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Abstract 
This study focuses on the numerical analysis of magnetohydrodynamic (MHD) mixed convection flow of a 

viscous fluid over an inclined stretching sheet. The sheet's temperature and stretching velocity are assumed to follow a 
power law distribution. To simplify the governing partial differential equations (PDEs), we apply similarity 
transformations, which transform them into ordinary differential equations (ODEs). We employ the bvp4c solver in 
Matlab for numerical computations. Specifically, when the buoyancy force is present and the parameter 𝑛𝑛 is related to 𝑚𝑚 
as n=2m-1, we obtain similarity solutions. For a particular variant of the shrinking strength, non-unique solutions are 
found. It is evident from the temporal stability analysis that only one of them remains stable throughout time. The study 
investigates the effects of various parameters, such as velocity and temperature exponents, magnetic field strength, 
inclination angle, and buoyancy, on the flow and heat transfer properties, which are illustrated through graphical 
representations. Notable findings include that the local Nusselt numbers and skin friction coefficients decrease when the 
inclination angle of the stretching sheet increases, while they increase when the inclination angle of the shrinking sheet 
increases. 
 
Keywords: Boundary layer flow; MHD; stretching/shrinking sheet; mixed convection; inclined plate 
 
1.  Introduction 

The observation of magnetohydrodynamic (MHD) flow behavior has garnered considerable attention 
across various engineering disciplines, such as metallurgical processes and the petroleum industry, due to its 
crucial role in industrial applications (Abel et al., 2012). The presence of MHD in electrically conductive 
fluids gives rise to a resistive force known as the Lorentz force, which significantly impacts fluid 
concentration and temperature. This effect delays the separation within the boundary layer and the transition 
from laminar to turbulent flow. Numerous researchers have incorporated magnetic field influence into their 
studies. For instance, Goud et al. (2020) conducted a numerical investigation of MHD boundary layer flow 
driven by a stretching sheet and influenced by thermal radiation, revealing that higher magnetic parameter 
values slow down heat transport while increasing surface shear stress. Khashi’ie et al. (2022) explored MHD 
boundary layer flow over a moving plate with a hybrid nanofluid, finding that an increase in the magnetic 
parameter led to higher heat transfer rates and an expanded critical value. Rai & Mishra (2022) recently 
analyzed nanofluid boundary layer flow considering slip conditions and magnetic fields, observing that the 
magnetic parameter enhanced temperature and concentration profiles while reducing the velocity profile. 
Additionally, several other studies Lu et al. (2019); Abbas et al. (2019); Amar and Kishan (2021);  
Senapati et al. (2022) have also considered the magnetic effect in their analyses, further highlighting its 
significance in this research area. 

Mixed convection is a heat transfer process that combines elements of both free (natural) and forced 
convection. In convection, heat is transferred as a fluid moves from a hotter surface to a cooler one. Forced 



 
ASEAN International Sandbox Conference 2024                                   AISC Proceedings, Volume 3, 2024 
http://aseansandbox.org 
 
 

 

35 
 

convection involves the use of an external source to drive fluid motion, while free convection relies on 
buoyant forces resulting from density variations to create fluid movement. The significance of studying 
mixed convection arises from its wide-ranging applications in various industries and technologies, such as 
nuclear reactors, pipeline transportation, and electronic devices. Understanding this phenomenon has become 
increasingly important, as highlighted by the work of Wahid et al. (2022); Ishak et al. (2009) investigated the 
effects of mixed convection on a micropolar fluid along a vertical surface, revealing that there are multiple 
solutions in the assisting flow region. Similarly, Waini et al. (2020) incorporated mixed convection into their 
research on hybrid nanofluid flow over a vertical sheet through a porous medium, finding dual solutions in 
opposing flows. Meanwhile, Abbas et al. (2021) explored the simultaneous influence of thermophoretic 
motion and thermal radiation on mixed convection flow around a spherical surface at various circumferential 
regions. Numerous researchers, including Ishak (2009); Öztop et al. (2017); Daniel et al. (2017); Jamaludin 
et al. (2021); Jahan et al. (2021); Acharya et al. (2022) and Bejawada et al. (2022) have also contributed 
significantly to the study of mixed convection flow, further highlighting its importance and relevance in 
various scientific investigations. 

