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Traditional fluids have low thermal conductivity and their utility in engineering
is well established. Hence, in order to enhance heat transfer features in a variety
of disciplines, notably electronics, medicine, and molten metals, scientists and
researchers have developed nanofluids, which are composed of nanoparticles
dispersed in a base fluid. This article addresses the Falkner–Skan equation for
the boundary layer flow of bi-viscosity nanofluids owing to a stretching wedge
surface in the presence of velocity slip as well as suction/injection effect. The
iron oxide nanoparticle (𝐹𝑒3𝑂4) is dissolved in water to create the nanofluid.
By employing similarity conversions, the governing Falkner–Skan equations are
first converted to the associated nonlinear similarity models. These are ordi-
nary differential equations which are then solved analytically. Dual solutions
are obtained when the stretching parameter is equal to −1, for all values of the
suction/injection parameter and for each required value of velocity slip, whilst
incorporating the impenetrable surface. For very large values of the stretching
parameter, the asymptotic solution is also dual with regard to the wall velocity
slip; however, it does not rely on suction or injection. The prominent parame-
ters namely, the velocity slip, the stretching parameter, the solid volume fraction,
the suction/blowing parameter and the bi-viscosity parameter are investigated to
understand the effects they have on the velocity and skin friction profiles. The
results of this analysis are presented graphically. The suction/injection parameter
is found to suppress the velocity profile. However, the velocity slip is enhanced
by raising the velocity of the nanoparticle.

1 INTRODUCTION

In general, the PDEs system describing nanofluid flow over a stretching wedge surface subject to suction/injection is chal-
lenging to solve. In order to convert an initial system of PDEs to a condensed system of ODEs, a sophisticated conversion
approach known as similarity transformations is developed. Falkner and Skan [1] proposed a similarity transformation to
convert BL PDEs to nonlinear third order ODEs, while investigating the flow through a static wedge enclosed in a viscous
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fluid. Due to its applications in a variety of industries and real-world situations, the study of the F–S equation is one of the
primary and fundamental motivations of this work. The conventional flow of Newtonian and NN fluids via a wedge is a
current topic of much research interest. Later, the dynamics of NN fluid flow due to a wedge is reported by Rajgopal et al.
[2]. Then, Afzal [3] addressed the analytical method for solving the F–S expression formovement over an extended surface
with suction/injection effects. On the other hand,many researchers [4–9] examined themovement of a Newtonian as well
as NN fluid with heat transfer while accounting for slip circumstances and the F–S BL equation. In ref. [10], the authors
found non-unique solutions to the Falkner–Skan equation in the case that there are multiple inflection points taking into
consideration the stability properties. The authors of ref. [11] presented new solutions of the Falkner–Skan equation that
display jet-like behaviour.
In contemporary engineering, various types of NN fluids are in use, while flow properties cannot be described by a

unique constitutive equation. Consequently, various NN fluid concepts have been developed to depict the behaviour of
fluids. Among the several approaches to capture the behaviour of NN fluids, only certain ones include the yield stress. We
specifically note the Casson model, the Herschel–Bulkley fluid model, and Bingham plastic model. However, apparent
viscosity differs in such fluidmodelswhen the velocity gradient gets closer to zero. The bi-viscositymodel (amodifiedBing-
ham plastic model) originated to address this problem [12, 13]. The bi-viscosity fluid has received considerable attention
for their vast uses in manufacturing and technology such as polymer processes, dyes, clay coatings, food processing, met-
allurgy, and drilling processes. For instance, Dandapat et al. [14] examined a 2D unsteady bi-viscosity liquid film through
a stretching sheet.
Numerous studies on nanofluids focus on comprehending their behaviour to enable application to situations where

optimising straight heat transmission is essential, such as in numerous applications in nuclear reactors, transportation,
gadgets, medicine, and food. It has also been claimed that a nanofluid is a smart fluid with variable heat transmission.
These fluids significantly improve the base fluid’s thermal conductivity. Due to the nanoelements small size and the low
volume fraction of nanoelements necessary for conductivity advancement, nanoparticles are also very stable and lack any
additional issues like sedimentation, deterioration, additional pressure drop, or NN performance. The flow and thermal
transport properties of base fluid can be altered by these floating nanoparticles. The phrase “Nanofluid” was developed by
Choi [15]. More recently, Buongiorno [16] evaluated the essential and regulating sources and substances, and while they
are incorporated with the slip system, he argued that the most significant and efficient slip mechanisms in nanofluids
are the Brownian diffusion and thermophoresis forces. Maheswari et al. [17] introduced MHD Forchheimer movement of
𝐹𝑒3𝑂4 − 𝐶𝑢 − 𝐴𝑔∕𝐻2𝑂 nanoparticles through a penetrable stretching sheet with the effect of radiation. Sandhya et al. [18]
examined a non-uniform casson nanoparticle stream thin film past a straightening surface. Very recently, Mahabaleshwar
et al. [19, 20] proposed 2D laminar flow of casson nanoparticles through a stretching or shrinking surface; they also studied
axisymmetric flow of NN fluid due to a shrinking or stretching surface with various effects. Al-kouz et al. [21] considered
the thermal transfer properties and 3D motion of a NN Casson nanofluid along a uniformly lengthening flat surface in a
reference rotating frame. In recent days, several studies regarding the magnetohydrodynamic flow of different nanofluid
flow also can be found recently as in some research works [22–24].
The novelty of the present analysis is to study the effect of velocity slip and mass suction on bi-viscosity nanofluid

flow over a stretching wedge surface. The 𝐹𝑒3𝑂4 nanoparticle is selected for the present study. The BL equations are
solved analytically, and results are displayed graphically. Since the external velocity and the boundary velocity are both
proportional to the same power lawof the downstreamdistance, analytical solutions to the Falkner–Skan equation for flow
through a stretching boundary are taken into consideration. The new knowledge gained from this work will be beneficial
in a number of nanotechnology and nanostructure fields. The current analysis could have a considerable impact on a
number of fields, including biosensors, paints, pharmaceuticals, conductive coatings, cosmetics, cooling processes, space
technologies, and paintings.

2 PROBLEM FORMULATION

Consider steady 3D laminar flow of bi-viscosity 𝐹𝑒3𝑂4 nanofluid towards the stretching surface in the presence of suc-
tion/blowing effects. It is presumed that the surface is moving with velocity 𝑢𝑤(𝑥) = 𝑈𝑤𝑥

𝑚 and free stream velocity
𝑢𝑒 (𝑥) = 𝑈∞𝑥𝑚, where 𝑈𝑤 and 𝑈∞ are constants. The 𝑥-axis is taken along the stretching surface in the direction of
flow and 𝑦-axis is normal to the sheet in the outward direction towards the fluid. The flow is thought to be confined to a
certain region 𝑦 > 0, as depict in Figure 1.
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F IGURE 1 Flow configuration of the problem.

