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Abstract: An analysis is made of two-dimensional stagnation-point flow and heat transfer in a viscous fluid
over a nonlinearly shrinking sheet. The governing partial differential equations are transformed into ordinary differential equations using similarity transformation, before being solved numerically by the shooting
method. This investigation explores the conditions of existence and uniqueness of the similarity solution. It
is found that dual solutions exist for a certain range of 𝛼, the ratio of shrinking velocity and free stream velocity. A linear stability analysis reveals that one solution is linearly stable while the other is linearly unstable.
The features of the flow and heat transfer characteristics for different physical parameters are analyzed and
discussed. Quite different flow behaviour is observed for a nonlinearly shrinking sheet from a nonlinearly
stretching sheet.
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1

Introduction

Stagnation flow of an incompressible viscous fluid over a stretching or shrinking sheet has important practical applications
in engineering and manufacturing processes, namely continuous casting, glass fibre production, metal extrusion, hot
rolling of paper, textiles and wire drawing. Hiemenz [1] was first to study the two-dimensional stagnation-point flow
towards a stationary plate. The axisymmetric three dimensional stagnation flow was discussed by Homann [2]. Thereafter
various aspects of stagnation flow and heat transfer were considered by many researchers ( Chiam [3], Mahapatra and
Gupta [4, 5], Ishak et al. [6] and Wang [7]). Most of these investigations are on the flow due to linear stretching sheet.
However Gupta and Gupta [8] have underlined that the stretching of the sheet may not necessarily be linear. In view of
this, Vajravelu [9] studied flow and heat transfer in a viscous fluid over a nonlinearly stretching sheet without viscous
dissipation. Cortell [10] discussed the numerical solution for viscous flow and heat transfer over a nonlinearly stretching
sheet by considering the viscous dissipation. Recently Abbas and Hayat [11] investigated stagnation slip flow and heat
transfer characteristics of a viscous fluid over a nonlinearly stretching sheet.
Recently, the boundary layer flow due to a shrinking sheet has attracted considerable interest. For this flow configuration, the fluid is attracted towards a slot and the flow is quite different from the stretching case. From a physical point of
view, vorticity generated at the shrinking sheet is not confined within a boundary layer and a steady flow is not possible
unless adequate suction is applied at the sheet. For this new type of shrinking flow, it is essentially a backward flow as
discussed by Goldstein [12]. For a backward flow configuration, the fluid losses memory of the perturbation introduced
by the slot. As a result, the flow induced by the shrinking sheet shows quite distinct physical phenomena from the forward
stretching case.
Miklavcic and Wang [13] investigated both two-dimensional and axisymmetric viscous flow induced by a shrinking
sheet in the presence of uniform suction. This problem was then extended to magnetohydrodynamic (MHD) flow by Sajid
and Hayat [14]. Fang and Zhang [15] successfully obtained the closed form analytic solution for steady MHD flow over a
shrinking sheet subjected to applied suction and they reported greatly different solution behaviour with multiple solution
branches compared to the corresponding stretching sheet problem. The boundary layer flow over a continuously shrinking
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sheet with a power law surface velocity and mass transfer were investigated by Fang [16]. The unsteady viscous flow over
a continuously shrinking surface with mass suction was also investigated by Fang et al. [17].
Steady two-dimensional and axisymmetric stagnation point flow with heat transfer over a shrinking sheet was investigated by Wang [18]. The above shrinking sheet problem for the micropolar fluid was studied by Ishak et al. [19]. Very
recently, Mahapatra et al. [20] investigated the MHD stagnation point flow and heat transfer over a shrinking sheet, the
flow being permeated by a uniform transverse magnetic field. Note that with an added stagnation flow to contain the
vorticity, similarity solution is possible even in the absence of suction at the surface.
In this article, the steady two-dimensional stagnation point flow and heat transfer of a viscous incompressible fluid
over a nonlinearly shrinking sheet is investigated. Results for velocity, temperature, skin friction coefficient and rate of
heat transfer are examined. A linear stability analysis of the dual solutions is discussed. To the best of our knowledge,
this problem is not studied before and therefore the results obtained are new.

