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A B S T R A C T   

The impact of ohmic heating and thermal radiation plays a prominent role in industrial and 
technological applications, for example aerodynamic heating and process flows. Thus the current 
study provides the convective heat transfer of magnetohydrodynamics mixed convection flow 
towards a penetrable stretching wedge with ohmic heating and thermal radiation. By utilizing 
suitable similarity transformation the set of ODEs are transformed to set of highly nonlinear PDEs. 
The reduced equations are elucidated by employing bvp4c method in MATLAB software. The 
effects of numerous emerging parameters were examined and disclosed graphically. In contrast, 
the inclusion of stretching wedge, the temperature and velocity distribution upraises with the 
increase of R. Numerical outcomes of skin friction and Nusselt number are disclosed by addition 
of these parameters. At R = 0.6, the upgraded values of radiation parameter upsurges the tem-
perature gradient. The similar trend is noted at R = 1.2. The augmented values of Ec rises the 
temperature gradient for both the cases of wedge (R ≶ 1). Observations shows that varying R and 
M upsurges the absolute values of surface drag force. However increased values of M lessened the 
temperature gradient.  

Nomenclature 

List of symbols 
R Velocity ratio parameter 
(x, y) Coordinates (m) 
f′ ′ Dimensionless velocity 
(u, v) Velocity component (ms− 1) 
Tw Wall temperature 
m Flow parameter 
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T Temperature of the fluid 
T∞ Temperature of free stream 
uw Stretching velocity (ms− 1) 
Pr Prandtl number 
v Fluid kinematic viscosity 
g Gravitational acceleration 
Nr Radiation parameter 
k Thermal conductivity of the fluid (W m− 1 K− 1) 
B0 Magnetic field 
C Suction/injection parameter 
cp Specific heat (J kg− 1 K− 1) 
qr Radiative heat flux (W/m− 2) 
Ec Eckert number 
U Free stream velocity 
Gr Grashof number 
M MHD 
σ Stefan-Boltzman constant 
Re Reynolds number 
k* Absorption coefficient 

Greek symbol 
λ Mixed convection parameter 
μ Fluid dynamic viscosity (Pas) 
ρ Density of fluid (kg m− 3) 
η Similarity variable 
β0 Thermal expansion coefficient 
σ Electrical conductivity of the fluid 
Ω Wedge angle parameter 
θ Dimensionless temperature 

Abbreviation 
MHD Magnetohydrodynamics 
PDEs Partial differential equation 
ODEs Ordinary differential equations 
DEs Differential equations 
BCs Boundary conditions 
2D Two dimensional 
RK Runge Kutta 
bvp Boundary value problem  

1. Introduction 

Several investigations have been undertaken in recent years to explore MHD (magneto-hydrodynamic) phenomenon because 
magnetics field naturally exists everywhere. The existence of this phenomena must occur when we studied electrically conducting 
fluids. MHD has vast applications in the field of MHD generator, solar physics, engineering, soil mechanics, MHD accelerator, chemical 
engineering etc. The significance of mixed convective flows past a radially stretching porous wedge are found in engineering, in-
dustries and technology. For example mixed convective flow in the presence of radiation are important in engineering, agriculture and 
petroleum industries such as heat treated metals, oil recovery, solar power absorbs and many others. Wedge shaped isodose are used to 
handle the missing tissues in patient anatomy. Krishna et al. [1] addressed the impact of ion slip and Hall effects on time-dependent 
MHD flow over an exponentially convective rotating accelerated plate and used the Laplace transform to find the solution of the 
governing equations. Irfan and Farooq [2] elucidated MHD thermophoretic free stream flow past a radiative exponentially stretching 
surface/sheet. The study of heat transfer and MHD flow past a porous shrinking sheet subject to partial slip condition and viscous 
dissipation was reported by Aly and Pop [3]. Rasool et al. [4] studied the relation of Darcy-Forcheimer in Casson fluid type MHD flow 
through a non-linear stretching surface. Singh and Gohil [5] analyzed the mixed convection MHD flow of nanofluid over an obstacle of 
a diamond-shaped. Entropy formation on MHD flow past a shrinking boundary layer wall was studied by Rashid et al. [6]. The MHD 
free convection Cattaneo-Christove flow with three different geometrical approaches has been discussed by Babu et al. [7]. 