The rheological expression of state for an isotropic and incompressible bi-viscosity fluid flow [26, 27] is

𝜏𝑖𝑗 =

⎧⎪⎪⎨⎪⎪⎩
2

(
𝜇𝛽 +

𝑝𝑦√
2𝜋

)
𝑒𝑖𝑗, 𝜋 > 𝜋𝑐,

2

(
𝜇𝛽 +

𝑝𝑦√
2𝜋𝑐

)
𝑒𝑖𝑗, 𝜋 < 𝜋𝑐,

(1)

where 𝜇𝛽 is the plastic dynamic viscosity of the non-Newtonian fluid, 𝑝𝑦 is the yield stress of the fluid, 𝜋 is the product

of the component of deformation rate with itself, 𝜋 = 𝑒𝑖𝑗𝑒𝑖𝑗 , where, 𝑒𝑖𝑗 =
1

2

(
𝜕𝑢𝑖

𝜕𝑥𝑗
+

𝜕𝑢𝑗

𝜕𝑥𝑖

)
is the (𝑖, 𝑗) th component of the

deformation rate, 𝜋𝑐 is the critical values of this product based on NN model.
The governing equations that we use to formulate our problem are the same as those found in the key references [3, 27]

and they are given by

Continuity equation:

𝜕𝒖

𝜕𝒙
+

𝜕𝒗

𝜕𝒚
= 𝟎. (2)

Momentum equation:

𝒖
𝜕𝒖

𝜕𝒙
+ 𝒗

𝜕𝒖

𝜕𝒚
= −

𝟏

𝜌𝒏𝒇

𝜕𝒑

𝜕𝒙
+ 𝒖𝒆

𝜕𝒖𝒆

𝜕𝒙
+

(
𝟏 +

𝟏

𝛽

)
𝜇𝒏𝒇

𝜌𝒏𝒇

𝜕𝟐𝒖

𝜕𝒚𝟐
. (3)

Wehave themomentumand continuity equations, whichwill need to be supplemented by associated boundary conditions
are stated as [3] {

𝑢 = 𝑢𝑤(𝑥), 𝑣 = 𝑉𝑤(𝑥), at 𝑦= 0,

𝑢 = 𝑢𝑒(𝑥), as 𝑦∕𝛿 → ∞.
(4)

where (𝑢, 𝑣) are the velocity components along (𝑥, 𝑦)- direction respectively, 𝜇𝑛𝑓 is the dynamic viscosity of the nanopar-

ticle, 𝜌𝑛𝑓 is the density of the nanoparticle, and 𝛽 =
𝜇𝐵

√
2𝜋𝑐

𝑝𝑦
, is the bi-viscosity fluid parameter, and𝑉𝑤 is themass transfer

velocity. We note that the gradient of pressure from Equation (3), is negligible as the problem applies in the case of static
pressure, that is, 𝜕𝑝

𝜕𝑥
= 0.
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TABLE 1 Thermophysical properties of base fluid and nanoparticle [30–33].

Base fluid/nanoparticle 𝝆
(
𝐤𝐠𝐦−𝟑

)
𝒄𝒑

(
𝐉𝐤𝐠−𝟏𝐊

)
𝜿
(
𝐖𝐦−𝟏𝐊

)
𝝈
(
𝛀−𝟏𝐦−𝟏

)

𝐻2𝑂 997.1 4179 0.613 0.05
𝐹𝑒3𝑂4 5180 670 9.7 25000

Therefore, Equation (3) becomes

𝒖
𝜕𝒖

𝜕𝒙
+ 𝒗

𝜕𝒖

𝜕𝒚
=

𝟏

𝜌𝒏𝒇
𝒖𝒆

𝜕𝒖𝒆

𝜕𝒙
+

(
𝟏 +

𝟏

𝛽

)
𝜇𝒏𝒇

𝜌𝒏𝒇

𝜕𝟐𝒖

𝜕𝒚𝟐
. (5)

In the present scenario, we take into consideration the similarity transformation relations, which can be written as
follows, and are subjected to a stretching boundary surface. These consider the transformations used in refs. [3, 10]:

𝑢 = 𝑢𝑒𝑥
𝑚𝐹′(𝜂), 𝑣 = −

√
(1 + 𝑚)𝑣𝑓𝑢𝑒(𝑥)

2𝑥

(
𝐹(𝜂) +

𝑚−1

𝑚+1
𝜂𝐹′(𝜂)

)
,

𝜂 = 𝑦

√
(1 + 𝑚)𝑣𝑓𝑢𝑒(𝑥)

2𝑣𝑓𝑥
,

(6)

where𝑚 is the constant and 𝑣𝑓 is the kinematic viscosity of the base fluid.
The mathematical formula for the thermo-physical properties of a nanoparticle is as in refs. [28, 29] given by:

1. Dynamic viscosity:

𝜇𝑛𝑓 =
𝜇𝑓

(1 − 𝜙)
2.5

. (7)

2. Density:

𝜌𝑛𝑓 = (1 − 𝜙)𝜌𝑓 + 𝜙𝜌𝑠, (8)

here, 𝜙 is the solid volume fraction, 𝜇𝑓, 𝜌𝑓 are the dynamic viscosity and density of the pure fluid respectively.
In Table 1, we have presented a variety of the physical properties of the base fluid 𝐻2𝑂 and the nanoparticle 𝐹𝑒3𝑂4. In

this work we will focus on the density properties most closely; however, present the other as a reliable source and for the
sake of completeness.
Now using the similarity transformations given in (6), Equation (2) is automatically fulfilled, and Equation (5) is

converted into following ODE’s given by:

𝐴1

𝐴2

(
1 +

1

𝛽

)
𝑑3𝐹

𝑑𝜂3
+ 𝐹(𝜂)

𝑑2𝐹

𝑑𝜂2
+ 𝑑

[
1 −

(
𝑑𝐹

𝑑𝜂

)2
]
= 0, (9)

while the boundary conditions transform as follows:

