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ABSTRACT: In this paper the Fourier Transform Combined with Adomian Decomposition Method
(FTADM) is applied for solving the squeezed unsteady flow between the parallel plates influenced by
an inclined magnetic field. By moving these plates towards each other, the squeezing flow which is
perpendicular to the plates is appeared. We assume that inclination varies from 0 to 90 degrees. The
momentum and energy equations are solved using the Fourier Transform Combined with Adomian
Decomposition Method transform. The effect of the squeezed number, the angle of the magnetic
inclination, and the bottom plate suction/injection on the velocity and temperature are studied. The
results show that by increasing the squeeze number, the intensity of the magnetic field and the magnetic
inclined angle may increase the velocity and bottom plates in the longitudinal direction. However, the
velocity near the midway of up and bottom plates may decrease. Moreover, our results show more
accuracy and a smaller number of calculations when compared to the previous numerical simulations.
This may be attributed to the fact that in FTADM, one is able to incorporate all boundary conditions into
the solution. However, in the semi-analytical methods, the solution may be accurate in a limited portion
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of the solution domain, since only a part of the boundary conditions is imposed into the solution.

1- Introduction

The study of squeezing flow between two infinite parallel
plates has been very popular for researchers since last decade.
By moving these plates towards each other, the squeezing flow
perpendicular to the plates appears. The squeezing flow has
a vast majority of applications such as power transmission,
polymer processing, hydraulic lifts, and cooling water. Many
of these flows, such as the lubrication problem, may be
considered as squeezing flow [1]. Due to these applications,
the study of momentum and heat transfer in squeezing flow
has attracted a lot of attention. The primary study of squeezed
flow between two parallel plates was performed by Stefan
[1], where he studied the lubrication mechanism. This study
was a beginning for more extensive works to understand the
behavior of the squeezed flow between two planar plates.
Ran et al. [2] used the Homotopy Analysis Method (HAM)
to investigate the squeezed flow between two planar plates
slowly moving towards each other. Mustafa et al. [3] reported
characteristics of the heat and mass transfer in a viscous fluid
squeezed between two infinite parallel plates. Sheikholeslami
et al. [4] utilized a neural network to estimate the heat transfer
rate for Nanofluid of alumina through a channel. Khan et
al. [5] used the Variation of Parameters Method (VPM) to
study the behavior of copper nanoparticles between parallel
plates. Dib et al. [6] employed the Duan-Rach method to
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obtain a recursive convergent solution for momentum and
energy equation of an unsteady squeezing problem of a
Nanofluid flow. Hayat et al. [ 7] studied heat and mass transfer
for electromagnetic squeezed flow through a Riga plate
considering thermal radiation and chemical reaction. Hayat
et al. [8] also considered the squeezed flow for Nanotubes of
carbon as a Darcy-Forchheimer porous media. Ahmed et al.
[9] carried out a theoretical study on characteristics of natural
and forced convection flow of Sutterby fluid in a squeezing
flow. Investigation of momentum and heat transfer in
squeezing flow influenced by a magnetic field has been very
important for many researchers with a variety of applications
such as MHD (Magneto-Hydro-Dynamic) generator, nuclear
reactors, studies of plasma, geometrical extractions, and
control of boundary layer [ 10-25]. Recently, many researchers
studied the behavior of the squeezed flow influenced by a
magnetic field using different methods. Siddique et al. [26]
studied the 2-D flow of a viscous MHD fluid between parallel
plates influenced by a magnetic field by using the Homotopy
Perturbation Method. Domairry and Aziz [27] performed a
study on MHD squeezed flow between parallel disks given
the suction/injection of the fluid. Haq et al. [28] studied
MHD squeezing flow of a fluid through a sensor plate.
Investigation of Magneto Hydro Dynamic (MHD) squeezing
flow of a nanofluid through a stretching porous media was
performed by Hayat et al. [29]. The Adomian Decomposition
Method (ADM) [30-37] is a well-known systematic method
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for the practical solution of linear, nonlinear, deterministic,
and stochastic operator equations. These equations include
Ordinary Differential Equations (ODEs), Partial Differential
Equations (PDEs), integral equations, and integrodifferential
equations. The ADM method is a powerful technique, which
provides efficient algorithms for analytic approximate
solutions for real-world applications in the applied sciences
and engineering. A.M. Wazwaz studied the Bratu problem
and Lane-Emden, using the Adomian Decomposition Method
[38-39]. J.S. Duan solved nonlinear fractional ordinary
differential equations [40]. Y.T. Yang used the Adomian
Decomposition Method to solve the periodic base temperature
in convective longitudinal fins [41]. Recently, Nourazar et
al. [42] developed a new method by a modification to the
Adomian Decomposition Method using the Fourier transform.
In the present work, we use the method of Nourazar et al. [42]
to solve the momentum and energy equations of squeezing
flow influenced by a magnetic field. Effects of different
parameters such as squeezing number, the intensity of the
magnetic field, the bottom plate suction/injection parameter,
and inclination angle on velocity and temperature profiles
are studied. In using the semi-analytical methods ADM, the
convergence of the solution is not violated when the number
of terms of series solutions is increased. In other words, the
convergence of the ADM is independent of the number of
terms of series solutions, since the convergence of the ADM
is verified. However, in the numerical methods, the accuracy
of the results, mesh refinement, is limited by convergency
problems.