Several engineering and scientific process radiative transfer of heat is often encountered. Kumar et al. [8] reviewed the influence of 
thermal radiation and analyzed the MHD flow passing through vertical plate. Due to huge temperature differences between the wedge 
and the fluid, buoyancy forces significantly affect the thermal field and fluid flow. Therefore the study of mixed convection is essential 
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for such type of flow and several investigations [9–12] have been done on the thermal flow with heat generation/absorption, porous 
plate/sheet and vertical porous channel. Ibrahim and Hirpho [13] analyzed the mixed convective flow with non-uniform temperature 
in a trapezoidal cavity. Patil et al. [14] addressed the nonlinear problem of MHD flow over a convective rough sphere. The problem of 
MHD mixed convective flow over a vertical flat plate with BCs have been researched by Zainal et al. [15]. Waini et al. [16] probed 
mixed convective flow of the hybrid nanofluid through a vertical surface. However, the number of researches on mixed convection 
flow over a penetrable stretching wedge with ohmic heating are very rare. Hossain et al. [17] investigated the time-dependent mixed 
convective flow past on the boundary layer of symmetric wedge subjected to variable surface temperature. Su et al. [18] measured the 
heat transfer of MHD flow over a permeable stretching wedge. Effects of the chemical reaction and particle decomposition on 
time-dependent MHD flow when viscosity is temperature dependent has been investigated by Muhaimin et al. [19]. The MHD flow 
through a penetrable non-isothermal wedge was described by Parasad et al. [20]. The effects of Non-uniform suction/injection on the 
time-dependent mixed convective flow along with a wedge subject to the chemical reactions have been considered by Ganapathirao 
et al. [21]. Gaffar et al. [22] measured the mixed convection flow on the Jeffrey fluid past a non-isothermal wedge. More recently, 
investigation on the MHD flow of Carreau nanofluid over a porous wedge has been done by Sardar et al. [23]. 

Numerical and analytical studies of different flow situation with mixed convective and ohmic heating including numerous physical 
and boundary conditions have been made by various researchers and scientists. For example Shahzad et al. [24] reported the 
computational study of viscous and ohmic dissipation impacts on heat transfer MHD flow of PVA-Cu Jeffrey nanofluid via a stretchable 
surface. They find numerical results via implicit Kellor box technique. Belhocine [25] utilized finite difference method to obtain the 
approximate numerical solution to Graetz problem subject to constant wall temperature. Mixed convective nanofluid flow past a 
nonlinear stretched Riga plate has been examined by Vaidya et al. [26]. They attained the analytical solution using optimal homotopy 
analysis method (OHAM). Belhocine and Omar [27] provides the numerical simulation and analytical solution to generalized Leveque 
equation (LEqs) to predict the thermal boundary layer. Ahmad et al. [28] considered the mixed convective effects on peristalsis of 
hybrid nanometrials flow in symmetric channel with radiation. They obtain the solution using NDsolve technique. 

The bvp4c is a numerical technique for solving non-linear differential equations(DEs). This technique is well addressed in the 
literature (Shampine [29], Iqbal et al. [30], Khan and Rashid [31], Waqas et al. [32], Zainal et al. [33], Vaidya et al. [34], Muhammad 
et al. [35], Ramzan et al. [36]. We used the bvp4c to obtain the numerical solution of the MHD mixed convective flow over a penetrable 
stretching porous wedge. The ohmic heating is also considered in the present flow situation. 

In current investigation the novelty of considered problem is described by the following lines.  

(i) The 2D viscous fluid in the presence of suction or injection has been considered with heat transfer characteristics over a porous 
radially stretching wedge subject to non-uniform temperature at the surface.  

(ii) The flow is exposed due to the influence of magnetic field.  
(iii) The buoyancy term involving wedge angle Ω has also been added in the momentum equation to extend the prevailing literature, 

which further increases the novelty of the recent work.  
(iv) In this work, the impact of various pertinent parameters has been determined and presented in tabular form.  
(v) The Ohmic and radiation terms also improve the novelty of the present work.  

(vi) The bvp4c technique has been utilized to obtain the solution of the resultant equations.  
(vii) The comparison table show good agreement of bvp4c results which authenticate this technique. 

