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1. Introduction

Stagnation flow is a term that refers to the movement of fluid near its stagnation point. Hiemenz
initiated research on two-dimensional steady stagnation point flow in 1911 when he found an
accurate solution by converting the Navier-Stokes equations to the nonlinear ordinary differential
equations through similarity transformation, as detailed in Chamkha and Khaled [1]. Numerous
academics have since researched stagnation point flow, also known as Hiemenz flow, which Howarth
improved in 1935. Various scholars have sought to apply the concept of stagnation point flow to a
number of physical phenomena, including shrinking or stretching sheets.

Crane [2] was the first researcher to examine the subject of stagnation point flow on a linearly
stretching sheet and to discover the problem's closed analytical solution. Then, by adding suction or
injection on the surface, Gupta and Gupta [3] further investigated Crane’s problem. While Wang [4]
discovered the axisymmetric case's similarity solutions. Bhattacharyya and Gupta [5] then examined
the stability of the Crane problem. Chiam [6] then combined the Hiemenz and Crane problems of
stagnation point flow in two-dimensional by examining heat transport through a viscous fluid
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approaching a stretched plate. Mahapatra and Gupta [7] expanded on Chiam's work by including
stagnation point flows and a stretched sheet with varying free flow velocities. They discovered two
distinct boundary layers close to the sheet, each with a different ratio of stretching to straining rates.
Additionally, Ishak et al., [8] examined the behaviour of the flow over a stretching sheet under a
variety of physical conditions while Layek et al., [9] investigated heat generation and suction effect.
Nadeem et al.,, [10] investigated the Homotopy Analysis Method solution for the problem of
boundary layer and Mustafa et al., [11] investigated different fluid that is nanofluid in their study.

A lot of researchers investigated the stretching case, whereas just a few dealt with the shrinking
case. Ishak et al.,, [12] considered a micropolar fluid, whereas Bachok et al., [13] addressed the
problem using a nanofluid. In addition, Bhattacharya et al., [14] investigated the flow and the heat
transfer over a shrinking sheet while taking slip effect into account. Later, Bhattacharya and Layek
[15] considered the suction/blowing effect to examine fluid flow, taking thermal radiation into
account and expanding their research to include chemical reactions (see Bhattacharya [16]).
Moreover, Bhattacharya [17,18] considered the flow in an unsteady case and reveals that when
unsteadiness exists, heat transfer rises with the Prandtl number. They then extend their research by
including other physical effects such as suction and heat radiation (see Bhattacharya et al., [19]). It is
discovered that thermal radiation has an effect on the thermal boundary layer thickness, causing it
to become thinner. Following that Bhattacharya and Vajravelu [20] examined the fluid flow over an
exponential shrinking case and discovered that increasing the velocity ratio parameter increases the
heat transfer rate. Furthermore, Bhattacharya et al., [21,22] extend their prior work by investigating
another type of fluid, Casson fluid, and discovered that the similarity solution is identical to that of a
Newtonian fluid. Bhattacharya [23,24] conducted more research on the flow of fluid in a shrinking
sheet by including non-uniform heat flux and Soret and Dufour effects. While, Aman et al., [25]
studied different flows which are magnetohydrodynamics flow with slip effect in their research. One
of the significant findings of this study is that when the slip effect is considered, heat transfer rises
while skin friction reduces while dual solutions are obtained.

