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Abstract. An analytical approach using the least-squares method (LSM) has been carried out to study the
effect of thermal radiation on the flow and heat transfer in a thin liquid film over an unsteady stretching
sheet embedded in a porous medium. Similarity transformations were used to convert the momentum,
continuity and energy equations describing the problem, which are coupled nonlinear partial differential
equations into a set of nonlinear ordinary differential equations. The resulting set of Ordinary Differential
Equation (ODE) is then solved analytically by the least-squares method. By comparing the results of the
applied method with previously published work the accuracy of the proposed method has been verified.
Finally the effects of different outstanding parameters in this particular case such as the Darcy param-
eter, the radiation parameter and the Prandtl number on the flow velocity and temperature profiles are
communicated.

1 Introduction

Recently investigations on the concept of porous media are attracting much more attention due to its vast applications
in nowadays industry. One can easily observe the significant role of porous media in various engineering problems
such as geomechanics, petroleum engineering, material science, and acoustics. Plenty of studies have been carried
out in fluid flow and heat transfer through porous media. Cheng and Minkowycz [1] and also Cheng [2] studied
the natural convection over a vertical impermeable flat plate in a saturated porous medium. Ramanaiah [3] studied
non-Darcy axisymmetric free convection on permeable horizontal surfaces in a saturated porous medium. Hooper et
al. [4] studied the subject of mixed convection from an isothermal vertical plate in porous media with uniform surface
suction or injection. Wright et al. [5] performed a theoretical and numerical investigation on the natural convection
about a vertical plate with a prescribed surface heat flux in porous medium. Yih [6] numerically analyzed the effect
of uniform lateral mass flux on heat transfer characteristics in free convection over a cone subjected to uniform wall
temperature or uniform heat flux, embedded in a saturated porous medium. Gorla and Takhar [7] focused on mixed
convection along a vertical plate with surface mass transfer. They investigated the effect of suction and injection on
mixed convection in non-Newtonian fluids in porous media. Chin et al. [8] studied the effect of variable viscosity on
mixed convection boundary layer flow over a vertical impermeable surface embedded in a porous medium. Rashad et
al. [9] studied the mixed convection flow of non-Newtonian fluid from vertical surface saturated in a porous medium
filled with nanofluids.

The fluid flow and heat transfer of a thin liquid film over a stretching sheet is an important phenomenon in
understanding the coating process and design of various heat exchangers, chemical processing equipment, reactor
fluidization, transpiration cooling and etc. In a melt-spinning process, the extrudate from the die is generally drawn
and simultaneously stretched into a filament or sheet, which is then solidified through rapid quenching or gradual
cooling by direct contact with water or chilled metal rolls. In fact, stretching imparts a unidirectional orientation to
the extrudate, thereby improving its mechanical properties as the quality of the final product greatly depends on the
rate of cooling. Crane [10] first studied the steady two-dimensional boundary layer flow induced by the stretching
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of an elastic flat sheet in its own plane with a velocity which varies linearly with the distance from a fixed point
on the sheet and gave an exact similarity solution. This work subsequently received considerable attention by many
researchers due to its practical applications. Literature contains several studies about stretching sheet flow problem
either by considering the effects of rotation, heat and mass transfer, chemical reaction, MHD, non-Newtonian fluid or
different possible combinations of these above effects [11-17].

In all these studies, the boundary layer equation is considered and the boundary conditions are prescribed at
the sheet and on the fluid outside the boundary layer at infinity. Imposition of similarity transformation reduces the
system to a set of ODEs, which are then solved either analytically or numerically. Wang [18] first studied the flow of
a thin liquid film over an unsteady stretching sheet. In this study, he used a special type of similarity transformation
to reduce the boundary layer equations into a set of nonlinear ODE and then solved numerically. Using this special
type of similarity transformation, Andersson et al. [19,20] and Chen [21] extended the study of unsteady stretching
sheet flow of a liquid film to the case of power law fluid, heat transfer. Liu and Andersson [22] extended the problem
considered by Andersson et al. [20] in the case of a more general form of the prescribed surface temperature variation.
Dandapat et al. [23] studied the effects of thermocapillarity on the flow of a thin liquid film over an unsteady stretching
sheet. Wang [24] presented exact analytical solutions for the momentum and heat transfer within an unsteady thin
liquid film over a stretching sheet. Noor and Hashim [25] investigated the effects of thermocapillarity and of a magnetic
field in a thin liquid film on an unsteady elastic stretching sheet. Khader and Megahed [26] presented a numerical
simulation of the flow and heat transfer in a thin liquid film over an unsteady stretching sheet in a saturated porous
medium in the presence of thermal radiation by using the finite-difference method. Recently Mairy [27] investigated
the flow and heat transfer of a thin liquid film over an unsteady porous stretching sheet in the presence of suction or
injection by considering a full set of momentum equations.