Researchers have shown significant interest in investigating the phenomenon of flow over stretching 
surfaces due to its wide-ranging applications, such as aerodynamically extending plastic sheets, 
manufacturing glass fibers, and the drying and cooling processes in the paper and textile industry  
(Nasir et al., 2017) The initial exploration of boundary layer flow induced by a stretching surface was 
conducted by Cran (1970). Gupta & Gupta (1977) later extended this work to encompass scenarios involving 
stretching surfaces with suction or blowing. Crane's pioneering research (1970) served as a captivating 
foundation that spurred extensive exploration along various dimensions (Arifin et al., 2017; Hamid et al., 
2019; Rasool et al., 2019; Anwar et al., 2022; and Rehman et al., 2022). In a different vein, Zaimi & Ishak 
(2016) made an intriguing discovery during their study of stagnation point flow over a stretching vertical 
surface with slip effects: they observed that increasing the slip parameter led to an enhancement in the local 
Nusselt number. Subsequently, Shoaib et al. (2020) conducted a numerical analysis to investigate the 
influence of rotation on the flow of an MHD hybrid nanofluid over a stretching sheet. Their findings 
suggested that increasing the rotation parameter could boost the rate of heat transfer. Additionally, Rehman 
et al. (2021) explored the impact of dynamic viscosity on thin film nanofluid flow induced by a stretching 
surface. Their conclusions indicated that an increase in the volume fraction of nanoparticles resulted in a 
reduction in the velocity field. 

In recent times, there has been a growing focus on the study of fluid flow over inclined surfaces due to 
its substantial relevance in engineering and industry. This interest extends to applications in gas turbines, 
polymer industries, MHD power generators, chemical engineering, aeronautics, and planetary 
magnetospheres (Bohra, 2017). Additionally, Rafique et al. (2021) conducted an investigation into the 
influence of suction or injection on Casson nanofluid flow over a permeable inclined sheet. Their findings 
indicated that as the inclination values increased, there was an enhancement in heat transfer performance. 
Furthermore, Anuar et al. (2021) explored mixed convection hybrid nanofluid flow over an inclined 
permeable shrinking/stretching surface under the influence of suction. They observed that an increase in 
suction and inclination angle parameters led to an improvement in the local Nusselt number. More recently, 
Soomro et al. (2022) utilized Al2O3 − Cu/water hybrid nanofluid to study heat transfer and MHD flow over 
an inclined surface. One of their key findings was that the heat transfer rate was improved compared to 
conventional nanofluids. Several research papers have also delved into the boundary layer flow problem over 
flat plates with varying inclination angles and physical conditions (Ramesh et al., 2016; Sharma and Gupta, 
2017; Ilias et al., 2020; Ahmad et al., 2021; Alabdulhadi et al., 2021; and Alabdulhadi et al., 2023) 

Motivated by the previously mentioned literature, this research paper serves as an extension of the 
preceding investigation conducted by Ishak et al. (2008). Their study involved the numerical analysis of 
hydromagnetic flow and heat transfer on a vertically variable temperature surface subjected to power-law 
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stretching, resulting in the acquisition of a singular solution. The objective of the present study is to explore 
magnetohydrodynamic (MHD) mixed convection flow induced by an inclined power-law 
stretching/shrinking sheet while incorporating the influence of suction. This research diverges from that 
undertaken by Ishak et al. (2008), as we specifically examine the effects of suction on a stretching/shrinking 
sheet positioned at an incline, in contrast, Ishak et al. (2008) focused on a vertically stretching sheet. 
Additionally, this paper aims to attain a nonunique solution and subsequently conduct a stability analysis 
thereof. 
 
2.  Mathematical model 

The investigation explores two-dimensional magnetohydrodynamic (MHD) mixed convection flow 
involving a viscous, incompressible, and electrically conducting fluid. This flow is induced by an inclined 
stretching/shrinking surface with an inclination angle denoted as ω. Figureure 1 provides a visual 
representation of the physical model used in our research. In this study, we suppose that uw(x)=axm, in 
which a is a positive constant, represents the stretching surface’s velocity. While the y-axis is normal to the 
surface, the x-direction experiences stretching. Additionally, we describe the temperature distribution on the 
surface using Tw=T∞+bxn, where b is a constant, and T∞ represents the unchanged ambient temperature. 
Furthermore, it is assumed that the magnetic Reynolds number is sufficiently low, such that the induced 
magnetic field can be considered negligible in our analysis. 