Moreover, the research of shrinking sheets through porous media has garnered attention from
many researchers. Rosali et al., [26] studied the flow of the fluid over a porous medium and observed
that reducing the porous medium’s porosity widen the domain of solutions to exist. Moreover, when
Pal and Mandal [27] investigated the flow in a porous medium, they took heat generation into
account. They discovered that the skin friction coefficient drops while the local Nusselt number
increases when porosity rises. Following that, Bakar et al., [28] explored the Darcy-Forchheimer
porous media model in their work. While, Aurangzaib et al., [29] studied the MHD flow of a
permeable shrinking sheet with the effect of slip. Then, Nasir et al., [30] considered the flow in the
presence of suction via a porous quadratically shrinking or stretching sheet. The increase in suction
strength increases the skin friction as well as the heat transfer rate. Numerous scholars, notably
Kumar and Sood [31], have conducted more research on porous media. They performed the
numerical analysis on nonlinear shrinking cases involving a porous medium. Later, Shomali et al., [32]
analyzed the unsteady flow of a nanofluid in porous media and discovered that as the velocity slip
changes, the skin friction rises. Then, Jamaludin and Nazar [33] further investigated an exponential
case in a porous medium and discovered that an exponential case has a larger possible solution
compared to the linear case. Moreover, Japili et al., [34] investigated the flow of the fluid in an
exponential case by taking the suction effect into account through a porous medium. It is concluded
that the exponential case has a greater solution domain than the linear case. Whereas, Rosali et al.,
[35] extend the prior work in an unsteady case with slip effect imposed at the surface. Norzawary et
al., [36] recently explored the flow of fluids with the impact of suction or injection through a
stretching/shrinking sheet of a carbon nanotube.
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According to the literature, most of the research concentrated on fluid flow and heat transfer
without considering the influence of slip and suction, specifically in porous media. Thus, further study
is required, since certain numerical analyses indicate that these factors may enhance heat exchange
in the fluid while simultaneously increasing its velocity. Moreover, some study shows that the suction
effect may contribute to the reduction of drag and energy losses in channels. Therefore, numerical
studies should be conducted to verify all of these possibilities to provide more exact results. Hence,
this research is a continuation of Rosali et al., [26], in which we investigate the stagnation point flow
through a porous medium while accounting for the slip and suction effect. We obtain and discuss the
findings with different values of physical parameters for the skin friction coefficient and the local
Nusselt number and in order to ensure the results’ validity, the profiles for temperature and velocity
are presented. To our best of knowledge, the results of this paper are new and they have not been
published before.

2. Methodology

We investigate a continuous stagnation point flow towards a shrinking/stretching sheet in the
existence of slip and suction effect through a porous medium. As seen in Figure 1, the x-axis is parallel
to and the y-axis is perpendicular to the shrinking/stretching sheet. U, (x) = ax (a > 0) denotes the
external flow’s velocity which represents the intensity of the stagnation flow. While U, (x) = bx
defines the sheet’s velocity, where b < 0 and b > 0 denoted the shrinking and stretching sheet,
respectively.

The temperature of the surface and the ambient fluid are represented as T,, and T,, which are
both considered to be constant. Hence, the problem’s boundary layer systems may be defined as
Rosali et al., [26]

ou v

axtay =0 W
ou ou _ dUs 0%u v _

u—+v oy Uy — Ve + 3 (U —u) (2)
oT oT 9°T

U,a + 175 = (Xa—yz (3)

in which u and v denote the velocity of x- and y-axes. Whereas K; referred to the permeability
parameter, v referred to the kinematic viscosity, T referred to the fluid’s temperature, a referred to
the thermal diffusivity, L and S referred to the slip length and the proportionality constant,
respectively. The boundary conditions were determined in accordance with Aman et al., [25], who
defined them as below

B aT
v=VW,u=UW(x)+L£,T=TW+SE aty =0

U Up(x),T>Tpoasy - (4)

The following similarity transformation with respect to the boundary condition (4) is used to solve
the system of PDEs (1)-(3)

75



Journal of Advanced Research in Fluid Mechanics and Thermal Sciences
Volume 90, Issue 2 (2022) 73-89

1

n= (M)Ez

a X

P = (@xUs)2 £ (1)

T—Teo
—— (5)

() =

given that v is the stream function in which u = 9 /dy and v = —d/0dx. By substituting Eq. (5)
into (1)-(4), we get the system of ODEs as follows