2- The Adomian Decomposition Method (ADM)
The Adomian Decomposition Method (ADM) is proposed
by Adomian [43-45]. Assume the following equation:

G)=gm), (1)

where G is an arbitrary operator that may be partitioned
into the linear operator and a non-linear operator as:

G)=Lw)+N @)=g ). 2

The unknown function # of the linear operator, L , may
be written as a series solution:

3)

o0
=2t
n=0

where 7 >0 and u , can be calculated by the recursive
equations:
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L(u)=L(gunj, (4)

and non-linear operator N can be written as:

B o

N (u) may be rewritten as follows:

0

Nw=3a,=3 7

=0 n=0"M

Nu) =N(u0)+(iun

n=0

%[2” j N"W,)+— [Zu J N"(@Wy)+...

JN'(MOH

(6)
=N (uy)+ @ —uy)N ", +
1 2 " 1 3 m
2_!(” —uy)'N (”o)"'a(” —uy) N "Wuy)+...,
substituting Eq. (3) and (4) into Eq. (2):
L(iun}riz‘ln =g, (7

where 1, can be obtained by solving the recursive
equations obtained from Eq. (7). Assume the overall error
associated with series solution as follows [46]:

R()=L (Zu j+iAn —g(). ®)

Assuming that the overall error in connection with the
series solution, Eq. (7), defined by Eq. (8) is square integrable
as Res = R(’?) dn - For a proper approximation, Res must
tend to zefo when the number of series terms approache
infinity. In our calculations, the Duan and Rach [47]
controlling parameter h for convergence is chosen to be equal
to zero.

3- The Basic Idea of FTADM
Taking Fourier transform from Eq. (7) [48]:

)

L(Z}ifl —g(0),

expanding Eq. (9) as a recursive equation:
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S L)+ 4, =0, (10)
n=l1 n=0

the recursive equations, Eq. (10), could be written as:

Lw,)+4,, =0. (11)

Where u,u,,u,,us,...,u, are the components of series
solution of u =) u, and Adomian polynomials are written as:
n=0

.

4- Governing Equations

The problem to be considered is the unsteady squeezing
flow of an incompressible electrically conducting fluid
confined between two infinite parallel plates subjected to
an inclined external magnetic field B (Fig.1). The x-axis
is along the direction of the lower plate of the channel and
the y-axis is normal. The time-variable magnetic field is
B =(B, cosy,B, siny,0),where B, donates B,=(1-ar)?, is
applied at an inclination angle ) with respect to the x-axis.
The induced magnetic field is assumed to be negligible
for a small magnetic Reynolds number. The gap between
H(t)=1(1-at)?, changes with the time t, where / is the initial
gap between the plates at the time ¢ = 0 [49]. The case of o >
0 corresponds to the squeezing motion of plates, as o > 0 the
plates move apart. Along the direction normal to the xy-plane,
the velocity and temperature can be seen as unchanged. The
Ohm’s law gives the form of the current density vector J [50]:

(12)

—[N (ki:)ﬂfu,.

