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The three-dimensional (3D) model of the fluid flow model with length, breadth, and 
height or depth is the advanced and precise version from the two-dimensional (2D) 
model which just lies on a flat surface. The heat transfer in the boundary layer flow 
have numerous applications in the production of polymer, plastic films, and paper 
production. Therefore, this paper solves 3D magnetohydrodynamics Newtonian fluid 
flow model with the effect of Soret-Dufour parameters. Compared with the previous 
report where the 3D model is without the inclination angle (all the axes are located at 
their fixed position), this paper considers the boundary xy-plane being projected by a 
certain angle from the z-axis. The initial partial differential equations (PDEs) are 
subsequently reduced to ordinary differential equations (ODEs). The MATLAB bvp4c 
program is chosen to solve the ODEs and the results velocity profile, temperature 
profile, concentration profile, skin friction coefficient, local Nusselt number, and local 
Sherwood number.  It can be inferred that the magnetic parameter is responsible to 
the decrement of the velocity profile and skin frictions coefficient. The enhancement 
of the temperature and the local Sherwood number are caused by the Dufour number. 
Besides, concentration and the local Nusselt number are enhancing due to the 
increasing Soret number. 
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1. Introduction 
 

Research in magnetohydrodynamic (MHD) boundary flow has captured significant deliberation 
due to its relevant applications such as in MHD generators, refrigeration, or warming applications, 
etc. As compared to the two-dimensional flow as reported recently, the three-dimensional (3D) 
dimension is more realistic and practical in application. As such, several authors take the effort to 
investigate 3D MHD flow such as stretching/shrinking plate [1-4] and rotating stretching/shrinking 
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sheet [5-7]. However, these studies [1-7] are limited to flows moved over a horizontal/vertical 
stretching sheet. They develop a plate without any inclination from any axis. The fluid flows over an 
inclined sheet were reported for the MHD model [8-12] are with these controlling factors: when the 
fluid state is unsteady [8], with the Newtonian heating effect [9], the fluid model considers the free 
convection flow [10], the fluid is bounded by the slip condition [11], with the presence of porous 
medium [11, 13], or when the stagnation point is existed in the fluid flow [12]. The boundary layer 
flow bounded by an inclined sheet observes the characteristics of the fluid flow when the sheet can 
be displaced by a certain angle by the same origin point, instead of the static sheet.  

It is worth mentioning that most of the works cited above are with the absence of Soret and 
Dufour effects.  Temperature gradient causes the occurrence of diffusion flux known as Soret effect 
(thermal diffusion), whilst chemical potential gradient results in the occurrence of heat flux noted as 
Dufour effect. Such impacts are very much significant in hydrology, petrology, nuclear reactors, etc 
[14]. The Soret-Dufour effects in the fluid flow model is developed when the vector of magnetic field 
is projected in a certain angle [15], with the presence of Brownian motion and thermophoresis 
parameter [16-19], affected by heat absorption and viscous dissipation [20, 21], subjected to the 
chemical reaction [21], influenced by activation energy [22], has a slip effect at the boundary [23], 
and with the presence of thermal radiation [23, 24]. In addition, the different boundary shape, such 
as the fluid flows towards a moving thin needle [25] and moving plate [26] has been described. 

Looking at the above-mentioned reported studies, the main purpose of this paper is to extend 
the model developed by Parvin et al., [3] in 3D MHD Newtonian fluid over a flat horizontal stretching 
plane, into the inclined stretching plane. The method of this research works follows the following 
steps: 1) Develop the initial mathematical formulation by adding the effect of the inclination angle in 
the previous model [3], 2) Convert the formulation in (1) in the form of ordinary differential equations 
(ODEs), 3) Solve the ODEs by implementing the Matlab bvp4c coding. The characteristics of the 
Newtonian fluid flow, heat and mass transfers are obtained in the form of graphical illustrations, such 
as the respective profiles (velocity, temperature, concentration) and physical parameters (skin 
friction coefficient, local Nusselt number, local Sherwood number). All the numerical results are 
obtained from bvp4c technique through Matlab program. 
 
