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AN APPLICATION OF DIFFERENTIAL TRANSFORMATION METHOD FOR
UNSTEADY MHD LAMINAR MOMENTUM BOUNDARY LAYER ABOVE A
FLAT PLATE WITH LEADING EDGE ACCRETION

A. JOHN CHRISTOPHER! AND G. TAMIL PREETHI

ABSTRACT. The unsteady MHD boundary layer over a flat plate is discussed
in this paper. The flow involves the unsteady flow over a flat plate with lead-
ing edge accretion. The momentum boundary layer is analysed with the free
stream velocities using Blasius - Rayleigh - Stokes variable. The differential
transformation method (DTM) is applied to get the better solution of the lami-
nar flow of the flat plate with leading edge accretion. Result shown is efficient
and accurate for solving the nonlinear system of equations.

1. INTRODUCTION

To solve the mathematical problem of differential equations, there are differ-
ent types of methods used for the linear and non-linear differential equations.
Among many, Taylor series is one of the method to find higher order derivative
of the function. In 1986, Zhou [16] has introduced a new form of Taylor series
called Differential Transformation Method (DTM) and successfully implemented
this method to solve the ordinary differential equations by the induced recursive
equation to find the coefficient of the Taylor series of a function. In the present
days, many researchers have adapted this differential transform method to solve
the initial and boundary value problems for the partial and ordinary differential
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equations with the restricted and non-restricted limits of boundary conditions.
DTM provides the freedom to express solutions of a given nonlinear problems
by means of Pade approximant, Fractional order, HAM and Ms-DTM, one can
refer [2,3,5-9,13,15] and references therein for history and properties of DTM.

Almost a century ago, boundary layer plays a vital role in determining accu-
rately the flow of certain fluids. Boundary layer concept has developed in 1904
by Lading Prandtl. By Prandtl’s hypothesis the fluid friction at high Reynolds
number are restricted to a thin layer near the boundary known as boundary layer
term. The solution to boundary layer flows is obtained form the reduced "Navier
- Stokes” equation for which boundary layer assumptions and approximations
have been applied. The solutions to these equations was obtained in 1908 by
Blasius, a student of Prandtl’'s. He has begin with the exact solution method
by performing a transformation technique to change the set of two coupled pde
into a single ode’s [4,11]. Magnetohydrodynamics (MHD) is the study of mag-
netic properties and behaviour of electrically conducting fluids. The fundamen-
tal concept behind magnetohydrodynamics is that magnetic fields can induce
currents in the moving conductive fluid which in turn polarizes the fluid and re-
ciprocally changes the magnetic field itself. The differential equations must be
solved either analytically or numerically [1]. In this work Differential Transform
Method (DTM) is applied to solve the unsteady Magneto-hydrodynamic (MHD)
boundary layer for the flow analysis [14]. Another important advantage is that,
this method helps in reducing the size of computational work and provides the
accuracy of the series solution with good convergence rate. To be sure, flow
characteristics of such an unsteady, MHD boundary layer plays an important
role in many engineering and technological problems like initial process and
fluid motion [12]. The DTM is considered another technique used for solving
BVPs. The power and strength of the DTM is to solve the non-linear differential

. — 3 . . . .
equation for Tﬁ <pg< Iﬂ and is discussed in calculative portion [10].

2. MATHEMATICAL FORMULATION

The two dimensional laminar boundary layer flow over a flat plate has been
considered. The steady of accretion at leading edge is caused by the unsteadi-
ness of the fluid. The z-axis is taken vertically upwards to the direction of the
free stream where y-axis would be perpendicular the free stream, U,, as the
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uniform free stream velocity, a magnetic field B,. The governing equation of
momentum of this problem [4] is given by:

ou Ov
or oy
ou ou  Ou Pu o
ot * ox * dy 3_y2 B P

with boundary condition

(2.1) =0

(2.2)

(2.3) u(z,0) =0, v(z,0) =0, u(x,00) = Uy,

where u and v are velocity components in the z and y directions respectively, ¢
is the time variable, v is the kinematic viscosity, ¢ is the thermal diffusivity and
p is the density.