J =0 xB)=(0,0,uB, siny—vB, cosy) (13)

in which o is the electrical conductivity, and V' = (u,v,0)
is the velocity vector. Using eq.13, we obtain the Lorentz
force:

JxB =(oB, vsinycosy—oB, usin’ y,
2« 2. 2 (14)
oB, usinycosy—oB, vsinycos y,0)

and the Joule heating:

lJJ=aBm2(uzsinz;/+v2coszy—Zuvsin;/cos;/) (15)
o

The conservation equations for mass, momentum and
energy in the presence of the suction or injection across the

95

stretching lower plate, viscous dissipation, and Joule heating
may be written as:

MLy 16
ou ou ou
—tu—+Vv—=
ot Ox oy

1op u,0u ou

—— =+ (=—=+ +
p Ox ,1)(8x2 8y2) a7
2

2_siny(vcosy —u siny)
ov. ov ov
—tu—+v—=
ot Ox oy

l1op u, ov 0o

—— = (=+ +
2

2 cos y(u siny —vcosy)
or or or k oT oT
—tu—+V—=—— (5 +t5)+
ot Ox oy pC, ox~ 0y
7, ou , ov, oOu O0Ov,
(Y 2 e
pCi (ax) + (ay) +(ay+ax) (19)

2
oB . .
+——"_(usiny —vsiny)>
P

Here u and v are the velocity components of the fluid along
the x and the y directions, respectively. T is the temperature.
1, p, Cp and k denote the effective dynamic viscosity, density,
specific heat capacity at constant pressure, and the thermal
conductivity of fluids, respectively.

The following boundary conditions are imposed at the
lower and upper plates:

bx 127
u:us = ’V:Vx == 4
T l-at -t (20)
Tr=T, a y=0
dH al
uZO’V:VH:E:_T’
—at (21)
T =T, =T,+— at y =H(t)
l-at

Here u is the stretching velocity of the lower plate, V,



M. Ramezani et al., AUT J. Model. Simul., 53(2) (2021) 93-112, DOI: 10.22060/miscj.2022.19485.5238

DU 5 €2 I e i i A

Ty

I,
y=0 ﬂ'rl'rrnﬁ'rrrn'rr
4 v

1%

¢

Fig. 1. Geometry configuration of the problem

is the mass flux velocity through the lower plate, Vv, is the
velocity of the upper plates, 7', denotes the temperature at the
upper-plate surface, and 7', is the temperature at the upper-
plate surface.

The mathematical analysis of the problem is simplified by
introducing the following change of variables:

Y

n:H—(t), V:VHf(n)’
(22)
—X ' = r _TO
u =H_(t)VHf (77)9 9(77) - TH _TO

By substituting (22) into Eqgs. (16) — (19), the continuity
equation is satisfied. Afterwards, Eqgs. (17)— (19) become:

The governing dimensionless momentum and energy
equations for the squeezed flow influenced by a magnetic
field can be written as [51]:

=SS -

AR . (23)
M “siny(sinyf "+26cosyf ') =0,

Where S is the squeeze number, 77 is similarity coordinate,
M is the magnetic parameter, ) is inclination angle with
respect to the x axis, and O is the electrical conductivity.

@"+PrS(f 0'—nb' —-20)+
PrEc(f "2+ 487 "+ M 2(f *sin? y +f 67 cos? 7/)) (24)
+2PrEcff 'dcosysiny =0,

The boundary conditions are:

fO)=S,, f(O=R, fO)=1 f'1)=0 (25)

96

0(0)=0, (1) =1. (206)

Where Pris Prandtl number which is defined as the
ratio of momentum boundary thickness to thermal boundary
thickness, and the Eckert number, Ec , is defined as the ratio
of mass transport by advective velocity (4 > , where U is the
advective velocity), to the enthalpy difference of the plate
and the fluid thickness (CpAT , where C p is the thermal
conductivity coefficient at constant pressure and 7T is the
temperature).