𝐹(𝜂)𝜂=0 = Γ,

(
𝑑𝐹

𝑑𝜂

)
𝜂=0

= 𝜆1,

(
𝑑𝐹

𝑑𝜂

)
𝜂→∞

= 1. (10)

where 𝑑 and 𝜆1 are constant flow parameters, while Γ is the suction/injection parameter, with Γ > 0 for suction and Γ < 0

for injection. We can define 𝑑, 𝜆1 and Γ as

𝑑 =
2𝑚

1 +𝑚
, 𝜆1 =

𝑢𝑤
𝑢𝑒

, Γ = −𝑉𝑤(𝑥)

{
(1 + 𝑚)

𝑣𝑓𝑢𝑒(𝑥)

2𝑥

}−
1

2

. (11)
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The boundary layer displacement thickness Ω is specified by the formula

Ω = −𝜆 = ∫
∞

0

1 −
𝑑𝑓

𝑑𝜂
𝑑𝜉. (12)

The following transformations

𝐹 (𝜂) = 𝑔 (𝑧)
√
𝜆1 and 𝜂 =

𝑧√
𝜆1

, (13)

can be applied to Equations (9) and (10), which may now be represented as

𝐴1

𝐴2

(
1 +

1

𝛽

)
𝑑3𝑔

𝑑𝑧3
+ 𝑔(𝑧)

𝑑2𝑔

𝑑𝑧2
− 𝑑

(
𝑑𝑔

𝑑𝑧

)2

= −
𝑑

𝜆21
, (14)

with the transformed boundary conditions

𝑔(0) = 𝑔𝑤,

(
𝑑𝑔

𝑑𝑧

)
𝑧=0

= 1,

(
𝑑𝑔

𝑑𝑧

)
𝑧→∞

=
1

𝜆1
, (15)

where 𝑔𝑤 =
Γ√
𝜆1
. For higher surface velocity 𝜆1 → ∞, Equation (14) becomes

𝐴1

𝐴2

(
1 +

1

𝛽

)
𝑑3𝑔

𝑑𝑧3
+ 𝑔(𝑧)

𝑑2𝑔

𝑑𝑧2
− 𝑑

(
𝑑𝑔

𝑑𝑧

)2

= 0, (16)

where the boundary conditions become

𝑔(0) = 𝑔𝑤,

(
𝑑𝑔

𝑑𝑧

)
𝑧=0

= 1,

(
𝑑𝑔

𝑑𝑧

)
𝑧→∞

= 0. (17)

Equations (14) and (15) describe a continuous sheet stretching power law on an impermeable surface.
We now consider solutions of the third order transformed ODEs for a variety of choices of model parameters such as

the stretching/shrinking parameter d, and the slip parameter 𝜆1.

2.1 Solution for 𝒅 = −𝟏

Using the boundary condition (10), Equation (9) can be integrated twice to obtain

𝐴1

𝐴2

(
1 +

1

𝛽

)
𝑑𝐹

𝑑𝜂
+

1

2
𝐹2(𝜂) =

𝜂2

2
+ 𝜆𝜂 +

𝐴1

𝐴2

(
1 +

1

𝛽

)
𝜆1 +

1

2
Γ2, (18)

with 𝐴1

𝐴2

(
1 +

1

𝛽

)(
𝑑2𝐹

𝑑𝜂2

)
𝜂=0

= 𝜆 − 𝜆1Γ. Through the resulting transformation

𝐹(𝜂) = 𝜂 + 𝜆 + 2
Ω′(𝜂)

Ω(𝜂)
, (19)

then Equation (18) is a Riccati type equation, which can be written as Ω′′ +
𝐴2

𝐴1

(
1+

1

𝛽

) (𝜂 + 𝜆)Ω′ = 0, this equation yields

the solution

Ω = 𝑝

√
𝜋

2
𝐸𝑟𝑓

(
𝜂 + 𝜆√

2

)
+ 𝑞, (20)

where p and q are integration constants.
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The solution for Equations (19) and (20), therefore, becomes

𝐹(𝜂) = 𝜂 + 𝜆 +

2𝐸𝑥𝑝

[
−

𝐴2

𝐴1

(
1+

1

𝛽

) (𝜂+𝜆)
2

2

]
√

𝜋

2
𝐸𝑟𝑓

(
𝐴2

𝐴1

(
1+

1

𝛽

) 𝜂+𝜆√
2

)
+

𝑝

𝑞

. (21)

By employing Equation (10), the above expression (21) becomes

𝑝

𝑞
= −

2

𝜆 − Γ
𝐸𝑥𝑝

⎛⎜⎜⎜⎝−
𝐴2𝜆

2

2𝐴1

(
1 +

1

𝛽

)⎞⎟⎟⎟⎠ −
√

𝜋

2
𝐸𝑟𝑓

⎛⎜⎜⎜⎝
𝐴2𝜆√

2𝐴1

(
1 +

1

𝛽

)⎞⎟⎟⎟⎠. (22)

We can now substitute Equation (22) into Equation (21) and rearrange to obtain

𝐹(𝜂) = 𝜂 + 𝜆 −

(𝜆 − Γ)𝐸𝑥𝑝

(
−

𝐴2

𝐴1

(
1+

1

𝛽

)(𝜆𝜂 +
𝜂2

2

))

1 − (𝜆 − Γ)
√

𝜋

8
𝐸𝑥𝑝

(
𝐴2𝜆2

2𝐴1

(
1+

1

𝛽

)
)[

𝐸𝑟𝑓

(
𝐴2(𝜂+𝜆)√
2𝐴1

(
1+

1

𝛽

)
)

− 𝐸𝑟𝑓

(
𝐴2𝜆

2𝐴1

(
1+

1

𝛽

)
)]2

. (23)

Using Equation (18), we find the following as the boundary layer thickness and the axial velocity gradient at the wall:

𝜆 = ±

⎡⎢⎢⎢⎣
2(𝜆1 − 1)𝐴2

𝐴1

(
1 +

1

𝛽

) + Γ2

⎤⎥⎥⎥⎦
1

2

, (24)

(
𝑑2𝐹

𝑑𝜂2

)
𝜂=0

= −
𝐴2𝜆1Γ

𝐴1

(
1 +

1

𝛽

) ±

⎡⎢⎢⎢⎣
2(𝜆1 − 1)𝐴2

𝐴1

(
1 +

1

𝛽

) + Γ2

⎤⎥⎥⎥⎦
1

2

. (25)

In relations (24) and (25), the power of 1∕2 indicates that the solution exists for 𝜆1 ≥ 1 − Γ2∕2.
Moreover, when 𝑑 = −1, we can integrate Equation (16) and apply the boundary conditions (17). The solution to