Lots of equations in the fluid flow and heat transfer problems have a nonlinearity form and should be solved by
analytical and numerical approaches. There are some simple and accurate analytical techniques for solving nonlin-
ear differential equations called the Weighted Residuals Methods (WRMs). The collocation method, the Galerkin
method and the least-square method (LSM) are examples of the WRMs that are introduced by Ozisik [28] for us-
ing in the heat transfer problems. Stern and Rasmussen [29] used the collocation method for solving a third-order
linear differential equation. Vaferi et al. [30] have studied the feasibility of applying the Orthogonal Collocation
method to solve the diffusivity equation in the radial transient flow system. Hatami et al. [31] used LSM for the
heat transfer problem through porous fins, and also the problem of a laminar nanofluid flow in a semi-porous channel
in the presence of transverse magnetic field has been investigated analytically by Sheikholeslami et al. [32] which
used LSM. Moreover, LSM is introduced by Aziz and Bouaziz [33,34] for predicting the performance of longitudi-
nal fins. They found that the least-squares method is simple compared with other analytical methods. Shaoqin and
Huoyuan [35] developed and analyzed least-squares approximations for the incompressible magneto-hydrodynamic
equations. Hatami and Ganji [36] found that LSM is more appropriate than other analytical methods for solving the
nonlinear heat transfer equations. Hatami et al. [37] investigated the heat transfer and fluid flow mechanism for a
Cu-water (water with copper nanoparticles) nanofluid cooled microchannel by porous media approach. They intro-
duced and solved the temperature distribution in both solid (fin) and fluid (Cu-water) phases by the Least-Squares
Method.

Flow analysis for a third grade non-Newtonian blood in porous arteries in the presence of magnetic field was
simulated analytically and numerically by Ghasemi et al. [38]. They used the Collocation Method (CM) and the
Optimal Homotopy Asymptotic Method (OHAM) to solve the Partial Differential Equation (PDE) governing equation,
and a good agreement between the two methods was observed in their results.

Ghasemi et al. [39] applied the Optimal Homotopy Asymptotic Method (OHAM) and the Homotopy Perturbation
Method (HPM) to obtain the temperature distribution in a flat-plate air-heating solar collector.

Also, Ghasemi et al. [40,41] applied the Differential Transformation Method (DTM) to analyze the temperature
distribution in solid and porous fins with temperature-dependent heat generation and thermal conductivity.

Steady, laminar, incompressible and two-dimensional micropolar flow between a porous disk and a nonporous disk
was investigated using the Optimal Homotopy Asymptotic Method (OHAM) by Vatani et al. [42].

Recently, the motion of a spherical particle released in a swirling fluid flow was studied employing the least-squares
method and the method of moments by Ghasemi et al. [43].

Electrohydrodynamic flow (EHD flow) in a circular cylindrical conduit was studied using the Least-Squares Method
(LSM) by Ghasemi et al. [44]. They concluded that LSM is in excellent agreement with the numerical solution, also
depicted residual functions showed that LSM is more acceptable than the Homotopy Analysis Method (HAM).

The main aim of this paper is the application of the Least-Squares Method (LSM) to simulate the problem of flow
and heat transfer in a thin liquid film over an unsteady stretching sheet in a saturated porous medium in the presence
of thermal radiation. So the novelty of this study is the utilization of LSM as a powerful and efficient technique for
solving the nonlinear equations of thermal radiation on the velocity and temperature fields of a thin liquid film over
an unsteady stretching sheet embedded in a porous medium.

Furthermore, the accuracy and effectiveness of the proposed method is compared and comprehensively discussed.
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Fig. 1. Schematic of the problem.

2 Problem description and governing equations

Suppose the unsteady flow of a Newtonian fluid in a thin liquid film over a stretching surface, which is pulled with the
force F'. The elastic sheet issues from a narrow slit at the origin of a Cartesian coordinate system and the continuous
surface aligned with the z-axis at y = 0 moves in its own plane with a velocity U(x,t) and temperature distribution
Ts(x,t). A thin liquid film of uniform thickness h(t) lies on the horizontal surface. The general schematic of the physical
system is shown in fig. 1. The governing flow and heat transfer equations ruled in the boundary layer are as follows:
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where u and v are the velocity components along the x and y directions, respectively. K is the permeability of the
porous medium, ~ is the thermal conductivity, p is the fluid density, ¢ is the time, T" is the temperature of the fluid,
gr is the radiative heat flux, p is the viscosity of the fluid and ¢, is the specific heat at constant pressure.