2. Methodology  

 
The magnetohydrodynamics (MHD) Newtonian flow over a three-dimensional horizontal inclined 

stretching plane (x-, y, and z- axes) is considered. The in or out direction is the vector x, y for horizontal 
and z is for vertical. The magnetic field vector is located at z- axis. The Newtonian fluid is assumed to 
be incompressible and electrically conducting, and the fluid model is shown in Figure 1. The initial 
mathematical formulation from Parvin et al., [3], together with the effect of inclination angle acts on 
the stretching plane [27] are as follows:  
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(3) 

  

 
(4) 

 

 
(5) 

 
The velocity in the x-axis, the velocity in the y-axis, the velocity in z-axis, kinematic viscosity, 

inclination angle which plane xy is projected from z-axis, acceleration due to gravity, electrical 
conductivity, thermal diffusivity, coefficient of thermal expansion,  coefficient of concentration 
expansions, uniform strength of magnetic field, mass diffusivity, thermal diffusion ratio, temperature 
of the fluid, concentration of the fluid, concentration susceptibility, specific heat at constant 
pressure, and mean fluid temperature are defined as these symbols: 

 θ, , .T C 0 g p mu, v, w, ν, ρ, g, σ, α, β , β , β , D, K, T, C, C , C T
 

 

 
Fig. 1. Physical configuration with coordinate system 

 
The related boundary conditions are [3] 
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The fluid velocity in - axis:   
x+y

L
w 1 0x u = u (x,y) = λ U e ,

 

The fluid velocity in - axis:   
x+y x+y

L L
w 2 0 2 0y v = v (x,y) = λ V e = λ U e ,

 

                                                      ( ), 0 and 0.0 0 0 0U =V U V  
The fluid velocity in z- axis:  w =W(x,y),  

The temperature of the fluid:  
x+y

2L
w 0T (x,y) = T + T e ,

 

The concentration of the fluid:  
x+y

2L
w 0C (x,y) = C + C e

 
 

→ As      (at  adjacent  point   is   indicated   by   the   subscript  " "):z  
 

                   (6) 
 

From Eq. (6), the reference length, stretching parameter in the x- axis, the stretching parameter 

in y-axis, and the wall mass suction velocity are expressed by the following symbols: 

( ) , 0, 0, .1 2L λ λ W x,y
 

 
The similarity transformations regarding to the mathematical formulation [3] as in Eq. (1) - Eq. (5) 

are 
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0 2L
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        = = φ,
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2L
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where subscript  indicates the differentiation with respect to η  η.  
 
The following equations are produced from the substitution of Eq. (7) to Eq. (2) - Eq. (6): 
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(12) 

 

Where the stretching rate at y-axis 2λ  is equal to λ.   

 
The parameters occurred in Eq. (8) - Eq. (12) are tabulated in Table 1. In this model, U0 = V0, then 

Rix = Riy. As a result, the mixed convection parameter for the x- and y- axes is denoted by Ri. The 
opposing flow is classified by negative Ri, whereas the assisting flow is positive Ri. 
 

Table 1 
The related governing parameters in ODEs 
Governing Parameters Equations 

Thermal Grashof number 

 

Reynolds number in x-axis  
x+y

L
x 0 fRe = U Le /v

 

Reynolds number in y-axis  
x+y

L
y 0 fRe = V Le /v

 
Mixed convection in x-axis 2

x x xRi = Gr /Re  
Mixed convection in y-axis 

2
y x yRi = Gr /Re

 

Buoyancy ratio ( ) ( ) ( ) ( )C 0 T 0f f
N = β C / β T

 

Magnetic field ( )
 
 
 

x+y
2 L
0 0H = σLB / U ρe

 
Prandtl number Pr = ν/α  
Schmidt number Sc = ν/D  
Soret number 0 m 0Sr = DKT /T C ν  

Dufour number ( ) ( )0 s p 0Db = DKC / C C T ν
 

Suction parameter ( )
x+y

-
2L

0S = - 2L/U νe W x,y
 

 
The physical parameters of skin friction coefficient Cf, local Nusselt number Nux and local 

Sherwood number Shx [3] are 
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Where τ  is the wall shear stress. The subscript x and y in τ  are according to the x- and y-axes. By 
implementing similarity transformation Eq. (7) into Eq. (13), then we obtain 
 

-2(x+y)

L
x fx ηη

x

1
2Re e C + = f (0),

2Re       

2(x+y)
-

L
y fy ηη

y

1
2Re e C + = h (0),

2Re
 

 

  
(14) 

 
From the reduction of Eq. (13) to Eq. (14), the skin friction coefficient in x-axis, the skin friction 

coefficient in y-axis, local Nusselt number, and local Sherwood now will be expressed as fηη (0),  hηη 

(0), -θ(0), and -ϕ(0), respectively. 
 

As a conclusion, the methodology in this section is presented as a flow chart in the Figure 2, starts 
from the mathematical formulation until the step to obtain the numerical solutions. 
 