Equation (16), is given by

𝑔(𝑧) =

√
2𝐴1

𝐴2

(
1 +

1

𝛽

)
+ 𝑔2𝑤𝑡𝑎𝑛ℎ

⎛⎜⎜⎜⎝
𝑧𝐴2

2𝐴1

(
1 +

1

𝛽

)√
2𝐴1

𝐴2

(
1 +

1

𝛽

)
+ 𝑔2𝑤 + 𝜃𝑐

⎞⎟⎟⎟⎠ (26)

where 𝜃𝑐 = 𝑡𝑎𝑛ℎ
−1

⎛⎜⎜⎝ 𝑔𝑤√
2𝐴1
𝐴2

(
1+

1

𝛽

)
+𝑔2𝑤

⎞⎟⎟⎠ , and the boundary conditions are

(
𝑑2𝑔

𝑑𝑧2

)
𝑧=0

= −
𝑔𝑤𝐴2

𝐴1

(
1 +

1

𝛽

) , 𝑔(𝑧)𝑧→∞ =

⎛⎜⎜⎜⎝
2𝐴1

(
1 +

1

𝛽

)
𝐴2

+ 𝑔2𝑤

⎞⎟⎟⎟⎠
1

2

. (27)
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MAHABALESHWAR et al. 7 of 20

2.2 𝒅 → ∞ asymptote

The following variables are used to evaluate the asymptotic solution for larger 𝑑:

𝐹(𝜂) = 𝑑
−

1

2𝐻(𝜖), 𝜂 = 𝑑
−

1

2 𝜖, (28)

and the boundary layer equations (9) and (10) reduce to

𝐴1

𝐴2

(
1 +

1

𝛽

)
𝑑3𝐻

𝑑𝜖3
−

(
𝑑𝐻

𝑑𝜖

)2

+ 1 = −𝑑−1𝐻
𝑑2𝐻

𝑑𝜖2
, (29)

whenever 𝑑 → ∞, the asymptotic expansion is𝐻 (𝜖) = 𝐻1 (𝜖) + 𝑑−1𝐻2 (𝜖) +⋯. The expression for the leading order terms
as well as the boundary conditions is given by

𝐴1

𝐴2

(
1 +

1

𝛽

)(
𝑑3𝐻1

𝑑𝜖3

)
−

(
𝑑𝐻1

𝑑𝜖

)2

+ 1 = 0, (30)

with

𝐻1(𝜖)𝜖=0 = 𝐻𝑤,

(
𝑑𝐻1

𝑑𝜖

)
𝜖=0

= 𝜆1,

(
𝑑𝐻1

𝑑𝜖

)
𝜖→∞

= 1. (31)

Considering the boundary conditions (31), by directly integrating Equation (30) once, we obtain:

𝐴1

𝐴2

(
1 +

1

𝛽

)(
𝑑2𝐻1

𝑑𝜖2

)2

−
2

3

(
𝑑𝐻1

𝑑𝜖

)3

+ 2
𝑑𝐻1

𝑑𝜖
=

4

3
, (32)

and by using the boundary conditions (31) in (32) and rearranging, the skin friction on the surface is given by,

(
𝑑2𝐻1

𝑑𝜖2

)
𝜖=0

= ±
(𝜆1 − 1)

√
2𝐴2

3
(𝜆1 + 2)√

𝐴1

(
1 +

1

𝛽

) . (33)

and additionally, further integration of Equation (30) gives

𝐴1

𝐴2

(
1 +

1

𝛽

)(
𝑑𝐻1

𝑑𝜖

)
= −2 + 3𝑡𝑎𝑛ℎ

2

(
𝜖√
2
+𝑀

)
, (34)

Then further integration results in

𝐴1

𝐴2

(
1 +

1

𝛽

)
𝐻1(𝜖) =

𝐴1𝐻𝑤

𝐴2

(
1 +

1

𝛽

)
+ 𝜖 + 3

√
2

[
𝑡𝑎𝑛ℎ𝑀 − 𝑡𝑎𝑛ℎ

2

(
𝜖√
2
+𝑀

) ]
, (35)

where

𝑴 = ±𝑡𝑎𝑛ℎ
−𝟏

√√√√√ (𝜆𝟏 + 𝟐)
𝟑𝑨𝟏

𝑨𝟐

(
𝟏 +

𝟏

𝛽

) . (36)

In light of the original variables, the solution yields

𝐴1

𝐴2

(
1 +

1

𝛽

)(
𝑑𝐹

𝑑𝜂

)
= −2 + 3𝑡𝑎𝑛ℎ

2

⎛⎜⎜⎜⎝𝜖
√

𝑑

2
± 𝑡𝑎𝑛ℎ

−1

√√√√√ (𝜆1 + 2)
3𝐴1

𝐴2

(
1 +

1

𝛽

) ⎞⎟⎟⎟⎠ , (37)
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8 of 20 MAHABALESHWAR et al.

𝐴1

𝐴2

(
1 +

1

𝛽

)
𝐹(𝜂) = 𝜂 + Γ + 3

√
2

𝑑

⎛⎜⎜⎜⎝±
√√√√√ (𝜆1 + 2)

3𝐴1

𝐴2

(
1 +

1

𝛽

) − 𝑡𝑎𝑛ℎ

⎛⎜⎜⎜⎝𝜖
√

𝑑

2
± 𝑡𝑎𝑛ℎ

−1

√√√√√ (𝜆1 + 2)
3𝐴1

𝐴2

(
1 +

1

𝛽

) ⎞⎟⎟⎟⎠
⎞⎟⎟⎟⎠. (38)

At the surface, the velocity gradient is provided by

(
𝑑2𝐹

𝑑𝜂2

)
𝜂=0

= ±(𝜆1 − 1)

√√√√√2𝑑𝐴2(𝜆1 + 2)

3𝐴1

(
1 +

1

𝛽

) , (39)

and the boundary layer thickness is given by

𝜆 = Γ + 3

√
2

𝑑

⎛⎜⎜⎜⎝±
√√√√√ 2𝐴2(𝜆1 + 2)

3𝐴1

(
1 +

1

𝛽

) − 1

⎞⎟⎟⎟⎠. (40)

The square root symbol implies that there is a dual solution for large 𝑑 for 𝜆1 ≥ −2 while 𝑑 → ∞, the solution of
Equations (16) and (17) transforms into following form

𝐴1

𝐴1

(
1 +

1

𝛽

)
𝑔(𝑧) = 𝑔𝑤 +

𝑧𝜉1
𝑧 + 𝜉1

, 𝜉1 = ±

√
6

𝑑
, (41)

𝐴1

𝐴2

(
1 +

1

𝛽

)(
𝑑2𝑔

𝑑𝑧2

)
𝑧=0

= ±

(
2𝑑

3

) 1

2

, 𝑔(𝑧)𝑧→∞ =
𝑔𝑤𝐴2

𝐴1

(
1 +

1

𝛽

) ±

√
6

𝑑
, (42)

2.3 𝝀𝟏 → 𝟏, asymptotic

Equations (9) and (10) have the precise solution 𝐹 (𝑧) = 𝜂 + Γ, for 𝜆1 = 1. By elevating the function of stream to the power
of the factor 𝜆1 − 1, we take into account the asymptotic series response for 𝜆1 → 1 within this accurate solution.