 
Figure 1. Diagram of the flow problem. 

 
The governing equations under these presumptions, coupled with Boussinesq as well as boundary 

layer approximations, are (see Ishak et al., 2008 and Alabdulhadi et al., 2021) 
 

∂u
∂x

+ ∂v
∂y

=0, (1) 

u ∂u
∂x

+v ∂u
∂y

=ν ∂2u
∂y2 - σB2(x)

ρ
u+gβ(T-T∞) cos ω, (2) 

u ∂T
∂x

+v ∂T
∂y

=α ∂2T
∂y2, 

 (3) 
subject to the boundary conditions  
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u=uw(x)ξ,   v=vw,   T=Tw(x)   at    y=0, 
u→0,       T→T∞      as        y→∞. (4) 

 
In which the components of the velocity along the y and 𝑥𝑥 directions are resembled by 𝑣𝑣 and 𝑢𝑢, 

respectively. In addition,  
 refers to the fluid temperature, B(x) expresses the variable magnetic field strength, g signifies the 

gravitational acceleration, and α denotes the fluid’s thermal diffusivity. The stretching/shrinking sheet is 
characterised by the parameter ξ, where ξ>0 and ξ<0 denote the stretching and shrinking sheets, respectively. 
By contrast, the static surface is indicated by ξ=0. Additionally, ν symbolizes the kinematic viscosity, then β 
implies the thermal expansion’s coefficient, ρ represents the fluid density, as well as 𝜔𝜔 denotes the inclination 
angle. 

Eqs. (1)-(4)’s similarity solutions can be found by assuming that the variable magnetic field B(x) is of 
form B(x)=B0x(m-1) 2⁄ . Among several others, Chiam (1995), Anjali Devi and Thiyagarajan (2006) and Ishak 
et al. (2008) have also taken into account this version of B(x). The following transformation can convert 
Eqs. (1)-(4) into the comparable ordinary differential equations (ODEs) Ishak et al. (2008) 

 

ψ=�νxuw(x)f(η), η=�uw(x)
νx

y, θ(η)= T-T∞
Tw-T∞

. (5) 

 
Here, η represents the similarity variable. In contrast, ψ resembles the stream function with u= ∂ψ ∂y⁄  

and 𝑣𝑣 = −𝜕𝜕𝜕𝜕 𝜕𝜕𝑥𝑥⁄ . Here, θ and f resemble the dimensionless temperature as well as velocity, accordingly. 
Substituting the similarity variables (5) into Eqs. (1)-(3), the ODEs are attained, while Eq. (1) is entirely met. 

 
𝑓𝑓′′′ + 𝑚𝑚+1

2
𝑓𝑓𝑓𝑓′′ − 𝑚𝑚𝑓𝑓′2 − 𝑀𝑀𝑓𝑓′ + 𝜆𝜆𝜆𝜆 𝑐𝑐𝑐𝑐𝑐𝑐𝜔𝜔 = 0, (6) 

 
1
Pr

θ''+ m+1
2

fθ'-nf'θ=0, (7) 
 

in which 𝑃𝑃𝑃𝑃 = 𝜈𝜈
𝛼𝛼
 measures the Prandtl number as well 𝑀𝑀 = 𝜎𝜎𝐵𝐵02 (𝜌𝜌𝜌𝜌)⁄  demonstrates the magnetic parameter. 

Furthermore, 𝜆𝜆 = 𝐺𝐺𝑃𝑃𝑥𝑥 𝑅𝑅𝑒𝑒𝑥𝑥2⁄  represents the mixed convection parameter, in which 𝑅𝑅𝑒𝑒𝑥𝑥 = 𝑢𝑢𝑤𝑤𝑥𝑥 𝜈𝜈⁄  denotes the 
local Reynolds number, as well as 𝐺𝐺𝑃𝑃𝑥𝑥 = 𝑔𝑔𝑔𝑔(𝑇𝑇𝑤𝑤 − 𝑇𝑇∞)𝑥𝑥3 𝜈𝜈2⁄  denotes the number of the local Grashof. If 
𝑛𝑛 = 2𝑚𝑚− 1, it can be demonstrated that 𝜆𝜆 is independent with respect to 𝑥𝑥. Therefore, the similarity 
solutions are attained under this limitation when 𝜆𝜆 ≠ 0. Note that opposing and assisting flows are resembled 
by 𝜆𝜆 < 0 and 𝜆𝜆 > 0, respectively. Additionally, the forced convection flow is indicated by 𝜆𝜆 = 0. Eq. (7) is 
transformed as below under the limitation 𝑛𝑛 = 2𝑚𝑚 − 1 
 