2. Description of physical and mathematical problem 

Consider 2D steady mixed convection MHD flow with heat transfer past a penetrable stretching porous wedge in a electrically 
conducting incompressible viscous fluid as depicted in Fig. 1. The wedge is stretched with free stream velocity u(x, 0) = UR and U =

U0xm. The Cartesian coordinate system is chosen and a magnetic field of strength B = B0 x

(

m− 1
2

)

is employed in y-dimension which is 

Fig. 1. Geometry of the problem.  
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normal to the wedge, x-dimension is along with the wedge. The mass transfer near the wedge has function vw = − C(ν)
1
2U1/2

0 (m+1
2 )xm− 1

2 . 
The related magnetic field is neglected and the Reynold number is kept small. The wedge has non uniform temperature T = T∞ + bx2m 

and T∞ is the temperature outside the wedge. The total angle of the wedge is represented by Ω = βπ(β= m+1
2 ) where β = 1 and β =

0 correspond to vertical and horizontal cases respectively. The constitutive equations for flow field and heat transfer when ohmic and 
thermal radiation are present can be stated as Ref. [18]. In Present mathematical model the following specifications and assumptions 
are taken into account:  

● 2D steady incompressible laminar flow  
● Non-uniform temperature at the wedge  
● bvp4c Matlab solver (shooting scheme)  
● Suction and thermal radiative effects  
● Convective heat transport  
● Stretching porous wedge 

∂u
∂x

+
∂v
∂y

= 0, (1)  

u
∂u
∂x

+ v
∂u
∂y

= U
dU
dx

+ v
∂2u
∂y2 +

B2σ
ρ (U − u) + gβ0(T − T∞)Si n

Ω
2
, (2)  

ρcp(u
∂T
∂x

+ v
∂T
∂y

) = − u
(

ρU
dU
dx

+ σB2U
)

+ α ∂2T
∂y2 −

∂qr =
− 16T3

∞σ∗

3κ∗
∂T
∂y

∂y
+ σB2u2,

(3) 

Related BCs are 

u(x, 0) = RU = Uw, v(x, 0) = vw = − C(ν)
1
2U1

2(
m + 1

2
)xm− 1

2 , T = Tw, (4)  

u(x,∞) = U = U0xm, T(x,∞) = T∞. (5)  

where u, v are the velocity components along xy directions, ρ, T, g, β0, ν, cp, σ, k* are the fluid density, temperature, gravity field, 
coefficient of thermal expansion, kinematic viscosity, specific heat of the fluid, electrical conductivity, thermal conductivity respec-
tively. Mass transfer at the surface vw can be defined in two ways, that is, vw < 0 for suction and vw > 0 for injection. 

We now recommend the following variables 

u =
∂ψ
∂y

, v = −
∂ψ
∂x

, u = Uf ′

v = −
̅̅̅̅̅̅̅̅
νU0

√
xm− 1/2

[
m + 1

2
f + η m − 1

2
f ′

]

θ(η) = T − T∞

Tw − T∞

where η =
̅̅̅̅
U

√
(νx)−

1
2y

(6) 

By utilizing Eq. (6) in Eqs. (2) and (3) we have. 

Table 1 
Notation of substantial parameters.  

Symbolic Notation Physical Meaning Mathematical Notation 

Grx Grashof number gβ0(TW − T∞)x3

ν2  

Rex Reynolds number Ux
ν  

Ec Eckert number U2

cp(TW − T∞)
Pr Prandtl number μcp

α  
M Magnetic Parameter σB2

0
ρU0  

λ Mixed convection parameter Grx

Re2
x  Nr Radiation parameter 16T3

∞σ0

3k∗α   
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d3f
dη3 +

1 + m
2

f
d2f
dη2 + m

[

1 −

(
df
dη

)2
]

− M
(

df
dη − 1

)

+

(

λSi n
Ω
2

)

θ = 0, (7)  

1
Pr

d2θ
dη2 +

1
Pr

Nr
d2θ
dη2 +

1 + m
2

f
dθ
dη − 2mθ

df
dη + M

(
df
dη

)2

− (m+M)Ec
df
dη = 0, (8) 

In Eqs. (7) and (8) important parameters are involved. These are defined along with physical meaning and mathematical notations 
in Table 1. 