𝐹(𝜂) = 𝜂 + Γ + (𝜆1 − 1)𝐺(𝜂), (43)

Equations (9) and (10) can be written in the following form:

𝐴1

𝐴2

(
1 +

1

𝛽

)
𝑑3𝐺

𝑑𝜂3
+ (𝜂 + Γ)

𝑑2𝐺

𝑑𝜂2
− 𝑑

𝑑𝐺

𝑑𝜂
= (𝜆1 − 1)

{
𝐺
𝑑2𝐺

𝑑𝜂2
+ 𝑑

(
𝑑𝐺

𝑑𝜂

)2
}

, (44)

𝐺(𝜂)𝜂=0 = 0,

(
𝑑𝐺

𝑑𝜂

)
𝜂=0

= 1,

(
𝑑𝐺

𝑑𝜂

)
𝜂→∞

= 0. (45)

The asymptotic expansion 𝐺 (𝜂), may be expressed as:

𝐺 (𝜂) = 𝐺1 (𝜂) + (𝜆1 − 1)𝐺2 (𝜂) + (𝜆1 − 1)
2
𝐺3 (𝜂) +⋯ (46)

The equation and boundary conditions at first order are

𝐴1

𝐴2

(
1 +

1

𝛽

)
𝑑3𝐺1

𝑑𝜂3
+ (𝜂 + Γ)

𝑑2𝐺1

𝑑𝜂2
− 𝑑

𝑑𝐺1

𝑑𝜂
= 0, (47)

𝐺1(𝜂)𝜂=0 = 0,

(
𝑑𝐺1

𝑑𝜂

)
𝜂=0

= 1,

(
𝑑𝐺1

𝑑𝜂

)
𝜂→∞

= 0. (48)
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MAHABALESHWAR et al. 9 of 20

It is possible to convey the solutions to Equations (47) and (48) in exact form:

𝑑𝐺1

𝑑𝜂
=

𝑚1𝜙

(
−𝑑,

1

2
+

𝐴1

𝐴2

(
1+

1

𝛽

) , −1

2
(𝜂 + Γ)

2

)
, +𝑚2(𝜂 + Γ)𝜙

(
1−2𝑑

2
,
3

2
+

𝐴1

𝐴2

(
1+

1

𝛽

) , −1

2
(𝜂 + Γ)

2

)
𝐴1

𝐴2

(
1 +

1

𝛽

) , (49)

where 𝜙 (𝑚, 𝑛, 𝑥) presents the confluent hypergeometric function. It is established that 𝜙 (𝑎, 𝑏, 0) = 1 with 𝑥 → ∞, we
obtain

𝜙 (𝑎, 𝑏, −𝑥) =
Γ (𝑏)

Γ (𝑏 − 𝑎)
𝑥−𝑎 +⋯ . (50)

Here Γ(𝑏) denotes the gamma function. The boundary conditions (48) can be used to obtain constants𝑚1 as well as𝑚2

𝑚1 =

[
𝜙
(
−𝑑,

1

2
+

𝐴1

𝐴2

(
1 +

1

𝛽

)
, −

1

2
Γ2

)
− 𝑅Γ𝜙

(
1−3𝑑

2
,
3

2
+

𝐴1

𝐴2

(
1 +

1

𝛽

)
, −

1

2
Γ2

)]−1
𝐴1

𝐴2

(
1 +

1

𝛽

) and 𝑚2 = −𝑚1𝑅, (51)

where here we have

𝑅 =
√
2
Γ(1 + 𝑑)

Γ
(
1+2𝑑

2

) . (52)

The velocity distribution is obtained from Equation (49), by using Equations (51) and (52) to give

𝑑𝐺1

𝑑𝜂
=

𝜙
(
−𝑑,

1

2
+

𝐴1

𝐴2

(
1 +

1

𝛽

)
, −

1

2
(𝜂 + Γ)

2
)
− 𝑅(𝜂 + Γ)𝜙

(
1−2𝑑

2
,
3

2
+

𝐴1

𝐴2

(
1 +

1

𝛽

)
, −

1

2
(𝜂 + Γ)

2
)

𝜙
(
−𝑑,

1

2
+

𝐴1

𝐴2

(
1 +

1

𝛽

)
, −

1

2
Γ2

)
− 𝑅Γ𝜙

(
1−2𝑑

2
,
3

2
+

𝐴1

𝐴2

(
1 +

1

𝛽

)
, −

1

2
Γ2

) . (53)

We can use Equation (43) to write the velocity distribution in terms of 𝐹 (𝜂). The solution can be expressed as

𝑑𝐹

𝑑𝜂
= 1 + (𝜆1 − 1)

𝜙
(
−𝑑,

1

2
+

𝐴1

𝐴2

(
1 +

1

𝛽

)
, −

1

2
(𝜂 + Γ)

2
)
− 𝑅(𝜂 + Γ)𝜙

(
1−2𝑑

2
,
3

2
+

𝐴1

𝐴2

(
1 +

1

𝛽

)
, −

1

2
(𝜂 + Γ)

2
)

𝜙
(
−𝑑,

1

2
+

𝐴1

𝐴2

(
1 +

1

𝛽

)
, −

1

2
Γ2

)
− 𝑅Γ𝜙

(
1−2𝑑

2
,
3

2
+

𝐴1

𝐴2

(
1 +

1

𝛽

)
, −

1

2
Γ2

) , (54)

with skin friction profile yields,(
𝑑2𝐹

𝑑𝜂2

)
𝜂=0

= −(𝜆1 − 1)
1

𝜙
(
−𝑑,

1

2
+

𝐴1

𝐴2

(
1 +

1

𝛽

)
, −

1

2
Γ2

)
− 𝑅Γ𝜙

(
1−2𝑑

2
,
3

2
+

𝐴1

𝐴2

(
1 +

1

𝛽

)
, −

1

2
Γ2

) , (55)

which presents the required asymptotic solution for 𝜆1 → 1.

