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Abstract: In this paper, magnetohydrodynamic (MHD) flow over a shrinking sheet and heat transfer
with viscous dissipation has been studied. The governing equations of the considered problem
are transformed into ordinary differential equations using similarity transformation. The resultant
equations are converted into a system of fractional differential boundary layer equations by employing
a Caputo derivative which is then solved numerically using the Adams-type predictor-corrector
method (APCM). The results show the existence of two ranges of solutions, namely, dual solutions
and no solution. Moreover, the results indicate that dual solutions exist for a certain range of specific
parameters which are in line with the results of some previously published work. It is also observed
that the velocity boundary layer decreases as the suction and magnetic parameters increase.

Keywords: APCM; Caputo derivative; dual solutions; unsteady flow; MHD; shrinking surface

1. Introduction

The theory of fluid flow on a shrinking surface has numerous applications in real-life problems,
such as shrinking film. Additionally, it has capillary effects in small pores, the shrinking-swell behavior
of a rising shrinking balloon, and hydraulic properties of agricultural clay soils [1], fuel-cells [2,3],
porous materials [4,5], and petroleum engineering [6,7]. Viscous fluid on a shrinking surface has
been examined for the first time by Miklavčič and Wang [8], and they discovered that the flow over
a shrinking surface did not exist unless sufficient mass suction was applied. It is worth mentioning
that the fluid flow on shrinking and stretching surfaces have different characteristics. Gupta et al. [9]
examined the magnetohydrodynamic (MHD) flow of micropolar fluid on a shrinking surface with
the effect of mixed convection parameter. Meanwhile, Naveed et al. [10] considered the MHD flow of
viscous fluid on a curved shrinking sheet. In order to model this problem, a curvilinear coordinates
system was employed and the dual solutions were obtained. The MHD flow of nanofluid over a
nonlinear stretching/shrinking wedge was considered by Khan et al. [11]. Soid et al. [12] investigated
the unsteady MHD stagnation point flow over a shrinking surface and found dual solutions. Likewise,
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Zaib et al. [13] considered the unsteady flow of the Williamson nanofluid over a shrinking surface and
found dual solutions by using the shooting method. Lund et al. [14] analyzed the Darcy–Forchheimer
flow of the Casson nanofluid with the impact of the slip condition on the shrinking surface and
expressed that the existence of dual solutions relies upon the suction parameter. The slip effects on the
nanofluid by utilizing the Buongiorno model has been examined by Dero et al. [15]. They found dual
solutions by implementations of the shooting method and stated that it was due to the unsteadiness
of the parameter. Similarly, Alarifi et al. [16] considered the stagnation point flow and found dual
solutions for an opposing case. Triple solutions of micropolar nanofluid over a shrinking surface have
been obtained by employing the shooting method [17]. Moreover, Lund et al. [18] performed a stability
analysis by using the three-stage Lobatto IIIa formula and concluded only first solution to be stable.
To the best of our knowledge, most of the studies and investigations of fluid flow have not used the
Caputo fractional derivatives for multiple solutions. Therefore, the main objective of this work is
to consider Caputo fractional derivatives, solve the governing equations by using the Adams-type
predictor-corrector method, and find multiple solutions.

From published literature, it can be concluded that the possibility of the existence of multiple
solutions of boundary layer flow on a shrinking surface is greater than on a stretching sheet. It is also
discovered that the solution of fluid flow over a shrinking surface is possible only in the presence of
high suction [19]. In other words, the solution is possible only on permeable surfaces. According to
Mishra et al. [20], multiple solutions depend on the non-linearity in governing equations of fluid flow
and other factors. Moreover, the existence of multiple solutions also depends on the values of different
physical parameters such as magnetic, Reynold numbers, Prandtl numbers, and suction parameters, as
claimed by Schlichting [21]. This claim complies with the findings of other researchers who discovered
that the ranges of multiple solutions, single solutions, and no solutions depend on the values, such as
the magnetic parameter [18], suction parameter [14], and surface velocity parameter [22]. Fang and
Zhang [23] examined the steady MHD flow of viscous fluid over a shrinking surface and found dual
solutions analytically. They concluded that dual and single solutions exist when 0 < M < 1 and M ≥ 1,
respectively. Previous researchers attempted to determine multiple solutions using various analytical
and numerical methods. Rana et al. [24] used the homotopy analysis method to find the multiple
solutions. Rohni et al. [25] and Ishak et al. [26] found multiple solutions by using the Keller-box method.
Fang et al. [27] employed an analytical approach to find multiple solutions of viscous fluid in exact form
and Raza et al. [28] considered the shooting method with the Runge–Kutta of the fourth order method
to find the multiple solutions of fluid flow. The objective of this paper is to extend the work of Fang
and Zhang [23] under the consideration of unsteady flow and heat equation with viscous dissipation
using the new approach with the Caputo derivative to reduce the governing equations to the first order
ordinary differential equations, which are then solved by the Adams-type predictor-corrector method.