2

Flow analysis

Consider the steady two-dimensional laminar stagnation-point flow of a viscous incompressible fluid towards a nonlinear
shrinking sheet. The 𝑥-axis runs along the shrinking surface in the direction opposite to the sheet motion and 𝑦-axis is
perpendicular to it. It is assumed that the potential stagnation flow at infinity is given by 𝑈 = 𝑎𝑥𝑛 , 𝑉 = −𝑎𝑛𝑥𝑛−1 𝑦 where
𝑎(> 0) is the strength of the stagnation flow and 𝑛 is an exponent. On the sheet, the velocity components are 𝑢 = 𝑐𝑥𝑛 ,
𝑣 = 0, where 𝑐(< 0) is the shrinking rate (stretching rate if 𝑐 > 0).
Based on the boundary layer assumption, the governing equations of this problem become
∂𝑢 ∂𝑣
+
∂𝑥 ∂𝑦
∂𝑢
∂𝑢
𝑢
+𝑣
∂𝑥
∂𝑦

= 0,

(1)

= 𝑈 (𝑥)

𝑑𝑈
∂2𝑢
+𝜈 2 ,
𝑑𝑥
∂𝑦

(2)

where (𝑢, 𝑣) are the velocity components in the 𝑥 and 𝑦 directions, respectively and 𝜈 is the kinematic viscosity. The
boundary conditions for the above flow situation are
𝑢 = 𝑢𝑤 = 𝑐𝑥𝑛 ,
and

𝑣 = 𝑣𝑤 = 0

𝑢 → 𝑈 (𝑥) = 𝑎𝑥𝑛

at y = 0 ,

as y → ∞ .

(3)
(4)

Defining relevant dimensionless quantities
√
𝑢(𝑥, 𝑦)
𝜂

𝑛

′

(𝑛−1)/2

= 𝑎𝑥 𝐹 (𝜂) , 𝑣(𝑥, 𝑦) = −𝑥
√
𝑎(𝑛 + 1) (𝑛−1)/2
= 𝑦
𝑥
,
2𝜈

[
(
)
]
𝑎𝜈(𝑛 + 1)
𝑛−1
′
𝐹 (𝜂) +
𝜂𝐹 (𝜂) ,
2
𝑛+1
(5)

and substituting into Eqs. (1) and (2) we get
𝐹 ′′′ + 𝐹 𝐹 ′′ −

(

2𝑛
𝑛+1

)

2

𝐹′ +

(

2𝑛
𝑛+1

)
= 0,

(6)

where a prime denotes differentiation with respect to the similarity variable 𝜂. The boundary conditions (3) and (4)
becomes
𝐹 = 0,

𝐹 ′ = 𝑐/𝑎 = 𝛼(𝑠𝑎𝑦)
′

𝐹 →1

as

at 𝜂 = 0,

(7)

𝜂→∞.

(8)

Eqs. (6)- (8) for 𝑛 = 1 (i.e., for linear shrinking boundary problem) has been carried out by Wang [18].
The dimensionless velocity components can be written from Eq. (5) as
𝑢∗ = (

𝑢
2𝑛/(𝑛+1) ′
𝐹 (𝜂) ,
)𝑛/(𝑛+1) = 𝜉

2𝜈
𝑎1/𝑛 𝑛+1
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and

𝑣∗ = (

where

(
𝜉=

𝑎(𝑛 + 1)
2𝜈

)1/2

𝑣
2𝜈
𝑎1/𝑛 𝑛+1

(𝑛−1)/(𝑛+1)
𝑉 (𝜂)
)𝑛/(𝑛+1) = −𝜉

𝑥(𝑛+1)/2 , 𝑉 (𝜂) =

1
[(𝑛 + 1)𝐹 (𝜂) + (𝑛 − 1)𝜂𝐹 ′ (𝜂)] .
2

The shear stress at the stretched surface is defined as
[ ]
∂𝑢
𝜏𝑤 = 𝜇
∂𝑦 𝑦=0
√
𝑎(𝑛 + 1) (3𝑛−1)/2 ′′
= 𝑎𝜇
𝑥
𝐹 (0) .
2𝜈

(10)

(11)

(12)

where 𝜇 (assumed constant) is the viscosity of the fluid.