Prf" +ff"+1—-f?+KQ-f)=0 (6)
0" +f0' =0 (7)
subject to the boundary conditions

f(0)=s,f'(0)=c+Af"(0),6(0) =1+ B6'(0)

f'm) = 1,6(m) —»0asn - o (8)

where prime here signifies differentiation with respect to n. K = v/(aK;) denotes the permeability
parameter while Pr = v/a represents the Prandtl number. Whereas, the coefficient of mass transfer
is defined as s = =V, /+/aa, with suction and injection specified as s > 0 and s < 0, respectively.
The parameter ¢, which is defined as ¢ = b/a, refers to stretching when ¢ > 0 and shrinking when
c < 0. A = LVaa gives the parameter of velocity slip, while B = Svaa gives the parameter of
thermal slip. The skin friction coefficients and the local Nusselt number may be represented as

y
4
T,
U.(x) U, (x)
ittt ) f1tt
Vo Vi

v
a

Uy (x) Uy (%)
Fig. 1. Physical model of two-dimensional stagnation point flow
towards a shrinking sheet with slip effect
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where t,, and q,, represent the shear stress and the heat flux, respectively
_ ou
Tw =HU (E)

with k and u denoting the coefficients of the thermal conductivity and viscosity, respectively. We
find the following expressions by applying the similarity variables defined in Eq. (5)

o =k (Z_;)FO (10)

1 1 1
> CrRexz = Prz f(0) (11)

1
Nu, = —Pe,2 6'(0) (12)

where Re, = Uy,x /v represents the local Reynolds number while Pe, = U,x/a denotes the local
Péclet number.

3. Results and Discussion

The ODEs in Eq. (6) and (7) that meet the conditions in Eq. (4) were numerically solved in Maple
software using a shooting technique. This study examined the impact of suction/injection parameter
s, velocity slip parameter A, thermal slip parameter B and permeability parameter K on the skin
friction coefficient f''(0) and local Nusselt number —6'(0). The study findings are compared to
those of Wang [4] and Rosali and Ishak [29] in the absence of permeability parameters as well as slip
and suction effect when Pr = 1. The present findings are consistent to five decimal places with those
reported previously by Wang [4] and Rosali and Ishak [37]. As shown in Table 1, the results indicated
a high level of agreement. Variation of the f'(0) and the —6'(0) correspond to the
stretching/shrinking parameter c for several suction parameter values are depicted in Figure 2 and
3, respectively. As illustrated in Figure 2 and 3, there is a dual solution to Eq. (6) and (7) with the
boundary conditions specified in Eqg. (4) since there is an existence of a critical value c.. As illustrated
in Figure 2 and 3, dual solutions occur when ¢, < ¢ < —1.5, unique solution occurs when ¢ > —1.5
and no solution occurs for ¢ < c.. Table 2 summarises the critical values c, for different values of s.
For a given c, the first solution in Figure 2 has a greater f"'(0) value than the second solution. It is
also demonstrated that as s increases, so does the magnitude of f''(0). The suction causes a rise in
the shear stress which raises the velocity gradient near the surface. Additionally, as the suction
parameter s increases, the critical value c. also increases, resulting in a broader range of ¢ at which
the solutions exist. Besides, the suction effect minimizes drag between fluid and surfaces, delaying
the separation of boundary layers.

Moreover, when the value of s rises, so does the magnitude of —8'(0), indicating an increase in
the temperature gradient and hence an increase in the rate of heat transfer. Whereas, Figure 4 and
5 demonstrate the influence of injection parameter (s < 0) towards £ (0) and —6'(0) respectively.
These figures show that the increase in the injection effect will reduce both f"'(0) and —6'(0).
Besides, in the shrinking case, there are dual solutions for a given injection parameter value.
However, as the injection parameter reached a certain value, a unique solution occurs for any value
of c. It is also worth noting that the solutions domain is greater in the suction case as compared to
the injection case.
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Table 1