The MHD field was initiated by Hannes Alfvén (1908–1995) who was a famous Swedish physicist.
Interest in the MHD flow started to gain attention when Hartmann invented the electromagnetic pump
in 1918 [29]. In recent years, the study of non-uniform transverse-magnetic field effects is applied in
many engineering problems. For example, electrically-conducting fluids that flow along with magnetic
field have significant applications in oil exploration, cooling nuclear reactors, boundary layer control
in the aerodynamics field, extraction of geothermal energy, and MHD generators and plasma studies.
Due to the important applications of MHD flow, many researchers, mathematicians, and engineers
considered MHD flow-related problems in their studies [30–32]. Ellahi et al. [33] considered the effect of
MHD on Couple Stress Fluid. Makinde et al. [34] examined nanofluid under the influence of MHD and
found that the hydrodynamic boundary layer is a decreasing function for higher values of magnetic
parameters. This article is presented as follows: Section 2 discusses the problem formulation, in which
governing equations are derived, and also gives some useful definitions and properties using solution
methodology. In Section 3, numerical are presented numerically and graphically. Finally, Section 4
concludes this study by giving key findings and remarks.
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2. Problem Formulation

2.1. Boundary Layer Governing Equations

The MHD flow of two-dimensional incompressible viscous fluid over a continuously unsteady
shrinking surface is considered. The velocity of mass transfer and the shrinking surface are assumed
to be vw (x, t) and uw (x, t), respectively, where t is the time and x is the coordinate measured with the
shrinking surface. Under these assumptions with viscous dissipation, the governing Navier–Stokes
(NS) equations of this problem are given by:

∂u
∂x

+
∂v
∂y

= 0 (1)

∂u
∂t

+ u
∂u
∂x

+ v
∂u
∂y

= −
1
ρ
∂P
∂x

+ ϑ
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∂2u
∂y2
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Subject to the following boundary conditions:

t < 0 : u = v = 0, T = T∞ for all x; y

t ≥ 0 : u = uw(x, t) = −
cx

1− γt
, v = vw(x, t) = −

√
ϑ f c

1− γt
f (0) = S, T = Tw(x, t) = T∞ +

bxm

1− γt
at y = 0

u→ 0; T→ T∞ as y→∞ (5)

where the pressure of fluid is denoted by P, velocity components along the x and y directions are
represented by u and v, respectively, temperature of fluid is T, kinematic viscosity of the fluid is ϑ,
density of the fluid is ρ, thermal diffusivity of the fluid is α, B = B0

(1−γt)1/2 is the transverse magnetic

field of strength which is applied with the normal surface direction, and b, c, and m are all positive
constants. It is worth mentioning that m = 1 and m = 0 indicate linear and constant variation with x of
the wall of temperature, respectively.

Now, we introduce the similarity variables for Equations (1)–(5) as follows:

u =
cx

(1− γt)
f ′(η); v = −

√
cv

(1− γt)
f (η), θ(η) =

T − T∞
Tw − T∞

(6)

Substituting (6) into Equations (2)–(4) yields the following system of ordinary differential equations

f ′′′ + f f ′′ − ( f ′)2
−A

(
η

2
f ′′ + f ′

)
−M f ′ = 0 (7)

1
Pr

θ′′ + fθ′ −m f ′θ−A
(
η

2
θ′ + θ

)
+ Ec( f ′′ )2 = 0 (8)

with reduced boundary conditions

f (0) = S; f ′(0) = −1; θ(0) = 1

f ′(η)→ 0; θ(η)→ 0 as η→∞ (9)
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where A =
γ
c is the unsteadiness parameter, M =

σ(B0)
2

ρc is the magnetic parameter, Ec = U2
w

Cp(Tw−T∞)
is

the Eckert number, and Pr = ϑ
α is the Prandtl number. In our problem, we consider a decelerating

shrinking surface (A < 0) as assumed in [35,36].

2.2. Preliminaries on the Caputo Fractional Derivatives

In this section, the definition of the Caputo fractional derivative and its main properties
are introduced.