The suitable boundary conditions for this problem are

u="U, v =0, T=T, at y=0, (4)
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where U is the surface velocity of the stretching sheet and the flow is caused by stretching the elastic surface at y =0
such that continuous sheet moves in the x-direction with the velocity

bx

U:i
1—at’

(7)

where h is the thickness of the liquid film. a and b are the positive constants with dimension (time)~!. Ty is the surface
temperature of the stretching sheet varies with the distance x along the sheet and time ¢ in the form

bx? _3
T =T~ Ty (5 ) (1= a) . (%)

where T} is the temperature at the slit and T;..s is the constant reference temperature for all ¢ < %
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The radiative heat flux g, is employed according to Rosseland approximation [45] such that

740* or*
3k* Oy ’

9)

qr =

where o* is the Stefan-Boltzmann constant and k* is the mean absorption coefficient. Following Rapits [46], we
assume that the temperature differences within the flow are small such that may be expressed as a linear function of
the temperature. Expanding 7% in a Taylor series about T, and neglecting higher-order terms, we have

T = AT3T — 3T (10)

The special form of the surface velocity (7) and the surface temperature (8) allow the system of partial differential
egqs. (2) and (3) to be transformed to a system of coupled nonlinear ordinary differential equations by using the
following similarity transformations [25]:

(5N i
n—(wmQ (1 —at)t5y, (1)
w = be(1— at) " f'(n), (12)
f,/ibé,af%

o= (p) (1 at)~ 4 B1 (), (13)

b2 _3
T =Ty~ Ty (s ) (L) 0, (14)

where (3 is yet an unknown constant denoting the dimensionless thin film thickness, defined by Noor and Hashim [25]:

Nl

b -1
ﬂ(wmQ (1~ at)h(t), (15)

Using eqs. (11)—(14), the mathematical problem defined in eqs. (1)—(3) are then transformed into the following set
of ordinary differential equations:

f”/+’7[ffﬂ—gﬁf/,_f/Q—(S+D)f/:| =0, (16)
S
% (14 R)0"] +~ [f@' - 2f'0 — 5779’ — 259} =0, (17)

subject to the boundary conditions

floy=o0,  f0)=1, ,0(0)=1, (18)
f//(]-) =0, 9/(1 =0, (19)
1
71y =38, (20)
where primes denote differentiation with respect to n, S = ¢ is the unsteadiness parameter, Pr = % is the Prandtl
number, v = (32 is the dimensionless film thickness, R = 122’;:3 is the radiation parameter and D = % is the

Darcy number.
The physical quantities of interest are the skin-friction coefficient C'y and the local Nusselt number Nu, which are
defined as

Cp = 5" O)Re (21)
1 , 2

where Re, = 2U2

= 7}1‘

is the local Reynolds number.
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3 Applied analytical method
3.1 Least-Square Method (LSM)

The least-square method is one of the estimation techniques for solving differential equations called the Weighted
Residual Methods (WRMSs) which firstly introduced by Ozisik [28] to solve nonlinear equations arising from heat
transfer problems. For conception the main idea of this method, consider a differential operator D is performed on a
function u to produce a function p [34]:

D(u(z)) = p(x). (23)

It is supposed that u is approximated by a function %, which is a linear combination of basic functions chosen from
a linearly independent set. That is
n
Z (24)

Now, when substituted into the differential operator, D, the result of the operations generally is not p(x). Hence
an error or residual will exist:

IIZ

R(x) = D(u(z)) — p(x) # 0. (25)

The notion in WRMs is to force the residual to zero in some average sense over the domain. That is

/R(m)WZ(m) =0 i=1,2,...,n, (26)

where the number of weight functions W; is exactly equal the number of undefined constants ¢; in w. The result is a
set of n algebraic equations for the unknown coefficients ¢;. If the continuous summation of all the squared residuals
is minimized, the reasoning behind the LSM name can be seen. In other words, a minimum of

SzLR@M@MzLR@%x (27)

In order to achieve a minimum of this scalar function, the derivatives of S with respect to all the unknown
parameters must be zero. That is

=2 [ R(x . 28

aC’L / 801 ( )