Eqs. (4) and (5) also transformed BCs to 

f (0) = C, f
′

(0) = R, f
′

(∞) = 1, θ(0) = 1, θ(+∞) = 0. (9)  

Where C ≺ 0 injection and C ≻ 0 suction through the wedge and R = Uw
U is the velocity ratio parameter. 

2.1. Physical parameters of engineering interest 

The important parameters for engineering interest of the consider problem is the surface drag force Cf and the Nusselt number Nux 
that describe the surface drag force and heat transfer at the surface 

Cf =
τw

ρU2, Nux =
xqw

α(Tw− T∞)
(10)  

where τw = μ
(

∂u
∂y

)

y=0 
and qw = − α

(
∂T
∂y

)

y=0
. 

Using (6) in (10) we have 

R0.5
ex

Cf = f ′ ′(0), and Re− 0.5
x Nux = − θ

′

(0). (11)  

3. Solution approach 

The resulting nonlinear differential equations (DEs) (7–8) with boundary conditions (BCs) (9) are numerically integrated via 
Runge-Kutta (RK) method incorporating shooting scheme with popular bvp4c MATLAB [31] built in function. The most prominent 
feature of current technique is to select the suitable finite values of η → ∞. To define η∞ for the stated boundary value problem (bvp) by 
Eqs. (7) and (8) we take some initial guesses values on specific set of sundry parameters to obtain f′ ′(0) and θ′(0). The solution scheme is 
reiterated with another big value of η∞ till two succeeding values of f′ ′(0) and θ′(0) vary only by stated important digit. Finally last 
values of η∞ is selected to the best suitable value of the limit η → ∞ for that certain set of parameters. After the finite value of η is 
selected then the nonlinear problem is unraveled numerically consuming the scheme of superposition. This method reduces the third 
and second order Eqs. (7) and (8) to five instantaneously ordinary differential equations (ODEs) as follows 

f1 = f (η), f2 =
df
dη, f3 =

d2f
dη2 (12)  

f
′

3 = −
1 + m

2
f1f3 − m

[
1 − (f2)

2 ]
+ M(f2 − 1) − (λSi n

Ω
2
)f4 = 0, (13)  

f4 = θ(η), f5 =
dθ
dη (14)  

f
′

5 = −
Pr

1 + Nr

[
1 + m

2
f1f5 − 2mf2f4 + M(f2)

2
− (m+M)Ecf2

]

(15) 

The boundary condition now become 

Table 2 
Comparison values of f′ ′(0) for various values of C.  

C DTM-BF Numerical Numerical Numerical BVP4C 

[18] [18] [37] [38] Present results 

1.0 1.889283054 1.889313587 1.88931 1.8893 1.889312724 
− 1.0 0.756379208 0.758557091 0.75658 0.7566 0.756574914 
− 0.5 0.969357017 0.969229466 0.96923 0.9692 0.969229200 
0.0 1.233501042 1.232587947 1.23259 1.2326 1.2325863187 
0.5 1.541985282 1.541750966 1.54175 1.5418 1.5417505146  
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f1 = C, f2 = R, f4 = 1 at η = 0
f2 = 1, f4 = 0 at η = ∞

}

(16)  

4. Graphical and tabular analysis 

We discovered results for f′ ′(0) with the following parameters λ = 0, m = 1, R = 0 = M by varying C are compared with the values 
found by Su et al. [18], Yih [37], Ishak et al. [38]. An exceptional agreement between the results is establish (see Table 2). That also 
authenticates the recent exploration scheme. Further this section, the behavior of numerous parameters on velocity f′(η), temperature 

Initialization

Variables Declaration

Initial guessFirst order ODE’sBoundary conditions

BVP4C

Domain Discretization

Calculations for solution

Numerical Results

Fig. 2. Flow chart of the problem.  

Fig. 3. The influence of M on θ(η).  