The stream function ¢ (x, y) is defined as

. Vg
0(w..8) = U ) (cosyt-+ (sing) £
such that u = g—z and v = —g—‘ﬁ, with a similarity variable

_ Y
’]” =
\/(cosﬁ)fyt + (sinf)

vr

Uso

that satisfies the continuity equation (2.1) which is also called Blasius - Rayleigh
Stokes variable by Todd.

o) = U (vteos(s) + 7 sin()) )

o

oY ,
U= 3_y = U f (77)
v = _aaf = gsm(ﬁ) (l/t cos(f3) + ;—ism(ﬂ)) ‘ (nf'(n) — f(n))

Using the values of v and v by solving we get the Equation of Continuity:
ou Ov
- — =0
ox + dy

Governing equations transformation:
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(22):>%_|_ %4_ @_V@_O_Bg
' ot "ox Uay_ oy? 0

(5) s = £)(sing)

¢meH@meZ)

Differentiating the velocity components and substituting in (2.2), we get

0=f"(n)+ % cos(a)n f"(n) + % sin(a) f(n) f"(n) — M f'

U = Uoof/(n)a V=

2
where M = 220 and (3 is the unsteady parameter of leading edge. The momen-

P
tum equation (2.2) can be transformed into a similarity equation as

(2.4 £+ S (cospnf" + 5(sinf)f " = Mf' =0

The boundary conditions (2.3) becomes

F0)=0, f(0)=0, f(o0)=1.

3. DIFFERENTIAL TRANSFORMATION METHOD

Let u(x) is a continuously differentiable function in domain D. Suppose that
u(z) is differentiable with respect to =y € D, then the Taylor series expansion of
u(z) is of the form:

1 dPu(zg) &
(3.1) u(z) = ,CZ; o ek (x — x0)".
The differential operator of order £ is denoted by
1 d*
D= s

The differential transformation of u(z,) of order k is denoted by

U(k) = DT (u(xo))

1 d*
(3.2) Uk) = - g;f())
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from (3.1) and (3.2)
Z U(k)(x — :(:0
k=0
which is called inverse differential transformation of U (k).
(1) If z(z) = u(x) £ v(z), then Z(k) = V (k) £ U(k).

(2) If z(z) = au(z), then Z(k) = a U(k).
=u'(x), then Z(k) = (k+ 1)U(k + 1).

()
(3) If z(x)
(4) If z(z) = u"(x), then Z(k) = (k + 1)(k 4+ 2)U(k + 2).
(5) If 2(z) =u"(z), then Z(k) = (k+ 1)(k+2)...(k+m)U(k +m).
(6) If 2(z) = u(x) v(x), then Z(k) = S5 U1) V(k —1).
(7) If 2(z) = az™, then Z (k) = ad(k — 77]})
(8) If z(x) = cos(ax + B), then Z(k) = Fcos(k7r + ).
(9) If z(z) = sin(ax + ), then Z(k) = Fsm(’wr + 5).

4., RESULTS AND DISCUSSION

Applying the fundamental properties of Differential Transformation Method
for (2.4), discussed in (3) we have:

k
F(k+3)= (k:+1)(l<:_+12)(k+3) (; mzz:o(cosﬁ)é(k—m—1)(m+1)(m+2)F(m+2)
k
% (sin B3) T;)F m+1)(m+2)F(m+2)—M(k+1)F(k:+1))

The boundary condition at f'(co) = 1 is replaced with a free boundary condition
as Asaithambi did in [1]:

fm) =1, f"(n)=0

at n = 1, in which 7., is the unknown free boundary condition (truncated
boundary). Then the original problem [1] becomes the free boundary problem
[10] defined on a finite interval, where 7, is to be determined as a part of the
solution. Then, a shooting algorithm is used to find the solution of the boundary
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value problem. We add another initial value condition f”(0) = a and