Comparing with eq. (26), the weight functions are seen to be

OR
8ci '

W, =2 (29)

However, the “2” coefficient can be dropped, since it cancels out in the equation. Therefore the weight functions
for the least squares method are just the derivatives of the residual with respect to the unknown constants [36] as
follows:

OR

W, = — .
8 C;

(30)

Many advantages of LSM compared to other analytical and numerical methods make it more valuable and motivate
researchers to use it for solving heat transfer problems. Some of these advantages are listed below [36]:

a) It solves the equations directly and no simplifications are needed.

b) It does not need any perturbation, linearization or small parameter with respect to the Homotopy Perturbation
Method (HPM) and the Parameter Perturbation Method (PPM).

¢) It is simple and powerful compared to numerical methods and reaches final results faster than numerical procedures
while its results are acceptable and have excellent agreement with numerical outcomes. Furthermore, increasing
the statements of the trial functions leads to enhancing the accuracy of the results.

d) Tt does not need to determine the auxiliary parameter and auxiliary the function with respect to the Homotopy
Analysis Method (HAM).

More information about the accuracy of these methods in solving the nonlinear problems is presented in [31,36].
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3.2 Solution procedure using LSM

The main purpose of this study is to solve the problem (16)-(17) with the boundary conditions (18)-(20) by applying
the least square method. For solving egs. (16)-(17), trial functions must satisfy the boundary conditions. So, they will
be considered as

F(n) = 55 + (1 =)+ con*(1 =) + a1~ ), (31)
U(n)=1+c4<n—n;>+05<77—7§>+06(77—T>, (32)
9(77):1+C7<77_7]22>+C8<77_7§>+09(77—T>- (33)

In this problem, we have three coupled equations. So three residual functions will be obtained as follows:

2

— s (n - 3> — ¢ (77 - in“) (34)

1
Ry(c1 — c9,n) = —cq — 2¢5m — 3cgn” + ((2577 + el —n) + (1 —n) + csn®(1 — 77)) (ca(l—n)

1 1
Ri(c1 —co,m) = 554' c1(1—n) —cn+2can(l — 1) — con® + 3e3n*(1 —n) —c3n® — 1 — ¢4 (77 - 772)

w
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1
R3(c1 — co,n) = —2¢7 — degn — 6con® + ((2517 + (1 —n) + can®(1—n) + csn (1 — 17)) (cz(1—n)

et s ) (o) v (029 (o ))) (0 (1)

1 1 1 3 1
+ cs (n - 3773) + con — 4774>) = 5 Sn(er(1=n) +es(1 = %) + o (1 = %)) = 58 <1 +er (77 - 2772)

+ cs (n - i1)773> + ¢ (77 - in“))) : (36)

By substituting the residual functions, Ry(c; — ¢9,n), Ra(c1 — ¢9,m) and Rs(c1 — c9, 1), into eq. (28), a set of
equations with nine equations will be obtained and by solving this system of equations, ¢; — cg coefficients will be
determined. For example, by using the least-square method for this problem for the case S = 0.8, Pr =1, D = 0.2,
R =1, f(n), v(n) and 6(n) are as follows:

—~

35)

f(n) = 0.4n + 0.62144n(1 — 1) — 0.6959912 (1 — 1) + 0.308271>(1 — 1), (37)
v(n) = 1 — 2.9434n + 4.4012n> — 3.39287> + 1.0799*, (38)
O(n) = 1 — 2.4466m + 3.4512n° — 2.60845n> + 0.84237n*. (39)

4 Results and discussions

In the present work, after obtaining the equations of the problem we solved them by the analytical method due to
its rational nonlinearity form and discuss results. For verifying the accuracy of the present method, the results are
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Table 1. Results for f”(0) and —6'(0) versus different values of S compared with those of Khader& Megahed [26] when
Pr=R=1and D=0.2.

S f(0) —6'(0)
Present work (LSM) Khader & Megahed [26] Present work (LSM) Khader & Megahed [26]
0.8 —2.90241 —2.90571 2.40123 2.42829
1.2 —1.43187 —1.44029 1.16875 1.18491
1.6 —0.51519 —0.51607 0.63952 0.64158

Table 2. Results for f(0) and —6'(0) versus different values of D compared with those of Khader& Megahed [26] when
Pr=R=1and §=0.38.