1
Pr

θ''+ m+1
2

fθ'-(2m-1)f'θ=0, (8) 
 
the transformed conditions are 
 

f(0)=s,       f'(0)=ξ,       θ(0)=1, 
f'(η)→0,      θ(η)→0, as      η→∞.   (9) 
 

The physical quantities with regard to the practical significance are the skin friction coefficient 𝐶𝐶𝑓𝑓, 
including the local Nusselt number 𝑁𝑁𝑢𝑢𝑥𝑥, which are defined given as follows 
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Cf=
τw

ρU2 2⁄
, Nux= xqw

k(Tw-T∞)
,        (10) 

 
given that 𝜏𝜏𝑤𝑤 connotes the skin friction or shear stress, whilst 𝑞𝑞𝑤𝑤 represents heat transfer from the sheet, 
where 
 

τw=μ �∂u
∂y
�

y=0
, qw=-k �∂T

∂y
�

y=0
,        (11) 

having 𝑘𝑘 and 𝜇𝜇 express the thermal conductivity as well as dynamic viscosity, respectively. Inserting Eq. (5) 
into Eq. (10) and using Eq. (11), one obtains 
 

1
2

CfRex
1 2⁄ =f''(0), Nux Rex

1 2⁄⁄ =-θ'(0).       (12) 
 

3.  Materials and Methods 
Stability Analysis 

 The numerical observations suggest the existence of two solutions for certain values of the 
parameters. In order to ascertain the stability of these solutions over time, it becomes imperative to investigate 
which one remains stable during the temporal evolution. To perform a stability analysis for both solutions, 
following the approach outlined by Weidman et al. (2006), it is necessary to consider the problem in an 
unsteady form by introducing a dimensionless time parameter 𝜏𝜏. The unsteady formulation of the governing 
Eqs. (2) and (3) can be expressed as follows: 

∂u
∂t

+u ∂u
∂x

+v ∂u
∂y

=ν ∂2u
∂y2 - σB2(x)

ρ
u+gβ(T-T∞) cos ω, (13) 

 

∂T
∂t

+u ∂T
∂x

+v ∂T
∂y

=α ∂2T
∂y2,  (14) 

 
where 𝑡𝑡 denotes the time, the new similarity transformation is articulated as follows: 

ψ=�νxuw(x)f(η,τ), η=�uw(x)
νx

y, θ(η,τ)= T-T∞
Tw-T∞

,   τ=at. (15) 

 
By integrating Eq. (15) into Eqs. (13) and (14), a subsequent set of equations is obtained 

 
∂3f
∂η3 + m+1

2
f ∂2f

∂η2 -m( ∂f
∂η

)
2
-M ∂f

∂η
+λθ cos ω- ∂2f

∂η∂τ
=0, (16) 

 
1
Pr

∂2θ
∂η2 + m+1

2
f ∂θ

∂η
-n ∂f

∂η
θ- ∂θ

∂τ
=0, (17) 

 
the succeeding initial and boundary conditions are delineated as follows: 

f(0,τ)=s,       ∂f
∂η

(0,τ)=ξ,       θ(0,τ)=1, 
∂f
∂η

(η,τ)→0,      θ(η,τ)→0, as      η→∞.   (18) 
 

In order to examine the flow’s long-term stability, perturbations are added using f(η)=f0(η) and 
θ(η)=θ0(η). According to the guidelines in Weidman et al. (2006), these perturbations follow Eqs. (16) and 
(17): 
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f(η,τ)=f0(η)+e-γτF(η,τ), θ(η,τ)=θ0(η)+e-γτG(η,τ) (19) 
 

an unknown eigenvalue is represented by the value 𝛾𝛾. Through the integration of Eq. (19) into Eqs  
(16)–(18), the linearized problems are obtained: 
 