Definition 1. Let t >, a > 0, a, α, t ε<. The Caputo fractional derivative of the order α of function fεCn is
expressed as:

C
a Dα

t f (t) =
1

Γ(n− α)

∫ t

a

f n(ξ)

(t− ξ)α+1−n dξ, n− 1 < α < n ∈ N (10)

Property 1. Let f (t), g(t) : [a, b]→<be such that C
a Dα

t f (t) and C
a Dα

t g(t) exist almost everywhere, and let
c1, c2 ε<. Then C

a Dα
t
{
c1 f (t) + c2g(t)

}
exists almost everywhere and

C
a Dα

t
{
c1 f (t) + c2g(t)

}
= c1

C
a Dα

t f (t) + c2
C
a Dα

t g(t) (11)

Property 2. If f(t) = c is a constant function then the fractional derivative of the function is equal to 0, and
mathematically it can be expressed as:

C
a Dα

t c = 0 (12)

We considered the general fractional differential equation involving the Caputo derivative below

C
a Dα

t x(t) = f (t, x(t)), αε(0, 1) (13)

with initial conditions x0 = x(t0).

Definition 2. The constant x* is an equilibrium point of the Caputo fractional dynamic system (13) if, and only
if, f (t, x*) = 0.

Here, we introduce the new fractional Atangana–Baleanu derivatives along the non-local and
non-singular kernel [37,38].

Definition 3. Let fεH1(a, b), b > a, αε[0, 1], then the new fractional derivatives of the Caputo behavior can be
expressed as:

Dα
t ( f (t)) =

B(α)
1−α

∫ t

a
f (x)exp

(
−α

t− x
1−α

)
dx

where B(α) denotes a normalization function obeying B(0) = B(1) = 1.

In the case when the function does not belong to H1 (a,b), the derivative is given by

Dα
t ( f (t)) =

αB(α)
1− α

∫ t

a
( f (t) − f (x))exp

(
−α

t− x
1− α

)
dx

Furthermore, if σ = 1−α
α ε[0,∞), and α = 1

1−σε[0, 1], then the above Equation becomes

Dσ
t ( f (t)) =

N(σ)

σ

∫ t

a
f (x)exp

(
−

t− x
σ

)
dx, N(0) = N(∞) = 1
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2.3. Solution Methodology

Choosing different variables below

y1 = η, y2 = f , y3 = f ′, y4 = f ′′ , y5 = θ, y6 = θ′ (14)

Equations (7) and (8) can be transformed into a system of first-order differential equations. Then,
the Caputo fractional-order derivative is applied to the resultant system to produce a fractional-order
system of the following form: Dα

ηy1 = 1, Dα
ηy2 = y3, Dα

ηy3 = y4; Dα
ηy4 = (y3)

2
− y2y4 + A

(
y3 +

y1 y4
2

)
+ My3

Dα
ηy5 = y6, Dα

ηy6 = Pr
{
my3y5 − y2y6 + A

(
y5 +

y1 y6
2

)
− Ec(y4)

2
} (15)

with boundary conditions below:

y1 = 0, y2 = S, y3 = −1, y4 = u1, y5 = 1, y6 = u2 (16)

Now, the Adams types predictor-corrector method has been applied to get the solution of fractional
differential equations. The error of this method is of the order h5, where h is the grid size.

3. Results and Discussion

The governing Equation (15) with initial conditions (16) is solved using the Adams-type
predictor-corrector method, and dual solutions are found depending on the suction parameter.
It is worth mentioning that when an unsteady parameter is equal to 0, our equation of momentum
is reduced to an equation obtained in [23], which is the major reference of our work. Furthermore,
the results of the coefficient of skin friction in our problem are in good agreement with their work.

According to our results, the coefficient of skin friction is equal to f ′′ (0) = S±
√

S2−4+4M
2 . For details on

the comparison, please refer to Table 1. From the table, we can conclude that only the first solution of
our problem is a physical realizable solution, since f ′′ (0) > 0, whereas the second solution is unstable
because most of the values of f ′′ (0) are less than 0. It is worth mentioning that our results of the first
solution are approximately equal to the result of a published article [23], which gives us confidence on
our calculation (see Table 1). It should be noted that if α < 1, multiple solutions do not exist and do not
fulfill the boundary conditions asymptotically.

Table 1. Comparison f ′′ (0) of present results with [23].