5- Momentum Equation
By taking the third and fourth order integrals from Eq.
(23), we may obtain # "(0) and f "(0):

[0 ~sar 3 marr =™~ @)
M ?siny(sinyf " +25 cos yf '))df}dﬂdﬂ =0,
LIT o =sar s = - (28)
M *siny(sin yf " +25 cos yf ')yqdndndn =0,
Taking Fourier transform of Eq. (23):
F(fl\/ _S(,Z]("”+3f”+ff”_f'f”7)_ (29)
M *sin y(sin yf "+ 28 cos yf ')) =0,
F(f'(m) =~ (0)+iwF (f (1)), (30)
F(f"m)=~f"0)~ief (0)-’F(f (7)), (31
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F (f "'(77)) - "(0)—i wf '(0)+ The recursive equations for the momentum equation may
a)zf (0)—i W F (7)) (32) be written as:
’ 12 6i
fim e 2
F(f"m)=~"(0)—iaf "(0)+ . (s (111 v anananan+3[, [\, dnan))+
@’f "(0)+i@f (0)+&"F(f (), 2 ([T B dnandnan)
_N N _N (73 6%)(—M zsin7(sin7flI"f},ldndn))+
f =1, FQf,m)= 1. (), (34) 00
n=0 n=0 n=0 Lenen o
(——4+—3)(25cosyj j J‘fkfldﬂdﬂdﬂ)‘*
38
W= A FEAM=SA@. 65 -2S[[ [, dninn) 9
) af—w)( SGfifdn+[ [ ]! ZBk ldndndn)j
11" +1f m:an (), %—;)(—M sm}/(sm}/J-fk 1d77))

36 i s N » A
(36) +(E_E)(250057L'[Ofkfld’]dﬂ)ﬁLE(Akq_3‘0sz71+Bk71)

M?siny
+ 7
o

F(B, 0= Y B, ()

(—a)2 sinyf, , +2iwScosyf, )fk =F'(f,),

substituting Eqs. (30)-(33), f "(0) and f "(0) into Eq.
(29) and making use of Egs. (34)-(36), Eq. (29) may be

rewritten as: . _ where ;1\0, ;4\1,;1; Zk\l,é\ é\ é\ .,B/,:l are the
(For more details, see the appendix) Fourier transforms of the Adomian Polynomlals.
12 6i
3, 2
n=0 fom=(R +2Sb—2)773+(3—3Sb—2R)772+R77+
Len (7 (s ~ LensA 2
-S A dndndndn+3 dnd
[ (Uojojoz(; AN Uﬂ Z(;f 4 UD SR2 L 25RS, 2SR 28S,> 4S8S, 25 ,
fim) = -t - o |7
( 12 6i )[II I J' i Udﬂdﬂd?]ij 35 35 35 35 35
H——+—
o o = Ssin(2y)M *R | Osin(2y)M S, .
12 6 4 120 120 6
(__+_3)(_M Sln7’(Sln7J. J‘ Zf dﬁdﬂ)j 5s1n(2;/)M2 _SRZ _7SRSb +7SR _E n
60 15 30 30 5
(——+ﬁ)(25cosyff f Zfdndndﬂj o, SR _SS, S M’R M’S,
¢ o L2005 s o a0 20 T
1 Len en A
o (‘S L[] S an ”d”j G7) 2R 355, M” | 25KS, (39)
@w =0 15 10 20 5
2i I 2 Len P 2 2
——3)(—S(3j02f,1dn+fofo I, ZB,,dndndn)j+ 3 SR S8, oy M'R M'S,
@ n=0 n=0 + 4 4 4 8 12 8 '
6 2i e A SR> SS,2 M?* SRS, o, o o
———)| =M “siny(sin dn) |+ b b A g3
(w4 a)3)( 7 7fo§" ’7)) 6 2 8 2 12 8 24
6 2 s 19SR 245 SS, o, 1IM°R
— = — b2
& cf)[z&osyjofo ;f"d"d”j+ £ 35 14 10 120
S . | M’s, 9SR® 4355 M* :
F(ZA -3¢’ 20/ +20an 10 70 70 10 7
v ! wn_ B 47SRS, 11M 2Rc0s(2)/)_ﬁ_2_0'3 L%
+ S:n}/[—a)zsin}/Zf;+2ia)5cos7/2f,,j, 105 120 101260 12
[0 n=0 n=0
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58 5SR 13SS, o, M’R M’S, 3SR’

L2828 140 40 30 40 70 |
19SS, M?* 6SRS, o, o, o5 0, |
-ty b AL 540

70 40 35 30 40 20 20

o, =M ’S,cos (2y)
o, =M ’cos (2y)
(39)
o, =M ’RSsin(2y)
o, =M *Rcos (2y)

o, =M *Ssin(2y)

o, =M’S,Ssin(2y).