F0
'''+ m+1

2
(f0F0

'' +F0f0
'' )+λG0 cos ω-(2mf0

' -γ+M)F0
' =0, (20) 

 
1
Pr

G0
"+ m+1

2
�f0G0

' +F0θ0
' �-n�f0

' G0-F0
' θ0�+γG0=0, (21) 

subject to 
F0

' (0)=0,   F0(0)=0,   G0(0)=0,  
F0

' (η)→0,      G0(η)→0, as      η→∞.   (22) 
 

For the steady flow solutions f0(η) and θ0(η), the smallest eigenvalue γ determines their stability. To 
obtain potential eigenvalues, one must loosen the boundary condition on F(η) or G(η), in accordance with 
Harris et al. (2009). Hence, the constraint F0

' (η)→0 is relaxed as η→∞ and the system (20)–(22) are resolved 
with the new boundary condition F0

'' =1. 
 
4.  Results 

The nonlinear ordinary differential equations (ODEs) described by Eqs. (6) and (8), along with the 
boundary condition in Eq. (9), were investigated using numerical analysis for the inclined stretching sheet. 
The bvp4c solver in Matlab software, as referenced in Shampine et al. (2003), was utilized for this purpose. 
Specifically, we explored the behavior of the system for non-zero buoyancy force (𝜆𝜆 ≠ 0)  under the 
constraint that the temperature exponent parameter n is related to the velocity exponent parameter 𝑚𝑚 as 
n=2m-1. This relationship leads to similarity solutions for the considered problem. 

In the numerical computations, we consistently set the Prandtl number to unity for simplicity, except 
for comparisons with previously studied cases. The obtained numerical solutions for the local Nusselt 
number, denoted as -θ'(0), were validated by comparing them with the findings of Grubka & Bobba (1985) 
and Ishak et al. (2008) across various parameter values, as summarized in Table 1. This validation instills a 
high level of confidence in the accuracy and agreement of our current numerical results with existing 
research. Furthermore, Table 2 illustrates the influence of the magnetic parameter M on both f''(0) and -θ'(0) 
when Pr=1, λ=1, ω= π 4⁄ , m=1 and n=1. It is evident from the table that as the magnetic parameter M 
increases, both the coefficient of skin friction f''(0) and the local Nusselt number -θ'(0) decrease. 
 

Table 1. Values of -θ'(0) for λ=0, ω=0, M=0, m=1 and various values of Pr and n. 
 
 
 
 
 
 
 
 
 

 
 
 

 
n 

 Grubka & Bobba [47]  Ishak et al. [41]  Present result 
 Pr=1 Pr=3  Pr=1 Pr=3  Pr=1 Pr=3 

-2  -1.0000 -3.0000  -1.0000 -3.0000  -1.0000 -3.0000 
-1  0.0 0.0  0.0 0.0  0.0 0.0 
0  0.5820 1.1652  0.5820 1.1652  0.5820 1.1652 
1  1.0000 1.9237  1.0000 1.9237  1.0000 1.9237 
2  1.3333 2.5097  1.3333 2.5097  1.3333 2.5097 
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Table 2. Numerical values of f''(0) and -θ'(0) for a variety of values for M when Pr=1, λ=1, 𝜔𝜔 = 𝜋𝜋 4⁄ , m=1 
and n=1. 

M f''(0) -θ'(0) 
0 -0.796273 1.149875 

0.1 -0.841299 1.140629 
0.2 -0.885012 1.131634 
0.5 -1.009140 1.106036 
1 -1.196730 1.067385 
2 -1.520101 1.001717 
5 -2.263094 0.861678 

Figure 2 depict the impact of the parameter 𝜔𝜔 on the skin friction coefficient Rex
1 2⁄ Cf and the local 

Nusselt number Rex
-1 2⁄ Nuxin relation to 𝜉𝜉, with given parameters Pr=1, M=1, λ=-1.5, m=1 and s=2.5. It is 

worth noting that within the region of shrinking (ξ>ξc), specific parameter levels give rise to dual solutions, 
while a singular solution emerges at the critical value 𝜉𝜉𝑐𝑐. However, for values of 𝜉𝜉 smaller than 𝜉𝜉𝑐𝑐, no 
solutions are found, where 𝜉𝜉𝑐𝑐 signifies the convergence of solutions. These Figureures demonstrate that 
higher values of 𝜔𝜔 lead to increased values of both Rex