3

Heat transfer

Using the boundary layer approximations and taking into account the viscous dissipation, the equation of the energy for
temperature 𝑇 is given by
( )2
∂𝑇
∂𝑇
∂2𝑇
𝜇
∂𝑢
𝑢
+𝑣
=𝜅 2 +
,
(13)
∂𝑥
∂𝑦
∂𝑦
𝜌𝑐𝑝 ∂𝑦
where 𝜅 and 𝑐𝑝 and 𝜌 denote the thermal diffusivity, specific heat at constant pressure and density of the fluid respectively.
The last term in Eq. (13) represents the viscous dissipation in the boundary layer approximation. The boundary conditions
are
𝑇 = 𝑇𝑤 at y = 0 and T = T∞ as y → ∞ ,
(14)
where 𝑇𝑤 and 𝑇∞ are constants and we assume that 𝑇𝑤 > 𝑇∞ . Define the dimensionless temperature 𝜃(𝜂) as
𝜃(𝜂) =

𝑇 − 𝑇∞
.
𝑇𝑤 − 𝑇∞

(15)

Substituting Eqs. (5) and (15) into Eq. (13), we get
2

𝜃′′ + 𝑃 𝑟𝐹 𝜃′ + 𝑃 𝑟𝐸𝑐 𝛼2 𝐹 ′′ = 0 ,

(16)

where 𝐸𝑐 (= 𝑢2𝑤 /𝑐𝑝 (𝑇𝑤 − 𝑇∞ )) is the Eckert number, 𝑃 𝑟(= 𝜈/𝜅) is the Prandtl number. It should be noted that the
temperature profile always depend on 𝑥 i.e., one may look for the availability of local similarity solution. The boundary
conditions for 𝜃(𝜂) are obtained from Eq. (14) as
𝜃(0) = 1

and

𝜃(∞) = 0 .

The rate of heat transfer of the surface is defined from Eq. (15) as
√
( )
𝑑𝑇
𝑎(𝑛 + 1)
′
(𝑛−1)/2
−𝜆𝑇
= −𝜆𝑇 (𝑇𝑤 − 𝑇∞ )𝜃 (0)𝑥
,
𝑑𝑦 𝑦=0
2𝜈

(17)

(18)

where 𝜆𝑇 is the thermal conductivity.

4 Numerical Solution
An analytical solution for the flow problem with 𝑛 ∕= 0 does not exist and hence one has to use numerical technique. So
Eqs. (6)-(8) are solved numerically by an efficient Shooting method for different values of the parameters. To do this, we
first transform the non-linear differential equation (6) to a system of three first order differential equations as :
𝑦1′ = 𝑦2 , 𝑦2′ = 𝑦3 ,
2𝑛
2𝑛 2
𝑦 − 𝑦1 𝑦3 −
,
𝑦3′ =
𝑛+1 2
𝑛+1
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where 𝑦1 = 𝐹 (𝜂), 𝑦2 = 𝐹 ′ (𝜂), 𝑦3 = 𝐹 ′′ (𝜂) and a prime denotes differentiation with respect to the independent variable
𝜂. The boundary conditions (7) and (8) become
𝑦1 = 0 ,

𝑦2 = 𝛼 at 𝜂 = 0 ,
𝑦2 → 1 as 𝜂 → ∞ .

(20)

For a given 𝛼, the values of 𝑦1 and 𝑦2 are known at the starting point 𝜂 = 0. Now the value of 𝑦2 as 𝜂 → ∞ is replaced
by 𝑦2 = 1 at a finite value 𝜂 = 𝜂∞ to be determined later. The value of 𝑦3 at 𝜂 = 0 is guessed in order to initiate the
integration scheme. Starting from the given values of 𝑦1 and 𝑦2 at 𝜂 = 0 and the guessed value of 𝑦3 at 𝜂 = 0, we integrate
the first order equations (19) by using a fourth-order Runge-Kutta method up to the end-point 𝜂 = 𝜂∞ . The computed
value of 𝑦2 at 𝜂 = 𝜂∞ is then compared with 𝑦2 = 1 at 𝜂 = 𝜂∞ . The absolute difference between these two values should
be as small as possible. To this end we use a Newton-Raphson iteration procedure to assure quadratic convergence of the
iterations. The value of 𝜂∞ is then increased till 𝑦2 attains the value 1 asymptotically. The value 𝜂∞ = 12 was found to
be adequate for all the ranges of parameters studied here.
Using the numerical values of 𝐹 (𝜂) from the solution of Eqs. (6)- (8) , Eqs. (16) along with the boundary conditions
(17) are solved numerically using the same method as described above to obtain 𝜃(𝜂).