M S Fang Zhang [23] Present Results

1st Solution 2nd Solution 1st Solution 2nd Solution

0.5 3 2.8228756 0.1771243 2.8203848 −0.3554574
2 1.7071067 0.2928932 1.7063214 0.2845535

0 3 2.6180339 0.3819660 2.6165735 −0.2181474
2 1 1 1.0019038 0.94503648

Figure 1 shows the effect of the suction parameter on the velocity profile. It was noticed that
the thickness of the velocity boundary layer decreased as suction increased in the first solution. This
occurred due to the fact that high suction produced the resistance in the fluid flow, and, as a result, the
velocity and thickness of the momentum boundary layer decreased. On the other hand, the suction
was proportional to the velocity profile in the second solution.
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Figure 1. f ′(η) for increasing values of S.

The effect of the magnetic parameter M on the velocity is demonstrated in Figure 2. The velocity
of the fluid flow decreased as magnetic parameter M increased in the first solution, as expected. This
was due to the Lorentz or electromagnetic force, which can be defined as “the force which is exerted by
a magnetic field on a moving fluid” [39]. We can say this force opposes the transport phenomenon.
However, the opposite trend can be seen in the second solution.
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Figure 2. f ′(η) for increasing values of M and α = 1.

Based on the results shown in Figure 3, there no change was noticed in the first solution when the
magnitude of the unsteadiness parameter increased. On the other hand, the velocity layer became
thicker initially and then thinner in the second solution, since deaccelerating of the unsteadiness
parameter produced more drag force, which caused the thickness of the momentum boundary layer
to decrease.
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Figure 3. f ′(η) for increasing values of A and α = 1.

The effect of the unsteadiness parameter A on a dimensionless profile of temperature is depicted
in Figure 4. Both thermal boundary layer thicknesses and temperatures decreased initially and then
started to increase when the unsteadiness parameter A was increased in the second solution. This
behavior was expected because the momentum boundary layer declined and, therefore, the temperature
increased. However, no difference could be seen in the first solution with the increasing magnitude of
the unsteadiness parameter A.
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Figure 4. θ(η) for increasing values of A and α = 1.

Figure 5 was drawn for the Prandtl number effect Pr on the profile of temperature. We can see
that the temperature declined with respect to Pr = 0.04 to 6.7 in the first solution. This was because
“fluid has relatively lower thermal conductivity for a large value of Prandtl number, which decreases
the conduction and thickness of the thermal boundary layer” [40], and, consequently, the temperature
reduced. This was because the “Prandtl number Pr which is the ratio of momentum diffusion to
thermal” [18]. On the other hand, the thermal boundary layer thickness and temperature increase in
the range of 0.04 ≤ Pr ≤ 3 decreased in the range of 3 ≤ Pr ≤ 6.7 in the second solution.
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Figure 5. θ(η) for increasing values of Pr and α = 1.

Figure 6 indicates the temperature increase when the Ecker number was increased in the first
solution. This was due to fact that an expansion in dissipation enhanced the flow of thermal conductivity,
which extended the temperature and thermal boundary layer thickness. On the other hand, the Eckert
number was inversely proportional to the temperature and thickness of the thermal boundary layer in
the second solution.
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Figure 6. θ(η) for increasing values of Ec and α = 1.

The graph of the coefficient of skin friction for several values of S and different values of A
is illustrated in Figure 7. It was observed that the skin friction coefficient increased (decreased)
when suction was increased (reduced) in the first (second) solution. However, it decreased with the
decreasing of the unsteady parameter A. Physically, resistance occurred due to increments in the
suction parameter in the stable solution, while the opposite trend was seen in the unstable solution.
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Figure 7. Coefficient of skin friction for different values of A.

Figure 8 shows the effect of α on the profile of the temperature. It was noticed that multiple
solutions were difficult to be obtained when α < 1. As α increased, the temperature of the fluid
increased in the first solution and decreased in the second solution.
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Figure 9 demonstrates the effect of α on the velocity profile. In both solutions, the velocity of the
fluid decreased when α increased.
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4. Conclusion Remarks

The magnetohydrodynamic (MHD) flow over a shrinking sheet and heat transfer with viscous
dissipation is numerically studied. The governing equations of the momentum and energy are
transformed into the ordinary differential equations by using similarity transformation. The resultant
equations have been transformed into a system of fractional differential equations by using the Caputo
derivative. Fractional differential boundary layer equations, based on Caputo operators, are solved
numerically by the Adams-type predictor-corrector method. We compared our result with a past
published article and found it in good agreement with the first solution. Further, our results of the
second solution did not concur with the published results. This was because of the heat equation
and its different parameter effects on the unstable (second) solution. On the other hand, there existed
two different ranges, namely, no solution and dual solutions, which depended on the magnetic and
suction parameters.
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