6- Energy Equation

& +PrS(f 0 —nf —20)+ o
PrEc (f " LAS P+ M(f P sin’ y +

f20% cos” y+2ff 'S cos ysin ;/)) =0,

0(0)=0, 6(1) =1, 25)

Taking double integral from Eq. (14):

0"+PrS(f 0'—no'-20)
f”2+452.f‘/2+

+PrEc| M*(f *sin’ y+f 25 cos’ y +
2ff '6 cosysiny)

ndn =0, (40)

L

00)=1+PS [ ['(f ' -0 ~20)d ndn +
PrEc|, ['(F " +48°f *Yindy (1)

+PrEc.[;J.:M 2(f P sin’ y +f 287 cos” y +2ff 'S cos ysin y)d nd n.

Taking Fourier transform of Eq. (24):
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0" +PrS(f 0 —nod' —20)

””2 2,12
FlaprEe|] TAOSTE o, @)
M 2(f " sin? y +f 25 cos? y)
+2Pr Ecff 'dcosysiny

F(0'(m7) =—0(0) +i wF (6(17)), (43)
F(0'(1)=-0(0)~i 00(0) -’ F(8(1)),  (44)

Substituting Eqs. (43) and (44) into Eq. (42):

~0'(0)+PrS (F(f ' —n6' —26))+
F(a(q))=$ PrEc(F(f ™) +45°F(f )+ Pr EcM * x . (45)
(F(f )sin® y + F(f *)5 cos” y + 2F (ff ’)5cosysin}/)
Substituting Eq. (41) into Eq. (45):
1
FOm)=-——=
[0
sj;jo”(f 0 —n6'—20)dndn
Len(f "+ AP P+ M (f P sin® y +

_Pr +EC'[°'[° £ 257 cos® y+2ff '8 cos ysin y)) dndir| (46)

o’ —S(F(f 0'-n0' -20)) ’

n (F(f Y445 F(f )+ MA(F(f "*)sin® }/+j
F(f*)5" cos’ y + 2F (ff )S cos ysin y)
6=>.0,(n), F [Z 0, (77)] =Y 0. (), (47)
n=0 n=0 n=0
fo-n0'-20= ZC,, (m, F(ch (77)] = ch (@), (48)
n=0 n=0 n=0
f"=2E,m, F (ZEn (n)j =Y Ex@), (49
n=0 n=0 n=0
f=2G,, F (ZG,I (n)j =2 Gu(w), (50)
n=0 n=0 n=0
f2=2H,), F(Zﬂn (n)J =Y Hi@), (1)
n=0 n=0 n=0
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1=K, @), F(im (n)] “Y K@, ()

frHAS
M(f *sin® y +f 257 cos® y +2ff 'S cos ysiny) = P(17)

) (53)
P(n)= ZP,, ).

S, ()+46° 3.6, 1)+

M3(YG, (mysin® y+ Y H, ()6 cos’ y

n=0 n=0

+2) K, (ncosysiny) =Y P, (1),
n=0 n=0

(54)

SE, (@) +45° 3 G (a) +

n=0

M Z(EG" (w)sin’ y+iH n(@)5° cos’ y + (55)
n=0 n=0

2Z;K +(@)5 cosysiny) = ZOPn ().

Substituting Eqs. (47)-(55) into Eq. (46):

] 1
;an(w)_—g

MBSO YRTY

o Ec (mj iPn(n)dndn—iPn(w)j

The recursive equations for energy equation can be written
as:

(56)

b

1 _
6%(60) ::__Z;E'aé% ::1? l(é%)v

o) =% S ([L[/Cotuindn-c @) |+

e([L[/ ronandn-ri@) . =F 0. 67

0,(w) = —%[s (jol ['c,apdndn-c, (a)))} 4

(e[, ]! Pnnan-r @) 0. = 7@,
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6, (w) = —%[s ( jol jo”ckl(ry)dndn—ckl(m))}r

([ ]! Psndndn =P
0, =F(@8,).