Comparison of the values of f"(0) for different values of cwhen Pr = lands=K=A=B =0

c Wang [1] Rosali and Ishak [37] Present Results
-1.2465 0.55430 0.584295 0.554283
-1.15 1.08223 1.082231 1.082244
-1 1.32882 1.328817 1.328819
-0.75 1.48930 1.489298 1.489299
-0.5 1.49567 1.495670 1.495670
-0.25 1.40224 1.402241 1.402241
0 1.232588 1.232588 1.232588
0.1 1.14656 1.146561 1.146561
0.2 1.05113 1.051130 1.051130
0.5 0.71330 0.713295 0.713294
2 -1.88731 -1.887307 -1.887307
5 -10.26475 -10.264749 -10.264749

Table 2

Values of ¢, for different values of s when Pr = 1and K = A =B = 0.5

S Ce

-0.8 -1.7121

-0.5 -1.8808

-0.3 -2.0246

0.3 -2.6268

0.5 -2.8887

0.8 -2.3454

4
s=0.3,050.8 first solution

f"(0)

second solution

Fig. 2. Skin friction coefficient f''(0) with ¢ when Pr = 1
and K =A =B =0.5
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§=0.3,050.8

—¢'(0)

first solution
.............. second solution

_0.5 1 1 1 1 1 1 1 1 1 1 1 1 1
4 35 3 -25 -2 -15-1-05 0 05 1 15 2 25 3

c

Fig. 3. Local Nusselt number —8'(0) with ¢ when Pr =
landK=A=B=0.5

first solution
.............. second solution

f"(0)

25 2 45 -1 05 0 05 1 15 2
C

Fig. 4. Skin friction coefficient f''(0) with ¢ when
Pr=1landK=A=B =05

first solution
.............. second solution

Fig. 5. Local Nusselt number —8'(0) with ¢ when Pr =
landK=A=B=0.5

79



Journal of Advanced Research in Fluid Mechanics and Thermal Sciences
Volume 90, Issue 2 (2022) 73-89

The effect of parameter A on f"(0) and —8'(0) are depicted in Figure 6 and 7, correspondingly.
As seen in these figures, there exist both unique and dual solutions. Besides, when the value of A
rises, it reduces the value of f''(0) but raises —8'(0), as seen in Figure 6 and 7, respectively. It has
been demonstrated that when velocity slip rises, the solutions domain widens. If the velocity slip
effect is taken into account, it indicates that there is a relative movement between the fluid and the
surfaces. So, when the value of A increases, it denotes that the fluid’s velocity is greater than the
surface’s velocity. As a result, the existence of the velocity slip effect will enhance the fluid flow,
delaying the separation of the boundary layers. This explains why the velocity slip parameter with a
greater value has a larger value of c.. However, as illustrated in Figure 8 and 9, the impact of the
thermal slip B on f"'(0) and —6'(0) was found to be different. The change in B has no influence on
the variations of f'(0) caused by the decoupling of Eq. (6) and (7), as seen in Figure 8. When
parameter B is decreased, it is observed that the temperature lowers as well, but it has no effect on
the variation of the critical value. Therefore, it is clear that the thermal slip has no impact on boundary
layer separation.

1
first solution
o second solution
2
—~ 1
e
“~ 0 o
A=051,15
-1
-2
-3

55 -45 35 25 -15 05 05 15 25
c
Fig. 6. Skin friction coefficient f''(0) with c when Pr =1,
s=03and K =B =05

first solution
25 | second solution

-55 45 35 -25 -15 -05 0.5 15 2.5

Fig. 7. Local Nusselt number —8'(0) with ¢ when Pr = 1,
s=03andK =B =05
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3 F first solution
-------------- second solution
1.5 F
S
Lo ‘
B=0.3,0.5,0.8
1.5 F
-3
-3.5 -2.5 -1.5 -0.5 0.5 1.5 2.5

