf and TiO2 + CoF2O4/water hnf. Fig. 8 is plotted to determine the physical role of the Ht on the energy of the 
CoF2O4/water nf and TiO2 + CoF2O4/water hnf. In this observation, it is elaborated that the increase in Ht increased the energy curve. 
The increase of heat generation factor (i.e. the increase of the rate of heat generation within the nanoparticles) causes an increase in the 
overall temperature. This is because the heat generated within the nanoparticles is transferred to the fluid via radiation, conduction 
and convection. As the heat generation rate increases, more heat is transported to the fluid, resulting in a higher energy curve. 
Additionally, the increased heat generation rate can also cause the temperature of the nanoparticles to increase, which can lead to 
further heat transfer to the fluid and further temperature amplification. 

Figs. 9–11 are sketched to discuss the role of E, Kr and Sc on the concentration of the CoF2O4/water nf and TiO2 + CoF2O4/water 
hnf. The impact of the activation energy factor E on the concentration of the CoF2O4/water nf and TiO2 + CoF2O4/water hnf is 
evaluated in Fig. 9. In this analysis, an increment in the concentration of the CoF2O4/water nf and TiO2 + CoF2O4/water hnf is 
observed for the higher E. It has noted that with the upsurging of the AE term E, the modified Arrhenius function is deprecating which 
consequently favor in the chemical reaction production. 

Fig. 10 has displayed the increasing role of Kr on the concentration of the CoF2O4/water nf and TiO2 + CoF2O4/water hnf. It is seen 
that the concentration of the CoF2O4/water nf and TiO2 + CoF2O4/water hnf is diminishes when the chemical reaction parameter Kr is 
enhances. It is examined that the mass transmission rate is amplifies but the thickness of the concentration boundary layer is lower 
when the Kr is augmented. As a result, concentration of the CoF2O4/water nf and TiO2 + CoF2O4/water hnf is weakens when the Kr is 
enhances. The change in the concentration of the CoF2O4/water nf and TiO2 + CoF2O4/water hnf due to the various values of the Sc is 
determined in Fig. 11. In this Fig. 11, the declines behavior of the concentration of the CoF2O4/water nf and TiO2 + CoF2O4/water hnf 
is examined with respect to higher Sc. The molecular diffusivity of the nf and hnf is diminished which consequently declines the 
concentration of the CoF2O4/water nf and TiO2 + CoF2O4/water hnf. Because Sc and molecular diffusivity are inversely proportional to 
each other. Therefore, with the increase of Sc the molecular diffusivity is reduces. So, the concentration becomes higher for both 
nanofluid and hybrid when the Sc is higher. 

Table 3 is presented to analyze the physical significance of Cfx, Sherwood number Shx and Nusselt number Nux versus φ, λ, Nb, Nt, 
and Sc. In this Table, it is predicted that the Cfx is lower for higher mixed convection parameter λ, Nb,and Sc. Further, the amplifying 
role of the Cfx is noticed due to the change in φ and Nt. Also, it is perceived that the increment in λ, Nt, and Sc led to intensify the 
Nusselt number Nux but the Nux is lower for higher φ, and Nb. Furthermore, Table 3 signifies that the Sherwood number Shx is increases 
due to the escalation of the φ, Nt, Nb and Sc but the declines role of the Sherwood number Shx is found for the greater λ. Table 4 
particularizes the relative evaluation of the published literature with the present conclusions for the values of − θ′(0). The outcomes 
revealed that the present outcomes are accurate and reliable. 

5. Conclusion 

In this article, the thermal performance of the mixed convection flow of the hybrid nanofluid past a vertical stretching surface with 
the mixing of the cobalt ferrite CoFe2O4 and titanium dioxide TiO2 nanoparticles into the water H2O base fluid is studied. Further, the 
Brownian and thermophoresis diffusivity is discussed in the existing problem. For the numerical solution, the bvp4c technique in 
MATLAB is hired. Key findings of the present study are: 

Fig. 8. Effect of heat source Ht on the energy curve θ(η).  
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❖ Rise in nanoparticle quantities and thermophoresis parameter have increased the skin friction coefficient but the λ, Nb and Sc have 
declined the skin friction coefficient.  