F(0)=0
F(1)=0
F(2)=a
F(3) =0
F(4) = 2 Ma— Lacos 3
12 a 24& COS
1
F(5) = —@GQ sin (3
F(6) Ly B+ ! (cos B)* + Ly
= —— a Ccos —a(COS — a
180 480 360
7 = 2 os Binf— - Ma?sin
= a~ COS DO sin —_ a” sin
5040 315
23 1
F(8) = ——M 2 o — M *(sin §8)°
(8) = Sogan M @(cos )" — Jormpalcos )" — g M acos B+ garaga” (sin )
PRy
20160
43 17 13
(9) = — 241920a2(c05 B)?sin B + 10390 a’®cos fsin ff — MMQCLZ sin 3
11 1 43
F(10) = — M 3 4 M?
(10) = = G5g7an0 Maleos B+ grgrggaleos B+ ggsan M alcos )
, 3
. 3 . _ M3 —M 3/, 2
I83s2” CosPsinB = ooagno M acos B+ o5pgg Mar(sin )
T !
1814400

The above process is continuous, and by substituting the values in Taylor’s series
fF)=>_F(i)-n'
i=0

there forms a series like
4.1)

1 1 1 1 1
fln) = an® + (12Ma — ﬂa cosB) 774 — @aQ sin A1 + <—180Macosﬁ + @a(cosﬂ)2

| 11
a2 6
360 a>77'+ <5040 315

1 23
2 . 2 . 7 2
_ R
a“ cos Bsin 3 Ma smﬁ) n' + (80640 Ma(cos f3)
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1
3 2
B — — M 3 a
(cos ) 4480 @08 20160

1
3(sin 8)2 + M3a> n®

10752 20160

43 5 2
+ <241920a (cos B)“sin B +

13

2 : 2 2 . 9
2

a“cos fBsin B 50450 M*=a smﬁ) n

1
40320

(cos B)* + o

* 3628800

M?a(cos )

276480

11
M 3
+ <907200 a(cos B)° +

1
a® cos Bsin 8 — M3acos g+ iMag(simﬂ)2 M4a>

48384 226800 22400 + 1814400

and by substituting the boundary condition into f(n) equation (4.1) in point
n = 5, the values of a can be found. Then substituting the value of @ in equation
(4.1), the expression of f(n) can be obtained. As seen in terms of above equa-
tion, although for increasing the accuracy, the number of statements has been
increased and convergence of DTM is completely evident.

The objective of the present study was to apply the differential transformation
method to obtain an explicit analytic solution of heat transfer equation of a non-
Newtonian fluid flow. The effect of transverse magnetic field (M # 0), is easily
noticeable in permanent basis the velocity profiles to push over to far away
asymptotic conditions. The result that obtained by the differential transform
method was well matched with the result carried out by the numerical solutions
obtained by an implicit finite difference scheme for different values of § for
M =0 and 0.25.
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FIGURE 1. Velocity profile for 5 =0 when M = 0 and M = 0.25
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FIGURE 2. Velocity profile for 5 =0 when M = 0 and M = 0.25
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FIGURE 3. Velocity profile for 5 =0 when M = 0 and M = 0.25

5. CONCLUSION

The objective of the present study was to apply the differential transformation
method to obtain an explicit analytic solution of heat transfer equation of a
non-Newtonian fluid flow. The effect of transverse magnetic field (M # 0), is
easily noticeable in permanent basis the velocity profiles to push over to far
away asymptotic conditions. In this paper, it was shown that the leading edge
accretion has greatly affected the heat transfer characteristics with the boundary
conditions when applied the differential transformation method, which brings
the good convergent rate and accuracy of the exact solution through the Taylor
series method.
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FIGURE 4. Velocity profile for 5 =0 when M = 0 and M = 0.25

ACKNOWLEDGMENT

We are very much thankful to the Conference Organizers and ACADEMIA FOR
ADVANCED RESEARCH IN MATHEMATICS SOCIETY (AARM), for the given op-
portunity to present the paper in the International Conference on Mathemati-
cal Sciences and Applications (ICMA 2020) held on 27 - 29 January 2020, at
Sacred Heart College (Autonomous), Tirupattur, Tirupattur District - 635601,
Tamil Nadu, India.