Fig. 4. The influence of m on f′(η).  
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θ(η) profiles are also analyzed. Moreover, the flow chart of problem is represented in Fig. 2. The performance of magnetic parameter M 
on temperature θ(η) is illustrated in Fig. 3. The temperature velocity increases with the augmented values of M as depicted in Fig. 3. 
Fig. 4 depicts the results of wedge angle parameter m on f′(η). This figure illustrates a downfall of f′(η) as the values of m are increased. 
The impacts of Ec on the fluid and temperature velocity are captured in Figs. 5 and 6. Again both velocities show a declining behavior 
as Ec becomes higher. The impact of Pr on f′(η) is described in Fig. 7. Increasing the Pr, the momentum diffusion is upgraded. The 
findings of several choices of R rises the velocity profiles as depicted form Fig. 8. The influence of mixed convection parameter λ on f′(η) 
distributions is depicted in Fig. 9. Additionally, in Table 3 | − θ

′

(0)| enhanced with the enlarged values of β. Keeping other parameters 

Fig. 5. The influence of Ec on f′(η).  

Fig. 6. The influence of Ec on θ(η).  

Fig. 7. The influence of Pr on f′(η).  

M. Hussain et al.                                                                                                                                                                                                       



Case Studies in Thermal Engineering 31 (2022) 101809

8

fixed and varying R and M on the |f ′ ′(0)| enhanced and the width of the boundary layer is decreased with the higher choices M when R 
> 1 or < 1. The temperature gradient is higher and the temperature profile is lessened when M is increased at R < 1. Conversely, it is 
remarkable to note that the developments of the | − θ

′

(0)| and the temperature profile at R > 1 are differing to those at R < 1 with the 
escalation of M. Tables 4 and 5 depicts the differences of Nusselt number for varied choices of emerging parameters. We saw that at R 
= 0.6 or R = 1.2, Nusselt number rises by rising Pr values. However, reverse nature is noticed for Nr parameter at R > 1 or < 1. Table 5 
is designated the Ec and Nr impacts on Nusselt number that increases when Ec is increased for R > 1 or < 1. Opposite trend is observed 
in Nr case at R = 0.6, the Nusselt number decreases whereas at R = 1.1 it increases. 

5. Conclusions 

MATLAB bvp4c was used to analyzed ohmically dissipated MHD mixed convective flow over a penetrable stretching wedge in the 

Fig. 8. Influence of R on velocity.  

Fig. 9. The influence of λ on f′(η).  

Table 3 
Numerical outcomes for the impact of β, R, M on f′ ′(0) and θ′(0).  

β R M m C λ Ec Pr Nr f′ ′(0) θ′(0) 

2/3 0.5 0.1  − 0.2 1 0.1 1 1 0.808 436 568 0.924 266 46 
1.1        − 0.039 480 453 1.119 893 49 

0 0.5        0.676 525 384 1 0.910 527 78 
1.1        − 0.155 156 482 1.110 501 89 

1 0.5        0.868 814 034 0.930 370 47 
1.1        0.013 755 087 1.124 123 143 
0.1 0 0.1 1 0.8 0.5   1.139 520 765 0.654 925 033 
2.0        − 2.232 037 47 0.710 106 107 
0.1 3       1.331 041 270 5.448 769 239 
2.0        − 1.586 668 83 − 4.211 272 585 
0.1 10       2.761 898 509 9.299 283 909 1 
2.0        − 4.250 054 19 12.291 331 619  
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presence of thermal radiation. The important findings of present study are as follows  

● Increment of M diminish the momentum boundary layer thickness.  
● The absolute values of surface drag force increases by varying R and M.  
● The temperature gradient is lessened with upgraded values of M.  
● Velocity and temperature distribution is lessened with bigger values of Ec.  
● Both fluid and temperature velocities decreases for larger estimates of radiation parameter Nr.  
● At R = 0.6 or 1.1, the augmented values of Ec rises Nusselt number.  
● The enlarged values of Pr, the Nusselt number increases in both the cases of 1 < R < 1.  
● There is an excellent agreement between bvp4c method and other numerical data given in the literature.  
● Suction delay the boundary layer separation. 

Funding 

National Natural Science Foundation of China (No. 71601072), Key Scientific Research Project of Higher Education Institutions in 
Henan Province of China (No. 20B110006) and the Fundamental Research Funds for the Universities of Henan Province. 

Author contributions 

Majid Hussain: Investigation, Orignal Draft, Akhtar Ali: Methodology, Shao-Wen Yao: Funding acquisition, Abdul Ghaffar: 
Investigation, Review, Mustafa Inc: Methodology, Original Draft, & Editing. 

Declaration of competing interest 

The authors declare that they have no known competing financial interests or personal relationships that could have appeared to 
influence the work reported in this paper. 