1 2⁄ Cf and Rex
-1 2⁄ Nux. This physical observation 

indicates a more significant buoyancy effect in the opposing flow region (λ<0) as ω increases. Consequently, 
with the intensified buoyancy force, both Rex

1 2⁄ Cf and Rex
-1 2⁄ Nux exhibit an upward trend. Additionally, an 

inverse relationship is observed between the critical value of the stretching/shrinking parameter ξ and the 
increasing value of ω. The critical values of ξ for ω=0°, 45° and 60° are -2.85415, -2.97862, and -3.07546, 
respectively. 

(a) 
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 (b) 
Figure 2. Rex

1 2⁄ Cf and Rex
-1 2⁄ Nuxwith ξ for diverse values of ω. 

 
Figure 3 illustrate the velocity and temperature profiles for various values of 𝜔𝜔, while considering the 

given parameters Pr=1, M=1, 𝜆𝜆 = −1.5, 𝜉𝜉 = −2.5, 𝑚𝑚 = 1 and 𝑐𝑐 = 2.5. These Figureures exhibit the 
presence of two distinct solutions for both velocity and temperature profiles, which closely adhere to the 
conditions (8), thereby verifying the credibility of the numerical findings. In Figure. 3a, it is apparent that the 
first solution witnesses an augmentation in velocity as 𝜔𝜔 increases, whereas the second solution follows a 
different pattern. Similarly, Figure. 3b indicates that an escalation in 𝜔𝜔 leads to a decrease in temperature for 
the first solution, while the second solution displays an inclination towards increasing temperature. 
Furthermore, when the plate undergoes a transition from a vertical to a horizontal position (accompanied by 
an increase in ω) in the opposing flow region, the buoyancy force intensifies. Consequently, the thickness of 
the velocity boundary layer expands, while the thickness of the thermal boundary layer diminishes. As a 
result, there is an increment in the values of f'(η) and a corresponding reduction in the values of θ(η). It is 
noteworthy that the problem simplifies to a vertical plate when ω is 0°, a horizontal plate at 90°, and an 
inclined plate at 30°, 45°, and 60°. 
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(a) 
 

(b) 
Figure 3. f'(η) and θ(η) for diverse values of ω. 

 
Figure 4 shows the impact of the inclination angle parameter 𝜔𝜔 on the skin friction coefficient f''(0) and 

the local Nusselt number -θ'(0) in relation to the parameter λ. This analysis assumes Pr=1, M=1, ξ=1, m=1 
and n=1. In these Figures, it is evident that when the buoyancy force is small, the f''(0) value is negative for 
a specific ω value. However, it can become positive when the buoyancy force is strong enough. For λ<0, 
there is no solution, while all solutions converge at λ=0. Furthermore, as ω increases, Figureure 4 show a 
decrease in both f''(0)  and -θ'(0). This decrease is expected because the buoyancy effect intensifies with 
higher 𝜔𝜔, due to thermal changes in the assisting flow region (λ>0). Thus, as the assisting buoyancy force 
increases, the values of f''(0)  and -θ'(0) decrease. 
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(a) 

(b) 
Figure 4. f''(0) and -θ'(0) with λ for diverse values of ω. 

 
Figure. 5 illustrate how changes in the inclination angle parameter 𝜔𝜔 affect the velocity and temperature 

profiles when Pr=1, M=1, ξ=1, λ=1, m=1 and n=1. These Figures reveal that increasing ω has contrasting 
effects on velocity and temperature profiles. When ω rises, the velocity profile decreases, while the 
temperature profile increases. This behavior can be explained by the maximal gravitational force's impact 
when the surface is oriented vertically. Furthermore, as the plate is tilted from vertical to horizontal (i.e., as 
ω increases), the assisting buoyancy force grows. This results in a thinner velocity boundary layer, a thicker 
thermal boundary layer, a decrease in velocity profile, and an increase in temperature profile.  
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(a) 
  

 (b) 
Figure 5. f'(η) and θ(η) for diverse values of ω. 