— o~~~ —

Where C,,C,,C,,...C, ,P,,P,P,,....P,_, are the Fourier
transforms of the Adomian Polynomials, respectively. The
overall error for momentum and energy equations can be

written as:

R_lzfiv _S(77f‘m+3fn+ff//_f]p!”)_

e, , (58)
M “siny(sinyf "+25cosyf'),
R 2=0"+PrS(f 0'—nd' —26)+PrEcx
(f”Z+452](‘!2+M2(/‘Izsin27/+f25zcoszy)) (59)

+2PrEcff 'dcosysiny,

where R_1 and R_2 are the overall errors for momentum
and energy equations, respectively.

7- Results and Discussion

In the present work, we use the method of Nourazar et
al. [42] to solve the momentum and energy equations of the
squeezing flow influenced by a magnetic field. Effects of
different parameters such as squeezing number, intensity of
magnetic field, the bottom plate suction/injection parameter,
and the inclination angle on velocity and temperature profiles
are studied. Figs.2 and 3 show the variations of the overall
error for momentum and energy equations versus the number
of recursive terms in the FTADM recursive equations (58)
and (81), respectively. As can be illustrated from Figs. 2 and
3, once the number of recursive terms is increased, the error
associated with results decreases monotonically.

Figs. 4 and 5 show the effect of the intensity of the
magnetic field (M ) on the velocity f '(77) and temperature
in the longitudinal direction. Fig. 4 shows that increasing
the intensity of the magnetic field results in increasing the
velocity profile in the longitudinal direction near the up and
bottom plates. However, the velocity near in the middle of up
and bottom plates decreases slightly. This may be attributed
to the intensity of the magnetic field. Fig. 5 shows that the
temperature of the fluid rises as the magnetic intensity field
(M )increases, and this increase is monotonic for small
values of M . However, a maximum value of temperature
occurs in central region between up and bottom plates for
large values of M .

Figs. 6 and 7 show the effect of the magnetic inclined
angle y on the velocity f '(77), and temperature &(77) in the
longitudinal direction. We may see the same behavior for
velocity and temperature profile as is seen in Figs. 4 and 5
due to the intensity of the magnetic field (M ).
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Fig. 2. variations of overall error of momentum equation versus the number of terms in
recursive equation, n=1,2,3,4,5,6,7.
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Fig. 3. variations of overall error of energy equation versus the number of terms in recur-
sive equation, n=1,2,3,4,5,6,7.
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Fig. 4. shows the effect of the intensity of magnetic
field M on the velocity profile in the longitudinal
direction
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Fig. 5. shows the effect of the intensity of magnetic
field M on the temperature profile in the longitudi-
nal direction
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n

Fig. 6. shows the effect of the inclined angle y on
velocity profile in the longitudinal direction
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Fig. 7. shows the effect of the magnetic inclination y
on the temperature profile in the longitudinal direc-
tion
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25 N
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Fig. 8. shows the effect of the lower-plate stretching
parameter R on velocity profile in the longitudinal
direction

Figs. 8 and 9 show the influence of bottom-plate stretching
parameter (R )on the velocity f '(7) and temperature 8(77)
in the longitudinal direction. Fig. 8 reveals that increasing R
results in increasing the velocity near the bottom plate, where
the velocity near the upper plate decreases. By increasing
the stretching parameter (R ), maximum velocity occurring
in central region between up and bottom plates occurs on
surface of the bottom plate. We conclude from Fig. 9 that
by increasing R , the temperature decreases initially but
increases subsequently.

Figs. 10 and 11 show the effect of squeeze number S
on the velocity f '(17) and temperature @(77) in the
longitudinal direction. Fig. 10 shows that increasing the
squeeze number results in decreasing the velocity of the fluid
in the longitudinal direction near the up and bottom plates.
However, there is an opposite behavior for velocity in central
region between up and bottom plates. Fig. 11 reveals that by
increasing the value of S , the temperature decreases.