References 

[1] M.V. Krishna, N.A. Ahamad, A.J. Chamkha, Hall and ion slip effects on unsteady MHD free convective rotating flow through a saturated porous medium over an 
exponential accelerated plate, Alex. Eng. J. 59 (2020) 565–577. 

Table 4 
Numerical outcomes for the impact of Nr, Pr.  

R M m C λ Ec Pr Nr Re− 0.5
x Nux  

0.6 0.1 1 − 0.2 1 0.1 1 0.1 1.292 875 0      
1.2  1.399 611 9      
1.3  1.448 936 3      
1.4  1.495 988 4 

1.2      1  1.577 932 2      
1.2  1.721 579 9      
1.3  1.788 369 6      
1.4  1.852 314 6 

0.6      1 0.2 1.244 595 9       
0.3 1.201 646 50       
0.4 1.163 099 70 

1.2       0.2 1.513 364 93       
0.3 1.456 148 34       
0.4 1.404 980 81  

Table 5 
Numerical outcomes for the impact of Nr, Ec.  

R M m C λ Ec Pr Nr Re− 0.5
x Nux  

0.6 0.1 0.1 − 0.2 1 0.1 1 0.1 0.752 226     
1   2.040 978     
1.3   2.355 730     
1.4   2.461 862 

1.1     0.1   13.722 18     
0.2   15.842 689     
0.3   17.925 300 

0.6     0.1  0.2 0.569 631 2       
0.3 0.530 817 5       
0.4 0.440 627 5 

1.1       0.0 3.585 041 5       
0.1 13.722 188 5  

M. Hussain et al.                                                                                                                                                                                                       

http://refhub.elsevier.com/S2214-157X(22)00055-7/sref1
http://refhub.elsevier.com/S2214-157X(22)00055-7/sref1


Case Studies in Thermal Engineering 31 (2022) 101809

10

[2] M. Irfan, M.A. Farooq, Thermophoretic MHD free stream flow with variable internal heat generation/absorption and variable liquid characteristics in a 
permeable medium over a radiative exponentially stretching sheet, J. Mater. Res. Technol. 9 (3) (2020) 4855–4866. 

[3] E.H. Aly, I. Pop, MHD flow and heat transfer near stagnation point over a stretching/shrinking surface with partial slip and viscous dissipation: hybrid nanofluid 
versus nanofluid, Powder Technol. 367 (2020) 192–205. 

[4] G. Rasool, Ali J. Chamkha, T. Muhammad, A. Shafiq, I. Khan, Darcy-Forchheimer relation in Casson type MHD nanofluid flow over non-linear stretching surface, 
Propul. Power Res. 9 (2) (2020) 159–168. 

[5] R.J. Singh, T.B. Gohil, Numerical study of MHD mixed convection flow over a diamond-shaped obstacle using Open FOAM, Int. J. Therm. Sci. 146 (2019), 
106096. 

[6] I. Rashid, M. Sagheer, S. Hussain, Entropy formation analysis of MHD boundary layer flow of nanofluid over a porous shrinking wall, Physica A 536 (2019), 
122608. 

[7] M.J. Babu, N. Sandeep, S. Saleem, Free convective MHD Cattaneo-Christov flow over three different geometries with thermophoresis and Brownian motion, 
Alex. Eng. J. 56 (2017) 659–669. 

[8] M.A. Kumar, Y.D. Reddy, V.S. Rao, B.S. Goud, Thermal radiation impact on MHD heat transfer natural convective nano fluid flow over an impulsively started 
vertical plate, Case Stud. Therm. Eng. 24 (2021), 100826. 

[9] S.R. Rao, G. Vidyasagar, G.V.S.R. Deekshitulu, Radiation effects on MHD free convective flow over a moving vertical porous plate with heat generation in the 
presence of viscous dissipation and chemical reaction, Mater. Today Proc. 18 (2019) 2172–2177. 

[10] Z. Abdelmalek, I. Khan, M.W.A. Khan, K. Rehman, E.M. Sherif, Computational analysis of nano-fluid due to a non-linear variable thicked stretching sheet 
subjected to Joule heating and thermal radiation, J. Mater. Res. Technol. 9 (5) (2020) 11035–11044. 