5

Stability analysis

Our numerically results show that for a certain range of 𝛼, there exist two branches of solutions for different values of 𝑛.
So we have to test the stability of the dual solutions. To do this, we consider the unsteady form of Eq. (6) as
∂𝑢
∂𝑢
∂𝑢
𝑑𝑈
∂2𝑢
+𝑢
+𝑣
= 𝑈 (𝑥)
+𝜈 2 .
∂𝑡
∂𝑥
∂𝑦
𝑑𝑥
∂𝑦
The unsteady similarity solution can be taken in the form
√
𝑛

𝑢(𝑥, 𝑦) = 𝑎𝑥 𝑓𝜂 (𝜂, 𝜏 ) ,

𝑣 = −𝑥

(𝑛−1)/2

[
(
)
]
𝑎𝜈(𝑛 + 1)
𝑛−1
2
𝑓+
𝜂𝑓𝜂 −
𝛼𝜏 𝑓𝜏 ,
2
𝑛+1
𝑛+1

(21)

(22)

where 𝜂 is same as defined in Eq. (5) and 𝜏 = 𝑎𝑡𝑥−𝛼 is the time. Here a subscript denotes differentiation with respect to
the subscripted variable. Substituting (22) into (21), we see that similarity is obtained when 𝛼 = 1 − 𝑛 and in that case
𝜏 = 𝑎𝑡𝑥𝑛−1 . Hence the governing equation (21) becomes
(
)
(
)
(
)
2𝑛
1−𝑛
2
2𝑛
2
𝑓𝜂𝜂𝜂 + 𝑓 𝑓𝜂𝜂 −
𝑓𝜂 + 2
𝜏 [𝑓𝜂 𝑓𝜏 𝜂 − 𝑓𝜏 𝑓𝜂𝜂 ] −
𝑓𝜏 𝜂 +
=0,
(23)
𝑛+1
1+𝑛
𝑛+1
𝑛+1
The boundary conditions become
𝑓 (0, 𝜏 ) = 0,

𝑓𝜂 (0, 𝜏 ) = 1,

𝑓𝜂 (∞, 𝜏 ) = 0

(24)

Stability of the dual solutions are determined by adopting the stability analysis of Merkin [21] and we put
𝑓 (𝜂, 𝜏 ) = 𝐹 (𝜂) + 𝑒−𝛾𝜏 𝑔(𝜂, 𝜏 ) ,

(25)

where 𝐹 (𝜂) satisfies the steady state boundary value problem (6) and 𝛾 is the small disturbances of growth (or decay)
rate. Here 𝑔(𝜂, 𝜏 ) and all its derivatives are assumed small compared with the steady solution 𝐹 (𝜂) and its derivatives.
Such an assumption is made because we are studying the linear stability analysis of the basic flow 𝐹 (𝜂). Inserting the
time-dependent solution (25) into (23) and (24), linearization furnishes the eigen-value problem
(
)
(
)
4𝑛
1−𝑛
𝑔𝜂𝜂𝜂 + 𝐹 𝑔𝜂𝜂 + 𝐹𝜂𝜂 𝑔 −
𝐹𝜂 𝑔𝜂 + 2
𝜏 [𝐹𝜂 (𝑔𝜏 𝜂 − 𝛾𝑔𝜂 ) − 𝐹𝜂𝜂 (𝑔𝜏 − 𝛾𝑔)]
𝑛+1
1+𝑛
2
(26)
−
(𝑔𝜏 𝜂 − 𝛾𝑔𝜂 ) = 0 ,
1+𝑛
and
𝑔(0, 𝜏 ) = 0,

𝑔𝜂 (0, 𝜏 ) = 0,

𝑔𝜂 (∞, 𝜏 ) = 0.
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To identify initial growth or decay of the solution (25), we take 𝜏 = 0, and hence 𝑔 = 𝑔0 (𝜂). So to test our numerical
procedure, we solved the linear eigenvalue problem
𝑔0′′′ + 𝐹 𝑔0′′ +

1
(2𝛾 − 4𝑛𝐹 ′ )𝑔0′ + 𝐹 ′′ 𝑔0 = 0 ,
𝑛+1

and
𝑔0 (0) = 0,

𝑔0′ (0) = 0,

𝑔0′ (∞) = 0,

(28)

(29)

where a prime denotes differentiation with respect to the similarity variable 𝜂. The function 𝐹 (𝜂) is obtained from the
steady state boundary layer Eqs. (6)-(8). Using the numerical values of 𝐹 (𝜂), Eqs. (28)-(29) are solved numerically.
Solutions of (28) and (29) give an infinite set of eigen-values 𝛾1 < 𝛾2 < 𝛾3 < ⋅ ⋅ ⋅ , if the smallest eigen-value 𝛾1 is
positive, then there is an initial decay of disturbances and the flow is stable. On the other hand when 𝛾1 is negative, there
is an initial growth of disturbances and the flow is unstable. A detailed explanation of the stability analysis method is
given in [22].