[

Fig. 8. Skin friction coefficient f''(0) with c when Pr =1, s =
03andK=A4=05

first solution
25 second solution

B =10.8,05,03

05 1 1 1 1 1 1
-3.5 -2.5 -1.5 -0.5 0.5 15 25

Fig. 9. Local Nusselt number —0'(0) with ¢ when Pr =1, s =
0.3and K =4=0.5

Furthermore, the influence of permeability parameter K towards f''(0) and —8'(0) are
illustrated in Figure 10 and 11, respectively. Both the f"(0) and —8'(0) rise as the permeability
parameter increases as seen in Figure 10 and 11. Moreover, these figures show that decreasing the
porosity of the porous medium, which means a higher permeability parameter value, broadens the
range of solutions to Eq. (6) and (7). As can be seen, the impact of combining porosity, velocity slip
and suction significantly expands the solutions domain, resulting in a delay in boundary layer
separation. Figure 12 and 13 show the suction effect on the velocity f'(n) and temperature profiles
0(n) of the shrinking case, respectively. Suction s has been shown to influence the velocity profile
f'(n) in the shrinking case, as seen in Figure 12. When s is increased, the velocity profile for the first
solution rises while it falls for the second solution. Besides, the suction effect thickens the boundary
layer, increasing the shear stress and f''(0), as seen in Figure 2. Furthermore, Figure 13 depicts the
effect of parameter s on 8(n) for the shrinking case. The result shows that when s rises, the
temperature distribution decreases, reducing the thickness of the thermal boundary layer.
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Moreover, these profiles are shown in Figure 12 and 13 that meet the boundary requirements

asymptotically, supporting the obtained outcomes and the occurrence of the dual solutions.

3.5

f(0)

0.5

K=10,05,08

first solution

.............. second solution

-3.5

Fig. 10. Skin friction coefficient f"'(0) with c when Pr =1, s =

0.3andA =B =0.5

2.5

15 F

-6'(0)

05 f

K =0,05,08

first solution
second solution

Fig. 11. Local Nusselt number —0'(0) with ¢ when Pr =1,
s=03andA=B =05

0 05 1 15
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-1.5 f.f'rf e FiTst 01 lutiom
v _ .
'y = = = Segond solution

0 05 1 15 2 25 3 35 4 45 5
n
Fig. 12. Velocity profiles f'(n) for different values of s > 0 when
Pr=1,K=A=B = 0.5and c = —2.6 (shrinking)

First solution
l.6

— = = Seeond solution

Fig. 13. Temperature profiles 8(n) for different values of s > 0
when Pr =1, K = A =B = 0.5 and ¢ = —2.6 (shrinking)

Figure 14 and 15 illustrate the f'(n) and 8(n) profiles for several injection parameter s values in
the shrinking case. As shown in Figure 14, as the injection parameter decreases, the thickness of the
boundary layer decrease in the first solution while the opposite manner in the second solution. In
Figure 15, it is shown that a decrease in injection parameters will increase the thermal boundary
thickness as illustrated in the first solution. Thus, the injection effect reduces the temperature
gradient and hence decrease the heat transfer rate on the surface. Based on Figure 14 to 15, it should
be emphasised that these profiles fulfil the far-field boundary conditions, confirming the accuracy of
the findings and the duality of the solutions. Figure 16 and 17 display the f'(n) and 8(n) profiles for
some values of parameter A in the shrinking case. The first solution, seen in Figure 16, exhibits a rise
in velocity as the parameter A rises, whereas the second solution exhibits the opposite effect. In
Figure 17, as the parameter A values increase, the first solution decreases while the second solution
increases. Moreover, the thickness of the velocity boundary layer is higher in the first solution than
in the second solution, but the thermal boundary layer thickness is reversed.
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s e First s lution
r