3. Results  
 

As boundary layer is concerned, the impact of the mixed convection parameter Ri, magnetic 
parameter H, Dufour number Db and Soret number Sr on the boundary are believed to give pertinent 
impact. The existence of these parameters in Eq. (8) – Eq. (12) are the main focus of this study. As 
such, we opt to solve those equations by using Matlab bvp4c method. For the sake of understanding 
the influence of these parameters on the horizontal velocity fη, vertical velocity hη, temperature 
profile θ  and concentration profile φ  pictorial descriptions are presented in Figures 2 – 5 for this 

purpose, taking into account various arbitrary constants. Whilst, from an engineering point of 
interest, the skin friction coefficients in x- and y- axes  ( fηη (0) and hηη (0)), local Nusselt number 

( )η-θ 0  and local Sherwood number ( )η-φ 0  are portrayed in Figures 6 - 8 respectively. The values of 

the governing parameters used are as follows unless otherwise mentioned: 
oθ = 30 , = 0.8,  = 3.0,  = 0.5,  = 1,  = 0.5,  = 0.5,  = 0.2,  = 1.0,  = 0.5.Ri N H Pr Db Sc Sr S λ

 
The comparison on the ( )ηθ 0  data for the various Prandtl number Pr  when the model is reduced 

to a flat horizontal stretching plane o(θ = 0 )  is tabulated in Table 2. The previous investigator reported 

the rate of heat transfer when Pr = 1,3,5. However, the additional numerical values for the 
comparison are for Pr = 2,4. The data in this table shows good agreement with the previous report 
[3]. Therefore, it is clear that all the profiles satisfy the related boundary conditions, and this 
comparison gives us the confident to proceed with the subsequent numerical calculations. 

The imposition of H in the fluid flow is seen to decrease the velocity along the horizontal and 
vertical components, i.e. fη and hη as depicted in Figures 3(a) and 3(b), respectively.  As a result of 
magnetic field appearance, the Lorentz force will retard the flow motion. This in turn, results in the 
velocity reduction. Both profiles show that the velocity starts at a certain value and slowly decreases 
to 0 once the boundary layer is fully formed as agreed in boundary conditions Eq. (12). 
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Fig. 2. Flow chart of the methodology process for the Newtonian fluid 
flow model in this paper 

 
Figures 4(a) and 4(b) illustrates the repercussion of the stretching parameter λ towards the 

horizontal and vertical velocity profiles (fη and hη). It is found that λ  has no significant changes on 
the fη as the decrement is too small. However, the increment of λ  is notable in the hη only near the 
surface (η ≪ 1) due to the fixed λ  as specified in the boundary condition Eq. (12). Here, the vertical 
velocity increases as λ  increases and beyond η > 1, λ  is seen to be less powerful, but somehow 
decreases the vertical velocity component even with diminutive changes. 

The impact of Db on the θ  and φ  profiles are portrayed in Figures 5(a) and (b) respectively. 

Remarkable impact is seen to ensue on the temperature profile. The accretion of Db results in the 
increment of temperature and thickness of the boundary layer as can be seen in Figure 5(a). However, 
the increment of Db gives a trifling influence on the concentration profile.  As mathematical point of 
interest is concerned, it is worth to mention that for η ≪ 2.5 approximately, the concentration is 
slightly lower as Db  increases and the trend contradicts as η > 2.5. 
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Table 2 

The comparison on wall-temperature gradient ( )ηθ 0  for a flat 

horizontal stretching plane 

λ  Pr  Parvin et al., [3] Present 

1.1 

1 -1.00139 -1.00140 
2 - 1.54325 

3 -1.96030 -1.96028 

4 - 2.31209 

5 -2.62216 -2.62214 

1 

1 -0.95478 -0.95481 
2 - -1.47142 

3 -1.86907 -1.86904 

4 - -2.20449 

5 -2.50013 -2.50011 

0.9 

1 0.90579 -0.90583 
2 - -1.39590 

3 1.77316 -1.77312 

4 - -2.09135 

5 -2.37183 -2.37180 

 

(a)                                                                                         (b) 
Fig. 3. The (a) fη  and (b) hη  profiles for various values of H  

 

(a)                                                                                       (b) 
Fig. 4. The (a) fη  and (b) hη  profiles for various values of  λ  
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(a)                                                                                       (b) 
Fig. 5. The (a) fη  and (b) hη  profiles for various values of  Db 

 
Figures 6(a) and (b) presented the influence of Soret number Sr in the fluid flow on the θ  and φ   

profiles, respectively.  The impact of the Sr number on the temperature is more dominant for η ≪ 
1.5 as depicted in Figure 6(a). Here, the increment of Sr number results in lowering the temperature 
and is no longer valid beyond this value η > 1.5. Nevertheless, it is observed that the impact of Sr 
number is to enhance the temperature even with slight changes at η > 1.5. As per concentration, the 
rise in Sr number enhances the concentration and in fact, higher Sr number (Sr = 2.2) inspires an 
overshoot profile near the sheet, showing that the concentration comes to its maximum value before 
asymptotically goes to 0 to achieve a certain thickness.   