[11] A.O. Ajibade, K.B. Jha, M.H. Jibril, B.A. Yusuf, Effects of dynamic viscosity and nonlinear thermal radiation on free convective flow through a vertical porous 
channel, Int. J. Thermofluids 9 (2021) 100062. 

[12] S. Ahmed, H. Xu, Forced convection with unsteady pulsating flow of a hybrid nanofluid in a microchannel in the presence of EDL, magnetic and thermal 
radiation effects, Int. Commu. Heat and Mass Tran. (2022) (In press). 

[13] W. Ibrahim, M. Hirpho, Finite element analysis of mixed convection flow in a trapezoidal cavity with non-uniform temperature, Heliyon 6 (2021), e05933. 
[14] P.M. Patil, H.F. Shankar, P.S. Hiremath, E. Momoniat, Nonlinear mixed convective nanofluid flow about a rough sphere with the diffusion of liquid hydrogen, 

Alexandria Eng. J. 60 (2021) 1043–1053. 
[15] N.A. Zainal, R. Nazar, K. Naganthran, I. Pop, MHD mixed convection stagnation point flow of a hybrid nanofluid past a vertical flat plate with convective 

boundary condition, Chin. J. Phys. 66 (2020) 630–644. 
[16] I. Waini, A. Ishak, I. Pop, Mixed convection flow over an exponentially stretching/shrinking vertical surface in a hybrid nanofluid, Alexandria Eng. J. 59 (2020) 

1881–1891. 
[17] Md Anwar Hossain, S. Bhowmick, R.S.R. Gorla, Unsteady mixed-convection boundary layer flow along a symmetric wedge with variable surface temperature, 

Int J. Eng. Sci. 44 (2006) 607–620. 
[18] X. Su, L. Zheng, X. Zhang, J. Zhang, MHD mixed convective heat transfer over a permeable stretching wedge with thermal radiation and ohmic heating, Chem. 

Eng. Sci. 78 (2012) 1–8. 
[19] I. Muhaimin, R. Kandasamy, A.B. Khamis, R. Roslan, Effect of thermophoresis particle deposition and chemical reaction on unsteady MHD mixed convective 

flow over a porous wedge in the presence of temperature-dependent viscosity, Nucl. Eng. Des. 261 (2013) 95–106. 
[20] K.V. Prasad, P.S. Datti, K. Vajravelu, MHD mixed convection flow over a permeable non-isothermal wedge, J. King Saud Univ. Sci. 25 (2013) 313–324. 
[21] M. Ganapathirao, R. Ravindran, I. Pop, Non-uniform slot suction (injection) on an unsteady mixed convection flow over a wedge with chemical reaction and 

heat generation or absorption, Int. J. Heat Mass Tran. 67 (2013) 1054–1061. 
[22] S.A. Gaffar, V.R. Prasad, E.K. Reddy, Mixed convection boundary layer flows of a non-Newtonian Jeffrey’s fluid from a non-isothermal wedge, Ain Shams Eng. J. 

8 (2017) 145–162. 
[23] H. Sardar, L. Ahmad, M. Khan, Ali Saleh Alshomrani, Investigation of mixed convection flow of Carreau nanofluid over a wedge in the presence of Soret and 

Dufour effects, Int. J. Heat Mass Tran. 137 (2019) 809–822. 
[24] Faisal Shahzad, Wasim Jamshed, Kottakkaran Sooppy Nisar, M. Motawi Khashan, Abdel-Haleem Abdel-Aty, Computational analysis of Ohmic and viscous 

dissipation effects on MHD heat transfer flow of Cu-PVA Jeffrey nanofluid through a stretchable surface, Case Stud. Therm. Eng. 26 (2021), 101148. 
[25] A. Belhocine, An approximate numerical solution to the Graetz problem with constant wall temperature, Int. J. Comput. Sci. Math. 8 (No. 1) (2017). 
[26] H. Vaidya, K.V. Prasad, I. Tlili, O.D. Makinde, C. Rajashekhar, Sami Ullah Khan, Rakesh Kumar, D.L. Mahendra, Mixed convective nanofluid flow over a non 

linearly stretched Riga plate, Case Stud. Therm. Eng. 24 (2021), 100828. 
[27] A. Belhocine, W.Z.W. Omar, Analytical solution and numerical simulation of the generalizedLevèque equation to predict the thermal boundary layer, Math. 
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