6

Results and discussion

To validate our solution, we make a comparison of the values of 𝐹 ′′ (0) for different values of 𝛼 with 𝑛 = 1 with the
results obtained by Wang [18] who studied the stagnation point flow towards a linearly shrinking sheet and is shown in
Table 1. Good agreement is observed between these two results.
Our numerical results reveal that the existence and uniqueness of the solution depend on 𝑛 in addition with 𝛼. Fig.
1 shows the trajectories of the values of 𝐹 ′′ (0) for different values of 𝑛. In this figure, the solutions represented by the
solid lines are designated as first solution branch and those by the dashed line are designated as second solution branch.
Numerically it is seen that for 𝑛 = 0.5, the solution is unique for 𝛼 > −1, dual solutions for −1.099262 ≤ 𝛼 ≤ −1.0
and no similarity solution is found for 𝛼 < −1.099262. Again for 𝑛 = 1.0, the solution is unique for 𝛼 > −1, for
−1.2465 ≤ 𝛼 ≤ −1.0 there exists dual solutions and for 𝛼 < −1.2465 no similarity solution exists. The results for
𝑛 = 1.0 agree well with those of Wang [18]. However for 𝑛 = 1.5, the solution is unique for 𝛼 > −1, dual solutions for
−1.312372 ≤ 𝛼 ≤ −1.0 and no similarity solution is found for 𝛼 < −1.312372. Thus we find that, the range of unique
solution remains same (i.e., 𝛼 > −1) for all 𝑛 but the existence range of similarity solution significantly increases with
increase in 𝑛 and consequently dual solutions range increases with increase in 𝑛.
The horizontal and vertical velocity profiles for several values of the parameters are shown in Figs 2-5. In Fig. 2
the dual horizontal velocity profiles (i.e.,𝐹 ′ (𝜂)) show that the velocity increases with increase in 𝑛 for the first solution
and it decreases with increase in 𝑛 for the second solution. Fig. 3 shows that ∣𝐹 ′ (𝜂)∣ decreases as ∣𝛼∣ increases for first
solution and for the second solution, it increases as ∣𝛼∣ increases. Figs. 4 and 5 display the variation of the vertical velocity
component 𝑉 (𝜂) for different values of 𝑛 and 𝛼 respectively. It is interesting to note that 𝑉 (𝜂) in initially decreasing with
values being negative and for large 𝜂, it starts to increase and ultimately it becomes positive. Hence for all 𝛼(< 0), the
velocity profiles exhibit reverse flow. This is caused due to the opposite directions of shrinking and free stream velocities.
Fig. 4 shows that in the first solution reverse flow region decreases as 𝑛 increases and on the other hand , for the second
solution this region increases as 𝑛 increases in certain initial range of 𝜂 and decreases after that. Fig. 5 demonstrates that
the region of reverse flow increases as ∣𝛼∣ increases for the first solution and decreases for the second solution.
Fig. 6 shows the variation of the smallest eigenvalue 𝛾1 with 𝛼 for several values of 𝑛. In this figure the smallest
eigenvalue 𝛾1 for the first solution is plotted by solid line and that for the second solution is plotted by dotted line. Since
for the first solution, 𝛾1 is real and positive, it follows that the first solution is linearly stable. Also for a given value of 𝛼,
𝛾1 increases with increase in 𝑛. Thus we may say that for these stable solutions, disturbances decay more quickly with
increase in 𝑛. Since for the second solution , 𝛾1 is real and negative, it is clear that the second solution is linearly unstable.
For this solution 𝛾1 decreases with increase in 𝑛 (for a fixed 𝛼) and hence the solution is more unstable with increasing 𝑛.
To see the variations of the parameter 𝑛, 𝛼, the Eckert number 𝐸𝑐 and the Prandtl number 𝑃 𝑟 on the temperature
profile 𝜃, Figs. 7-10 are plotted. Fig. 7 shows the effect of 𝑛 on the temperature 𝜃. The thermal boundary layer decreases
as 𝑛 increases for the first solution but opposite effects are observed for the second solution. Fig. 8 illustrates the effect
of 𝛼 on the temperature 𝜃. In this case the thermal boundary layer increases as ∣𝛼∣ increases for the first solution and
completely opposite behaviour is observed for the second solution. Fig. 9 shows the influence of 𝐸𝑐 on the temperature
field 𝜃. The figure shows that the temperature at a point increases with increase in 𝐸𝑐 . From a physical point of view,
this follows from the fact that an increase in 𝐸𝑐 implies increase in viscous dissipation leading to rise in temperature of
the fluid. The consequence of 𝑃 𝑟 on temperature distribution is shown in Fig. 10. It is observed that near the sheet,
temperature at a point increases with increase in 𝑃 𝑟 but beyond this increase in 𝑃 𝑟 causes decrease in temperature as well
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as thermal boundary layer thickness. The variation of the dimensionless surface heat flux −𝜃′ (0) against 𝛼 for different
values of 𝑛 is displayed in Fig. 11. In this figure, dual nature of the temperature is observed. The figure reveals that the
magnitude of surface heat flux decreases as 𝑛 increases for the first solution whereas it increases with increase in 𝑛 for the
second solution.
Table 1: Values of 𝐹 ′′ (0) for the shrinking sheet when 𝑛 = 1
Wang [18]
Present work
𝛼
first solution second solution
first solution second solution
−0.25
1.40224
1.402242
−0.50
1.49567
1.495672
−0.75
1.48930
1.489296
−1.00
1.32882
0.0
1.328819
0.0
−1.10
1.186680
0.049229
−1.15
1.08223
0.116702
1.082232
0.116702
−1.20
0.932470
0.233648
−1.2465
0.55430
0.584374
0.554215