❖ Nusselt number is upsurges for the higher λ, thermophoresis parameter and Schmidt number but the Nusselt number is lower for 
greater Brownian motion parameter and nanoparticle volume fraction.  

❖ A decaying role of Sherwood number is scrutinized for mixed convection parameter. Further, it is noticed that the Sherwood 
number is improves for the flourishing numbers of nanoparticle, thermophoresis and Brownian diffusion and Schmidt number.  

❖ It is detected that the higher values of λ cause to increase the velocity of the nf and hnf. Moreover, the velocity of the nanofluid and 
hnf is lessened due to buoyancy ratio parameter and nanoparticle volume fraction. 

Fig. 9. Effect of Activation energy E on the concentration curve φ(η).  

Fig. 10. Effect of chemical reaction Kr on the concentration curve φ(η).  

Fig. 11. Effect of Schmidth number Sc on the concentration curve φ(η).  
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❖ Nanoliquid and hybrid nanofluid temperature is greater for the higher Brownian motion parameter, thermophoresis parameter, 
and heat generation parameter. Further, the nanofluid and hybrid nanofluid temperature show decreasing behavior for the 
nanoparticles volume fraction.  

❖ Enhancement in activation energy parameter amplified the concentration of the nanofluid and hybrid nanofluid but intensification 
in chemical reaction factor and Schmidt number have declined the concentration of the nanofluid and hybrid nanofluid.  

❖ The proposed model may be extended by considering several physical effects and different boundary conditions, and can be solved 
for trihybrid nanofluid using other numerical, analytical and fractional techniques. 
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Table 3 
Numerical results for Nusselt number, skin friction and Sherwood number.  

Parameter Values Cfx Nux Shx 

φ 0.01 0.22885615 0.41387465 1.07947700  
0.02 0.28274785 0.38679763 1.11174585  
0.03 0.25159785 0.35845469 1.10366863 

λ 0.0 0.75907118 0.13369625 1.11710182  
0.2 0.72975841 0.13883824 1.10003878  
0.4 0.70223339 0.14300426 1.10262520 

Nt 1.0 0.31540593 0.34518183 1.11680600  
2.0 0.31631817 0.23652449 1.21480310  
3.0 0.31640133 0.15818906 1.38548408 

Nb 1.0 0.31456575 0.31387465 0.77671954  
2.0 0.31203913 0.21975442 0.88787082  
3.0 0.31038548 0.11033907 1.15276029 

Sc 0.5 0.32007475 0.36836995 0.66609049  
1.0 0.31456575 0.31387465 1.08747700  
1.5 0.31216768 0.38619710 1.39801025  

Table 4 
The relative comparison of the published literature with the present outcomes.  

Parameter Khan and Pop [50] Wang [51] Puneeth [46] Present work 

Pr − θ′(0) − θ′(0) − θ′(0) − θ′(0)
0.07 0.066 0.066 0.066 0.06621 
0.20 0.169 0.169 0.169 0.16932 
0.70 0.454 0.454 0.454 0.45464 
2.00 0.911 0.911 0.911 0.91162  
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Nomenclatures 

Stream function ψ 
Two-dimensional 2D 
Specific heat JKgK− 1 Cp 

Arrhenius activation energy Ea 

Density Kgm− 3 ρ 
Thermal conductivity (W /m.K) khnf 

Reynold number Rex 
Rayleigh number Rb 
Nusselt number Nux 
Nanoparticles volume friction φ 
Brownian motion Nb 
Schmidth number Sc 
Lewies number Sb 
Aluminum oxide Al2O3 
Peclet number Pe 
Temperature at free stream [K] T∞ 

Stretching velocity (m /s) Uw.

Heat source Q0 

Chemical reaction K2
r 

Thermal radiation Nr 
Dynamic viscosity Kgm− 1s− 1 μ 
Mixed convection factor λ 
Electrical conductivity (S /m) σhnf 

Heat source term hs 
Sherwood number Shx 
Thermophoresis term Nt 
Skin friction Cf 
Cobalt ferrite CoFe2O3 
Titanium dioxide TiO2 
Parametric continuation method PCM 
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