Above all, Db and Sr numbers have opposite behaviour. i.e the Db effect is discovered to wield 
huge influence on the θ  profile as compared to the φ  profile, and contrary behavior occurred for 

the Sr number. Increasing Dufour number causes the increment in the concentration gradient. 
Therefore, mass diffusion rate becomes faster and the thermal energy is distributed to all the 
particles. As a result, the temperature profile enhances. On the other hand, the Soret number causes 
the concentration profile to increase due to the enlargement of temperature gradient. This gradient 
is associated with the mass energy and consequently, the concentration profile is augmented.  

 

(a)                                                                                 (b) 
Fig. 6. The (a) θ  and (b) φ  profiles for various values of Sr 
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 The skin friction coefficients in x- and y- axes (fηη (0) and  hηη (0)), local Nusselt number ( )η-θ 0   

and local  Sherwood number ( )η-φ 0  have been plotted in Figures 7-9, and been tabulated in Table 3 

for various λ,  H, Db and Sr. The impact of λ  is seen to decrease both magnitude of horizontal and 

vertical skin frictions and the same trend takes place as the magnetic effect increases on the fluid 
flow as can be viewed in Figure 7. Comparatively, at fixed λ,  the magnitude of the skin friction along 

the vertical sheet (Figure 7b) is seen to have massive value in contrast with the horizontal skin friction 
(Figure 7a).  In spite of that, the skin frictions are noted to have negative values due to the buoyancy 
force which opposes the fluid flow.  
 

 
             (a)                                                                                           (b) 

            Fig. 7. The (a) horizontal  fηη (0) and (b) vertical hηη (0)  sheets for various values of λ  and H 

 
Table 3 

The values of skin friction coefficients ( )ηηf 0 ,  local Nusselt number ( )η-θ 0  

and local Sherwood number ( )η-φ 0  for various λ, H, Sr, Db 

λ  H  Db  Sr  ( )ηηf 0  ( )ηηh 0  ( )η-θ 0  ( )η-φ 0  

0.5 

0.5 0.5 0.2 -1.31246 -0.00099 1.64539 1.06645 

  0.6 -1.25924 0.05890 1.78404 0.79020 

  1.0 -1.20459 0.12001 1.95012 0.45144 

 0.7  -1.20292 0.12201 1.92025 0.46256 

 0.9  -1.20129 0.12398 1.88783 0.47463 

 0.7   -1.32581 0.03914 1.87300 0.46179 

 0.9   -1.44526 -0.04143 1.85887 0.44961 

0.7    -1.52681 -0.66520 1.90513  0.45983 

0.9    -1.60623 -1.31273 1.95023 0.46998 

 
The influence of Sr and Db numbers on the local Sherwood and Nusselt numbers are drawn in 

Figure 8 and Figure 9 respectively.  As Sr  number increases, the Sherwood number given by ( )η-φ 0  

is found to decrease except for Db = 2.5, where contrary behavior is observed. High Sherwood 
number indicates that mass transfer is dominant while a low Sherwood number indicates that 
molecular diffusion is dominant. At low Sr number, the phenomenon of Db is seen to decrease the 
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local Nusselt number. However, Db seems to be ineffectual when Sr = 1.2. As Sr increases and with 
the increment of the Db number, the local Nusselt number is found to enhance as well, and the 
increment is very much remarkable for Db >> 0.8.  Soret number is the ratio of temperature 
difference to the concentration. Hence, the bigger Sr  number stands for a larger temperature 
difference and precipitous gradient [28]. 
 

 
Fig. 8. The variation of ( )η-φ 0  for several values of Sr and Db numbers 

 

 
Fig. 9. The variation of ( )η-θ 0  for several values of Sr and Db numbers 

 
4. Conclusions 
 

The influence of the mixed convection parameter, magnetic parameter, Dufour number and Soret 
number on the three-dimensional Newtonian fluid over an inclined plate is thoroughly investigated. 
The effect of inclination angle is added to the previous Newtonian fluid flow model [3]. The graphs 
are plotted for the the velocity, temperature, and concentration profiles. In addition, the skin 
frictions along the horizontal and vertical sheets, local Sherwood number and local Nusselt number 
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are also illustrated. It can be inferred that the magnetic parameter is seen to decrease the velocity in 
both directions which in turn decreases the skin frictions. Whilst the increment of Dufour number is 
noticed to increase the temperature and the local Sherwood number.  The rise of Soret number 
results in the rise of concentration which leads to the addition of local Nusselt number.  
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