REFERENCES

[1] A. ASAITHAMBI: Solution of the Falkner-Skan equation by recursive evaluation of Taylor
coefficients, J. Comput. Appl. Math., 176(1) (2005), 203-214.

[2] F. AYAZ: Applications of differential transform method to differential-algebraic equations,
Appl. Math. Comput., 152(3) (2004), 649-657.

[3]1 Y. Do, B. JANG: Enhanced multistage differential transform method: application to the
population models, Abstr. Appl. Anal., 2012(2012), 1-14.

[4] A. T. ESWARA: Unsteady MHD Laminar Momentum Boundary Layer over a Flat Plate
with Leading Edge Accretion (Ablation), International Journal of Mathematics and Scientific
Computing, 2(2) (2012), 10-12.

[5] Y. M. HAMADA: Solution of a new model of fractional telegraph point reactor kinetics using
differential transformation method, Appl. Math. Model., 78(2020), 297-321.

[6] S. OWYED, M. A. ABDoOU, A. A. HALEEM, W. ALHARBI R. NEKHILI: Numerical and
approximate solutions for coupled time fractional nonlinear evolutions equations via reduced
differential transform method, Chaos, Solitons and Fractals, 131(2020), 109474.



6096

[7]

(8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

A.J. CHRISTOPHER AND G. T. PREETHI

A. SARAVANAN N. MAGESH: A comparison between the reduced differential transform
method and the Adomian decomposition method for the Newell-Whitehead-Segel equation, J.
Egyptian Math. Soc., 21(3) (2013), 259-265.

A. SARAVANAN N. MAGESH: An efficient computational technique for solving the Fokker-
Planck equation with space and time fractional derivatives, J. King Saud Univ., 28(2016),
160 - 166.

M. SHEIKHOLESLAMI, H. R. ASHORYNEJAD, D. D. GANJI A. KOLAHDOOZ: Investiga-
tion of rotating MHD viscous flow and heat transfer between stretching and porous surfaces
using analytical method, Math. Probl. Eng., 2011(2011), 1-17.

F. T. SMITH: Steady and unsteady boundary-layer separation, Annual review of fluid me-
chanics, 18(1986), 197-220.

K. STEWARTSON: The theory of unsteady laminar boundary layers, Advances in Applied
Mechanics, 6(1960), 1-37.

L. ToDD: A family of laminar boundary layers along a semi-infinite flat plate, Fluid Dynam.
Res., 19(4) (1997), 235-249.

M. UsMAN, M. Hamip, U. KHAN, S.T. M. DIN, M. A. IQBAL, W. WANG:
Differential transform method for unsteady nanofluid flow and heat transfer, Alexandria
Engineering Journal, 57(2018), 1867-1875.

E. V. SUAT, S. MOMANTI: Differential transformation method for obtaining positive solu-
tions for two points Nonlinear Boundary Value Problems, Mathematical Manuscripts, 1(1)
(2007), 65-72.

Y. L. YEH, C. C. WANG, M. J. JANG: Using finite difference and differential transfor-
mation method to analyze of large deflections of orthotropic rectangular plate problem, Appl
Math Comput, 190(2007), 1146-1156.

J. K. ZHOU: Transformation Differential and Its Application for Electrical Circuits, People’s
Republic of China: Huarjung University Press, Wuhan, 1986.

POST-GRADUATE AND RESEARCH DEPARTMENT OF MATHEMATICS
GOVERNMENT ARTS COLLEGE FOR MEN

KRISHNAGIRI 635001, TAMILNADU, INDIA

Email address: ajohnmath@gmail.com

POST-GRADUATE AND RESEARCH DEPARTMENT OF MATHEMATICS
GOVERNMENT ARTS COLLEGE FOR MEN

KRISHNAGIRI 635001, TAMILNADU, INDIA

Email address: tamilpreethig@gmail .com