 
Moving on to the influence of m (and n) on the skin friction coefficient f''(0) and the local Nusselt 

number -θ'(0) concerning the parameter λ, we consider Pr=1, M=1, ξ=1, and ω= π 4⁄ . In Figure. 6, similar to 
the variation with ω, there is no solution for the opposing flow (λ<0) in this scenario. When λ=0 (indicating 
the absence of buoyancy force), the value of f''(0) is consistently negative, regardless of the specific 
conditions, Pr=1, M=1, and ω= π 4⁄ . In a physical sense, these negative values of f''(0) signify that the sheet 
imposes a drag force on the fluid. Conversely, positive values of f''(0) indicate the opposite. The occurrence 
of negative f''(0) values when λ=0 is expected since, in this case, the stretching sheet is the sole factor 
contributing to the creation of the boundary layer. However, it's worth noting that regardless of the presence 
or absence of the buoyancy force, the local Nusselt number -θ'(0) remains positive, implying that heat is 
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transferred from the hot sheet to the cooler fluid. Furthermore, Figure. 6b illustrates that as both the buoyancy 
parameter λ and the velocity exponent parameter m increase, the heat transfer rate at the surface also 
increases. 

 

(a) 

(b) 
Figure 6. f''(0) and -θ'(0) with λ for diverse values of m (and n). 

 
In Figure 7, we observe how the velocity exponent parameter m, which includes the temperature 

exponent parameter n, affects velocity and temperature profiles when Pr=1, M=1, ξ=1, λ=1 and ω= π 4⁄ . 
Increasing the parameter m leads to a decrease in both velocity and temperature profiles within the boundary 
layers. Consequently, the velocity and temperature boundary layer thicknesses decrease as m increases. 
Figure. 7 also demonstrates that the far-field boundary conditions (9) support the validity of the numerical 
results and are asymptotically met. 
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(a) 

(b) 
Figure 7. f'(η) and θ(η) for diverse values of m (and n). 

 
Finally, by utilizing the bvp4c function within MATLAB, an analysis of stability is performed to solve 

Eqs. (20)-(22). The depiction of the smallest eigenvalues γ when Pr=1, M=1, λ=-1.5, ω= π 4⁄ , m=1 and s=2.5 
for different values of ξ is shown in Figure. 8. The importance of these eigenvalues resides in their ability to 
evaluate the stability of dual solutions. A positive value for the smallest eigenvalue γ signifies stability, 
indicating minimal disturbances that have an insignificant impact on the flow characteristics or physical 
appearance. Conversely, a negative value for the smallest eigenvalues denotes instability, suggesting that 
disturbances affecting the flow system are increasing. Furthermore, it can be deduced from Figure. 8 that the 
first solution remains stable over time, while the other solution does not. 
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Figure 8. Eigenvalue 𝛾𝛾  

 
with ξ when Pr=1, M=1, λ=-1.5, ω= π 4⁄ , m=1 and s=2.5 

 
5.  Conclusion 

In this study, we have conducted a numerical investigation of the magnetohydrodynamic mixed 
convection flow of a viscous fluid generated by an inclined stretching/shrinking sheet. Our analysis 
considered various crucial parameters, such as M, m, n, ω and λ. The numerical results were obtained using 
the bvp4c solver in Matlab, and the key findings can be summarized as follows: 

• Dual solutions are identified within a specific range of shrinking strength (ξc<ξ<1). 
• Temporal stability analysis reveals that only the first solution exhibits stability. 
• The skin friction coefficient and heat transfer across an inclined shrinking surface increase with 

higher values of ω. 
• An increase in the inclination angle parameter results in a decrease in the velocity profile and an 

increase in the temperature profile in the assisting flow region, while the opposing flow region exhibits the 
opposite trend. 

• Large values of the velocity exponent parameter lead to reductions in temperature and velocity 
fields. 

• When there is a buoyancy force and n=2m-1, similarity solutions are obtained. 
• The magnetic parameter substantially reduces both skin friction and the local Nusselt number. 
• Skin friction and the local Nusselt number decrease with increasing angle of inclination, while a 

notable increasing effect is observed with higher values of the buoyancy parameter in the assisting flow. 
• An increase in the velocity exponent parameter is associated with a decrease in f''(0) and an 

increase in -θ'(0). 
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