= = == Gevond solution

l 2 3 4 5 6

n
Fig. 14. Velocity profiles f'(n) for different values of s <0
when Pr=1,K = A =B = 0.5 and ¢ = —1.7 (shrinking)

08
\

0.6 “\

6(n) \
04 %\ ‘\\
(NN
02 LN
LY

First solution
ol ——— Sevond solution
0 2 4 & B
n

Fig. 15. Temperature profiles 6(n) for different values of s <
OwhenPr=1,K =4 =B = 0.5and ¢ = —1.7 (shrinking)

! I/ ————————— First solution
-1.5 f!/"? = = = Second solution
vl
0 l 2 3 4 5 6 7

n

Fig. 16. Velocity profiles f'(n) for different values of A when
Pr=1,s=0.3,K =B = 0.5 and c = —2.6 (shrinking)
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First solution

1 4 — e e Sepond solution

Fig. 17. Temperature profiles 6(n) for different values of A
when Pr =1,s = 0.3,K = B = 0.5 and ¢ = —2.6 (shrinking)

Whereas, Figure 18 and 19 demonstrated the variation of the velocity and temperature profiles
for various thermal slip parameter values in the shrinking case. However, it can be observed that the
velocity values remain constant as thermal slip increases. This corroborates the findings in Figure 8,
which demonstrate that thermal slip does not influence the fluctuation of the skin friction coefficient.
In Figure 19, the temperature profiles increase with the thermal slip parameters up until a certain
point before it approaches zero. Finally, Figure 20 and 21 show the velocity and temperature profiles
for various values of the permeability parameter K, with other parameters being constant. The
velocity drops as the permeability parameter K rises, while the temperature distributions do the
reverse. Temperature is more sensitive to the permeability parameter than the velocity profiles, as
seen in the figures. From a physical viewpoint, it demonstrates that when suction, velocity slip, and
porosity parameters rise, the fluid’s velocity increases. Moreover, all of these profiles were satisfied
asymptotically under the boundary conditions. Therefore, the precision of this research’s numerical
findings will be increased.

First solution

-1.5 "‘ = = = Gevond solution

Fig. 18. Velocity profiles f'(n) for different values of B when
Pr=1,5s=0.3,K =B = 0.5and ¢ = —2.6 (shrinking)
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A == First solution

— e = Sevond solution

Fig. 19. Temperature profiles 6(n) for different values of A
when Pr =1,s = 0.3,K = B = 0.5 and ¢ = —2.6 (shrinking)

K=035¢=-2.60
K=08c=-29% o First solution

/ = == = Gevond solution

1 2 3 4 5 6 7
n

Fig. 20. Velocity profiles f'(n) for different values of K and

cwhenPr=1,A=B =05ands =0.3

1.2 i i
— First solution
l — e e Second solution
08 K=0,¢=-2
K=0.5¢=-260
8(n) 0.6
K=08¢=-295
0.4
0.2
0 -

Fig. 21. Temperature profiles 6(n) for different
values of K and ¢ when Pr=1, A= B = 0.5 and
s=0.3
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4. Conclusions

A numerical analysis of stagnation point flow and heat transfer over a shrinking sheet with the
impact of slip and suction through a porous medium is presented in this article. The equations
controlling the boundary layer were numerically solved using the shooting technique. The skin
friction coefficient and the local Nusselt number were determined and analysed in relation to the
suction, injection, slip, and permeability parameters, as well as the velocity and temperature profiles.
This research discovered the following

i. Unique solution occurs in the stretching case (¢ > 0) and dual solutions occur in the shrinking
case (¢, < ¢ <0)

ii. As suction, velocity slip, and permeability parameter values rise, the skin friction coefficient
and local Nusselt number increase as well

iii. The skin friction coefficient and the boundary layer separation does not influence by the
thermal slip parameter

iv. As the injection parameter increases, the skin friction coefficient and local Nusselt number
decrease

v. The solutions domain become larger in the presence of the suction effect, velocity slip and
permeability parameter
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