2.4 Large suction

We introduce a new variable for large suction into Equations (9) and (10), we have

𝐹(𝜂) = Γ +
ℎ(𝜖)

Γ
, 𝜂 =

𝜖

Γ
, (56)

then the resulting equation and boundary conditions are

𝐴1

𝐴2

(
1 +

1

𝛽

)
𝑑3ℎ

𝑑𝜖3
+

𝑑2ℎ

𝑑𝜖2
= −Γ2

(
ℎ
𝑑2ℎ

𝑑𝜖2
+ 𝑑

(
1 −

(
𝑑ℎ

𝑑𝜖

)2
))

, (57)
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10 of 20 MAHABALESHWAR et al.

ℎ(𝜖)𝜖=0 = 0,

(
𝑑ℎ

𝑑𝜖

)
𝜖=0

= 𝜆1,

(
𝑑ℎ

𝑑𝜖

)
𝜖→∞

= 1. (58)

For ℎ, the asymptotic expansion can be expressed as

ℎ (𝜀) = ℎ0 (𝜀) + Γ−2ℎ2 (𝜀) + Γ−4ℎ4 (𝜂) +⋯ . (59)

where the … represents higher order terms in the asymptotic expansion. Then, by using this expansion in Equation (57),
we have the first and second order expansions

𝐴1

𝐴2

(
1 +

1

𝛽

)
𝑑3ℎ0
𝑑𝜖3

+
𝑑2ℎ0
𝑑𝜖2

= 0, (60)

𝐴1

𝐴2

(
1 +

1

𝛽

)
𝑑3ℎ2
𝑑𝜖3

+
𝑑2ℎ2
𝑑𝜖2

= −ℎ0
𝑑2ℎ0
𝑑𝜖2

− 𝑑

(
1 −

(
𝑑ℎ0
𝑑𝜖

)2
)
. (61)

First- and second-order problems have the following solutions:

ℎ0 = 𝜖 + (1 − 𝜆1)(𝑒
−𝜖 − 1), (62)

ℎ2 = −(1 − 𝜆1)

[
(𝜆1 + 2𝑑 + 1){(𝜖 + 1)𝑒−𝜖 − 1} +

1

2
𝜖2𝑒−𝜖 −

1

4
(1 − 𝜆1)(1 − 𝑑)

(
𝑒−2𝜖 − 2𝑒−𝜖 + 1

)]
, (63)

The skin friction
(
𝑑2ℎ

𝑑𝜖2

)
𝜖=0

is given by

𝐴1

𝐴2

(
1 +

1

𝛽

)(
𝑑2ℎ

𝑑𝜀2

)
𝜀=0

= 1 − 𝜆1 +
1 − 𝜆1
Γ2

[
2𝑑 + 1 −

1

2
(1 − 𝜆1) (1 + 𝑑)

]
+⋯ . (64)

In relation to the fundamental variables 𝜂, the solution is

𝐴1

𝐴2

(
1 +

1

𝛽

)
𝐹(𝜂) = Γ + 𝜂 +

1 − 𝜆1
Γ

(
𝑒−Γ𝜂 − 1

)
−

(1 − 𝜆1)

Γ3

[
(𝜆1 + 2𝑑 + 1)

{
(Γ𝜂 + 1)𝑒−Γ𝜂 − 1

}
+
1

2
Γ2𝜂2𝑒−Γ𝜂 +

1

4
(1 − 𝜆1)(1 − 𝑑)

(
𝑒−2Γ𝜂 − 2𝑒−Γ𝜂 + 1

)]
, (65)

with skin friction stated as follows

𝐴1

𝐴2

(
1 +

1

𝛽

)(
𝑑2𝐹

𝑑𝜂2

)
𝜂=0

= (1 − 𝜆1) Γ +
1 − 𝜆1

Γ

[
2𝑑 + 1 −

1

2
(1 − 𝜆1) (1 + 𝑑)

]
+⋯ . (66)

For all 𝜆1 for Γ > 8, the initial factor in Equation (66) yields precise values for the skin friction component. The second
factor in Equation (66) demonstrates the outcomes for lowering values of Γ.

3 MINIMUM ERROR APPROACH

For an assumed velocity profile that incorporates few free parameters but fulfils all of the boundary criteria, an approx-
imation is established. It has been the usual practice to employ the Kármán momentum integral together with the
Kármán–Pohlhausen technique. Afzal [34] presented an alternative method of obtaining minimum error solution by
reducing the integral of the square of the error using the Euler–Lagrange DEs. This is employed for computation of a
good approximation of the PDEs of the BL in a number of cases: flat surface, stationary point flow, moving sheet as well
as non-Newtonian liquids. Since 𝑢

𝑢𝑒
= 𝑓 (𝜂) then 𝜂 =

𝑦

𝛺
is the approximation function fulfilling the boundary constraints

and incorporating certain undetermined parameters, subsequently the error residual in the BL equation (5) becomes

𝒆(𝒙, 𝒚, 𝑣) =

(
1 +

1

𝛽

)
𝒗𝑛𝑓

𝜕𝟐𝒖

𝜕𝒚𝟐
− 𝒖𝒆

𝒅𝒖𝒆

𝒅𝒙
− 𝒖

𝜕𝒖

𝜕𝒙
− 𝑣𝑛𝑓

𝜕𝒖

𝜕𝒚
. (67)
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MAHABALESHWAR et al. 11 of 20

We can take the integral of the error as zero and this results in

∫
Ω

0

𝑒(𝑥, 𝑦, 𝑣) 𝑑𝑦 = 0, (68)

and in order to determine the unknown component in the trial velocity profile, we finally obtain the conventional Kármán
momentum integral, which corresponds to

∫
Ω

0

𝑒(𝑥, 𝑦, 𝑣)Ψ𝑑𝑦 = 0, Ψ =
𝜕𝑢

𝜕Ω
. (69)

It is comparable to the moment of the function Ψ of the error in the BL equation and which allows for estimation of
an unknown component in a velocity pattern. It is also conceivable to select a different moment function, although this
renders the technique arbitrary.
If commencing with an initial velocity profile that fulfills the boundary requirements is necessary, the unknown param-

eters can be found by minimising the square of the overall error using the least-squares approach. The integral of 𝑒2 over
the entire range of space is employed to establish the overall error.