D f(0) —6'(0)
Present work (LSM) Khader & Megahed [26] Present work (LSM) Khader & Megahed [26]
0.2 —2.90480 —2.90572 2.42571 2.42829
0.4 —2.90297 —2.90428 2.27401 2.27474
0.6 —2.90185 —2.90234 2.13986 2.14948

Table 3. Results for f”(0) and —6'(0) versus different values of R compared with those of Khader and Megahed [26] when
Pr=1,D=0.2and S=0.8.

R £(0) —0'(0)
Present work (LSM) Khader & Megahed [26] Present work (LSM) Khader & Megahed [26]
1 —2.9055 —2.9057 2.42640 2.42829
3 —2.9053 —2.9057 1.54467 1.54551
5 —2.9051 —2.9057 0.91798 0.91955

Table 4. Results for f”(0) and —6'(0) versus different values of Pr compared with those of Khader& Megahed [26] when R = 1,
D =0.2and S=0.8.

Pr £(0) —0'(0)
Present work (LSM) Khader & Megahed [26] Present work (LSM) Khader & Megahed [26]
1 —2.9055 —2.9057 2.42803 2.42829
2 —2.9050 —2.9057 3.60835 3.60876
3 —2.9056 —2.9057 4.45348 4.45389

compared with those obtained numerically by Khader and Megahed [26]. The variations of the skin-friction coefficient
in term of f”(0) and the local Nusselt number in terms of —6’(0) for different values of governing parameters are
presented in tables 1-4 and as can be seen from the tables, excellent agreement is achieved. According to table 1 the
value of the skin-friction coefficient f”(0) increases with the unsteadiness parameter S and the reverse is true for the
local Nusselt number —6’(0). The similar behavior is also observed for the Darcy parameter in table 2. From table 3,
it is concluded that by increasing the radiation parameter R, the value of local Nusselt number —6’(0) decreases.
However, the value of the skin-friction coefficient f”(0) is almost constant. In addition, table 4 presents the same
characteristics for the Prandtl number. As is seen, the heat flux —6’(0) increases with the Prandtl number Pr and
again the skin-friction coefficient f”/(0) never changes significantly.
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() 0.5

D=002,04.06

Fig. 2. Velocity profile for different values of D when S =0.8, Pr=1and R = 1.

D=0,02,04.06

Fig. 3. Temperature profile for different values of D when S =0.8, Pr =1, R = 1.

Figure 2 demonstrates the variations of the velocity against 7 for different values of the Darcy parameter D. It is
observed that the velocity decreases as the Darcy parameter increases along the sheet and the reverse is true away
from the sheet. Figure 3 shows the dimensionless temperature profile §(n) for various values of D. It can be seen that
the temperature increases with D at each point. This is due to the fact that the porous medium produces a resistive
type of force which leads to reduction and increase in the fluid velocity and in the temperature, respectively.

In fig. 4, we can see how the unsteadiness parameter S affects the temperature distribution. As shown in the figure,
the temperature rises as the unsteadiness parameter increases. Figure 5 also depicts the effect of the unsteadiness
parameter S on the velocity profile. We can observe that the velocity along the surface increases with the unsteadiness
parameter S.

The effect of the Prandtl number Pr on the dimensionless temperature profile 6(n) is illustrated in fig. 6. It can
be seen that the temperature decreases with the increase of the Prandtl number. This phenomenon is due to the
fact that fluids with larger Prandtl numbers possess larger heat capacity, which in turn enhances the heat transfer.
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Fig. 5. Velocity profile for different values of S when D =0.2, Pr=1, R=1.

In fig. 7 the effect of the radiation parameter R on the dimensionless temperature 6(n) is displayed. It can be observed
that in each point with the increase of the radiation parameter R, the temperature rises. This phenomenon is due to
the fact that a higher radiation parameter implies a larger surface heat flux which leads to increase the temperature

of the fluid.

5 Conclusions

In this paper, the least-square method is used for solving the problem of the flow and heat transfer in a thin liquid
film over an unsteady stretching sheet embedded in a porous medium in the presence of thermal radiation. In order
to reduce the partial differential equations describing the problem into a system of ordinary differential equations,
the similarity transformation is used. Afterwards, the obtained set of two nonlinear ODE is solved analytically by the
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6

Fig. 6. Temperature profile for different values of Pr when D =0.2, S =1, R = 1.
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Fig. 7. Temperature profile for different values of R when D =0.2, S =1, Pr = 1.

least-square method. From the presented results we can observe that the analytical solution is in excellent agreement
with those obtained numerically from the FDM method [26]. Summarizing these results, we can say that the least-
square method in its general form gives reasonable calculations, easy to use and can be applied to the differential
equations in a general form.
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