Figure 1: Wall shear stress 𝐹 ′′ (0) versus 𝛼 for
different 𝑛.

7

Figure 2: Variation of 𝐹 ′ (𝜂) with 𝜂 for several
values of 𝑛 with 𝛼 = −1.2.

Conclusion

We have theoretically studied the similarity solutions for steady two-dimensional stagnation-point flow over a non-linearly
shrinking sheet. The transformed nonlinear ordinary differential equations have been solved numerically using shooting
method. Different from a nonlinearly stretching sheet, it is found that the solutions for a nonlinearly shrinking sheet are
non-unique. Enhancement of 𝑛 causes the more increment in the existence range of similarity solution and the range of
dual solutions. Moreover the boundary layer thickness of the velocity as well as thermal in the first solution are always
smaller than of the second solution.
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Figure 3: Variation of 𝐹 ′ (𝜂) with 𝜂 for several
values of 𝛼(< 0) with 𝑛 = 1.5.

Figure 4: Variation of 𝑉 (𝜂) with 𝜂 for several
values of 𝑛 with 𝛼 = −1.2.

Figure 5: Variation of 𝑉 (𝜂) with 𝜂 for several
values of 𝛼(< 0) with 𝑛 = 1.5.

Figure 6: Plot of lowest eigenvalues 𝛾1 as a function of 𝛼 for different values of 𝑛.

Figure 7: Variation of 𝜃(𝜂) with 𝜂 for several
values of 𝑛 with 𝛼 = −1.2, 𝑃 𝑟 = 0.7 and 𝐸𝑐 =
1.5.

Figure 8: Variation of 𝜃(𝜂) with 𝜂 for several
values of 𝛼(< 0) with 𝑛 = 1.5, 𝑃 𝑟 = 0.7 and
𝐸𝑐 = 1.5.
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Figure 9: Variation of 𝜃(𝜂) with 𝜂 for several
values of Eckert number 𝐸𝑐 with 𝑛 = 0.8, 𝑃 𝑟 =
0.5 and 𝛼 = −1.2.

Figure 10: Variation of 𝜃(𝜂) with 𝜂 for several
values of Prandtl number 𝑃 𝑟 with 𝑛 = 0.8, 𝐸𝑐 =
1.0 and 𝛼 = −1.2.

Figure 11: Variation of −𝜃′ (0) with 𝛼 for several values of 𝑛 with 𝑃 𝑟 = 0.7 and 𝐸𝑐 = 0.5.
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