𝐸 = ∫
1

0
∫

∞

0

𝑒2(𝑥, 𝑦, 𝑣)𝑑𝑦𝑑𝑥. (70)

The Euler–Lagrange differential equation can be used to minimise the functional E with respect to the free parameters,
which generates a number of equations whose solutions reveal the trial velocity profile’s elusive characteristics.
In respect of similarity resemblances, the trial velocity 𝑢

𝑢𝑒
= 𝐹 (𝜂) with 𝜂 =

𝜖

𝛿
yields a simple function fulfilling the

boundary condition, affects the unspecified factor 𝛿, and therefore the resulting error in the boundary layer, Equation (9)
is

𝑒(𝜖, 𝛿) =
𝐴1

𝐴2

(
1 +

1

𝛽

)
𝑑3𝐹

𝑑𝜂3
+ 𝐹

𝑑2𝐹

𝑑𝜂2
+ 𝑑

(
1 −

(
𝑑𝐹

𝑑𝜂

)2
)
. (71)

The Euler–Lagrange differential equation minimising error using the least squares technique is given by(
𝜕

𝜕𝛿
−

𝑑

𝑑𝑥

𝜕

𝜕𝛿𝑥

)
= ∫

∞

0

𝑒2(𝜖, 𝛿)𝑑𝜖, (72)

where 𝛿𝑥 =
𝑑𝛿

𝑑𝑥
. Generally, the proposed velocity for 𝑑 and 𝜆1 is

𝑑𝐹

𝑑𝜂
= 1 − (1 − 𝜆1)𝑒𝑥𝑝(−𝛿𝜂) , (73)

which fulfills the boundary constraints (10) and constant 𝛿 is a non-negative number, independent of 𝑥. With reference
to Equation (10), an integral of (73) can be represented as

𝐹(𝜂) = Γ +
1

𝛿
[𝜖 + (1 − 𝜆1)(𝑒𝑥𝑝(−𝜖) − 1)], 𝜖 = 𝜂𝛿. (74)

For the intent of estimating the unknown constant 𝛿, the least square error is minimised in the current study. Regarding
Equation (74), the residual function (𝜖, 𝛿) from Equation (71) can be obtained from the relation

(𝜖, 𝛿) = (1 − 𝜆1)

[
−
𝐴1

𝐴2

(
1 +

1

𝛽

)
𝛿2 + Γ𝛿 + (1 − 𝜆1)(2𝛽 − 1) + 𝜖

]
𝑒𝑥𝑝(−𝜖)

+ (1 − 𝜆1)
2
(1 − 𝛽)𝑒𝑥𝑝(−2𝜖) . (75)
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12 of 20 MAHABALESHWAR et al.

F IGURE 2 An impact of suction/injection Γ on shear stress profile.

By attempting to insert (75) in (72) and employing the least square approach to minimise the error and solve for 𝛿, we
obtain

𝐴1

𝐴2

(
1 +

1

𝛽

)
𝛿2 − Γ𝛿 −

1

2
−

1

3
(1 − 𝜆1)(4𝛽 − 1)

(
𝛿 −

1

2
Γ

)
= 0. (76)

Substitute 𝛿 =
Γ

2
, in the second term of the Equation (76), to give

𝐴1

𝐴2

(
1 +

1

𝛽

)
𝛿2 − Γ𝛿 −

1

2
−

1

3
(1 − 𝜆1)(4𝛽 − 1) = 0. (77)

The solution of the above equation with 𝛿 > 0, is

𝛿 =
1

2
(
1 +

1

𝛽

)
𝐴1

𝐴2

⎛⎜⎜⎝Γ ±

√
Γ2 + 2

(
1 +

1

𝛽

)
𝐴1

𝐴2
+

4

3

(
1 +

1

𝛽

)
𝐴1

𝐴2
(1 − 𝜆1)(4𝛽 − 1)

⎞⎟⎟⎠. (78)

4 PRESENTATION OF OUTCOMES

An incompressible bi-viscosity nanofluid with slip is analysed in the present analysis. The 𝐹𝑒3𝑂4- water nanoparticle
is taken into further investigation. Also, in this section, we discuss the physical impact of important parameters on the
𝐹′ (𝜂) and 𝐹′′ (𝜂) using plots. The thermophysical values of the nanoparticle is described in the Table 1. Here, the solid
line reflects the presence of the nanoparticle, and the dotted lines show absence of nanoparticle, respectively.
Physically, in Equations (24) and (25), square root symbol demonstrates the existence of solution for 𝜆1 ≥ 1 −

Γ2𝐴1

2𝐴2

(
1 +

1

𝛽

)
. The shear stress 𝐹′′ (0) against 𝜆1 is depicted in Figure 2 for varying Γ = −1, 0, 0.5 with 𝑑 = −1 and

𝛽 = 1. Now in Figure 2, we note the effect on Γ for the suction/injection case. By increasing the value of Γ, the corre-
sponding wall shear stress thickness drops. The dual solution exists for 𝜆1 > 1 −

Γ2𝐴1

2𝐴2

(
1 +

1

𝛽

)
, and only one solution for

𝜆1 = 1 −
Γ2𝐴1

2𝐴2

(
1 +

1

𝛽

)
.
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MAHABALESHWAR et al. 13 of 20

F IGURE 3 An impact of suction/injection Γ on velocity profile.

F IGURE 4 An impact of suction/injection Γ on velocity profile.

In Figures 3 and 4, the two velocity profiles are presented. Figures 3 and 4 reflect the behaviour ofmass suction/injection
on the velocity profile for the shrinking case. Here, negative values signify injection, and positive ones signify suction. It
is analysed that velocity profile diminishes by enhancing the values of Γ in both solution regions. Hence, nanoparticle
velocity profile thickness becomes thinner. Suction or injection allows the boundary layer to adhere to the wall more
closely, which depletes momentum and causes the velocity to fall. Consequently, the momentum BL thickness decreases
as a result of suction or injection.

 15214001, 2025, 9, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/zam

m
.70198 by N

H
S E

ducation for Scotland N
E

S, E
dinburgh C

entral O
ffice, W

iley O
nline L

ibrary on [26/09/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



14 of 20 MAHABALESHWAR et al.

F IGURE 5 Asymptotic solution for 𝑑 → ∞: 𝐹′′ (0) ∕
√
𝑑 versus 𝜆1.

F IGURE 6 An impact of slip parameter 𝜆1 on velocity profile for large 𝑑 → ∞.

According to relations (38) and (39), Figure 5 illustrates the shear stress 𝐹′′ (0) ∕
√
𝑑 versus 𝜆1. The solutions for −2 <

𝜆1 < 1, are demonstrating that the regimes of promoting, as well as opposing flows are both possible. For both 𝜆1 = −2

and 𝜆1 = 1, the dual solutions are identical.
The solution for 𝜆1 > 1 on the lower branch is thought to be unique since the solution for the equivalent upper branch

is viewed as physically unfeasible. Figure 6 illustrates the solution. Here, the solution is independent of the mass suc-
tion/injection effect. From Figure 6, we see that the velocity of the nanoparticle is increased by increasing the velocity slip
values, and thickness of the BL becomes thicker.
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F IGURE 7 An impact of bi-viscosity parameter 𝛽 on velocity profile.

F IGURE 8 An impact of velocity slip parameter 𝜆1 on wall shear stress profile.

The effect of bi-viscosity parameter 𝛽 on the velocity profile is displayed in Figure 7. It is observed that the magnitude of
the velocity is greater with increasing the value of the bi-viscosity parameter in the case of lower solution. Consequently,
the velocity of the nanofluid generally increases as 𝛽 rises. However, for an upper solution case the opposite is true, and
the velocity profile decreases with increasing the values of 𝛽.
Figure 8 exhibits the effect of the slip parameter on wall shear stress 𝐹′′ (0). From the Figure 8, it has been reported

that the 𝐹′′ (0) rises with rising velocity slip parameter 𝜆1. Physically, it occurs because with rises in 𝜆1, nanofluid velocity
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16 of 20 MAHABALESHWAR et al.

F IGURE 9 An impact of suction/injection parameter Γ on wall shear stress profile.

reduces and as result 𝐹′′ (0) enhances at wall. When the slip phenomenon happens, the stretching sheet provides a force
that may partially be transferred to the fluid.
Figure 9 displays the prediction of 𝐹′′ (0) versus 𝑑, the stretching parameter, for several values of the suction/injection

parameter Γ = 0.5, 0 and -0.5 based on the analytical solution (78) for 𝜆1 = 0. From this figure, it is noted that in the
case of nanofluid, the presence of suction (Γ = 0.5) could enhance the flow resistance, while (Γ = −0.5) reduces the flow
resistance. It is also found that the thickness of the 𝐹′′ (0) is higher in the presence of nanofluid than in the absence
of nanofluid.
Figure 10 represents the variation of the bi-viscosity parameter 𝛽 on the shear stress profile 𝐹′′ (0). From Figure 10, it

can be seen that 𝛽 is inversely proportional to the yield stress, hence a reduction in the 𝛽 parameter indicates a rise in the
yield stress. We also found that with an increase in 𝛽, the shear stress profile 𝐹′′ (0) is also improved.
Figure 11 illustrates the effect of the stretching/shrinking parameter on the wall shear stress profile 𝐹′′ (0) with slip

effect 𝜆1 = 0. Observations from Figure 11 tell us that the wall shear stress grows as the stretching/shrinking parameter
increases, signifying that the surface is under higher shear stress.

5 CONCLUDING REMARKS

This study reveals the analytical investigation of F–S equation for the 2D motion of bi-viscosity nanoparticles along a
stretching wedge surface in the presence of slip suction/injection effects. The resulting equations are analytically solved.
The iron oxide𝐹𝑒3𝑂4− water nanoparticle is used to analyse the outcomes. The impact of dimensionless governing param-
eters on velocity, and shear stress profiles are discussed and demonstrated through plots. An accurate solution for the
shrinking sheet as well as an asymptotic solution for each instance of the positive bi-viscosity parameter 𝛽, with the slip
parameter 𝜆1 → 1 have been illustrated. The two solutions for the suction/injection parameter demonstrates the pos-
sibility that dual solutions can exist. These two solutions for the suction/injection are obviously presented in the [𝜆1,
𝐹′′ (0)]-parameter space. When the suction/injection is very large the two solutions are clearly visible in the [𝜆1, 𝐹′′ (0)]-
parameter space; however, the suction parameter c has no bearing on the prediction of shear stress but does have an
additive effect on the stream function. The current research on suction/injection past a uniformly moving sheet covered
by pressure gradient for laminar flow is extensively discussed here and is a subject of great interest in studies of turbulent
movement of fluid. There are a few noteworthy results that we will summarise. When the stretching/shrinking parameter
𝑑 = −1, a dual solution is found. An increase in the magnitude of the mass suction/injection parameter Γ reduces the
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MAHABALESHWAR et al. 17 of 20

F IGURE 10 An impact of bi-viscosity parameter 𝛽 on wall shear stress profile.

F IGURE 11 An impact of stretching/shrinking parameter 𝑑 on wall shear stress profile.

velocity profile 𝐹′ (𝜂) and wall shear stress 𝐹′′ (0) profiles. A rise in the slip parameter 𝜆1 enhances the velocity profile
𝐹′ (𝜂) and reduces thewall shear stress𝐹′′ (0) profile. The𝐹′′ (0) increaseswith the increase of the fluid bi-viscosity param-
eter 𝛽. Finally, the current work is well in agreement with Afzal [3]. Also, Afzal [3] is recovered if the fluid bi-viscosity
parameter 𝛽 → ∞ and the solid volume fraction 𝜙 = 0.
In this work, we have chosen specific values of the parameters as these allow us to achieve better convergence of the

results and solution of the problem. We also emphasise that the present problem is purely a theoretically work, which
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18 of 20 MAHABALESHWAR et al.

has not tried to capture any particular real-world applications or use experimental data. This, however, will be possible to
address in future works with applications in engineering.
The proposed model might find its engineering application in the air conditioning system, a necessary operation in

the production of paper, linoleum, polymeric sheets, wire drawing, drawing of plastic films, fine-fiber matts, cooling of
films or sheets, conveyor belts, and metallic plates printing, photovoltaic panels, electronic items, nanoscale gadgets for
illness, refrigeration of metallic particles, microprocessors, lasers, cardboard boxes, and inkjets are only a few possibilities
for nanoparticle.

NOMENCLATURE

Symbols Descriptions (S.I. Units)
d Stretching/Shrinking parameter (-)

F, g, G, H SImilarity function (-)
m Constant (-)

(u,v) Velocity components (m/s)
𝑈𝑤, 𝑈∞ Constants (-)

𝜇𝑓 Dynamic Viscosity (kg/ms)
𝜂 Similarity variable (-)

𝜌𝑓 Density (kg/m3)
𝜙 Solid volume fraction (-)
Γ Mass suction/injection (-)
𝜆1 Slip parameter (-)

Ω, 𝛿 Constant (-)

Abb re v i a t i on s

Symbols Descriptions (S.I. Units)
BL Boundary layer (-)
NN Non-Newtonian (-)
F–S Falkner–Skan (-)

PDEs Partial Differential Equations (-)
ODEs Ordinary Differential Equations (-)
MHD Magnetohydrodynamics (-)
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