Figs. 12 and 13 show the effect of bottom-plate suction/
injection parameter S, on the velocity f '(77) and temperature
@(n) in the longitudinal direction. Fig. 12 shows that
increasing the S, induces the decrease in maximum velocity
in the longitudinal direction. The temperature profile shows a
decrease while the §, increases.
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1.4

S=0.5, y= % Pr=1, M=3

Ec=0.6, 6=0.1, S,= 0.1

0 0.2 0.4 0.6 0.8 1

Fig. 9. shows the effect of the lower-plate stretching
parameter R on the temperature profile in the longitu-
dinal direction

8- Conclusion

In the present study, we propose a new method using
the Fourier Transform Combined with the Adomian
Decomposition Method (FTADM) for solving the squeezed
unsteady flow between the parallel plates influenced by
an inclined magnetic field. The influence of intensity of
the magnetic field, magnetic inclined angle, bottom-plate
stretching parameter, squeeze number, and bottom-plate
suction/injection parameter on the velocity and temperature
in the longitudinal direction is studied. The results show that
by increasing the squeeze number, the intensity of magnetic
field and the magnetic inclined angle velocity near up and
bottom plates in the longitudinal direction may enhance the
velocity near up and bottom plates. However, the velocity near
the central region between up and bottom plates decreases.
By enhancing the intensity of the magnetic field and the
magnetic inclined angle, the temperature rises. Although, by
increasing the squeeze number the temperature decreases.
As an intensive conclusion, using the FTADM leads to more
accurate results with a smaller number of calculations in
comparison with the previous simulations. This may be due
to the fact that using the FTADM enables us to incorporate
all boundary conditions. However, in the previous semi-
analytical methods only a part of boundary conditions may
have been imposed into the solution.
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Fig. 10. shows the effect of the squeeze number S on the Fig. 11. shows the effect of the squeeze number S on the
velocity profile in the longitudinal direction temperature profile in the longitudinal direction
L. S05R=03, Pl y= % ——Sb=-0.5 L, ——sb=05
’ M=2, Ec=0.3, 6=0.1 ——Sb=0 ’ Sh=0
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Fig. 12. shows the effect of the lower-plate suction/injec- Fig. 13. shows the effect of the lower-plate suction/in-
tion parameter S, on the velocity profile in the longitu- jection parameter S, on the on the temperature profile
dinal direction in the longitudinal direction
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Appendix [1]
Momentum equation

Taking the fourth order integral from Eq. (23):
[ =S m+3 41 "fr ™ =M sin p(sinyf "+ 25 cos yf ) fndndndn =0, (60)

1 n 1 m 1 1
1-8, =R ~—f"(0)=/ "(0)=S (11+3(12—§Sb —ER)+I3j

-M? sin)/(sin;/(l2 —%Sb —%R)+25cosy(14 —éSb)j =0, (61)
1= 1)) " ndndndn, (©)
1,= I;I:f (mdndn, (63)
L=[ [0 [" f "=t " nd nd . (64)
Lo=[0) i Gidndndn, (65)

taking triple integral from Eq. (23):

I;I:Ig(f” —S(f "3 "L ")~ M *siny(sin yf "+ 265 cos yf ’))dndndnzo, (66)

-R _f ”(0)_%]( m(o)_S (111 +3(122 _Sb _%R)+133)

~M *sin }/(sin y(I,, =S, - %R )+28cosy(I,, - %Sb )) =0, (67)
Ly=[ [ [ nf "pdndndn, (68)
L, ={.f tpdn. (69)
La=[ [ ['¢F "4 mndndn 0
L =] Jf (. an

Considering C,,C,,C,,,C,, as:

C,=1-S,-R, (72)
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1 1 1 1 1
C,=-§ (1] +3(/, _ES}’ —ER)+I3)—Mzsin;/[sin]/(l2 —ES,) —gR)+2§cos7(I4 —gSh)], (73)
C,=-R, (74)
! 2 1 1
Cy,=-S (1” +3(,, S, —ER)+133J—M siny[siny(l,, =S, —ER)JrZ&:OS}/(I44 —ES,,)], (75)

substituting Egs. (72)-(75) into Egs. (61) and (67):

—%f ”(O)—éf "(0)+C, +C, =0, (76)
o "(©)= 3 ") +C,, +Coy =0, (77)
f ”(0) = _2(C11 +C22) +6(C1 +C2 ), (78)
£"(0)=6(C,, +C,,)—12(C, +C,). (79)

Taking Fourier transform of Eq. (23):

F(f" =S@f "+3 "+/] "~ff ") =M *siny(sinyf "+ 25 cos f ) =0, (80)
F( ()=~ O +i oF (f (), 81)
F(F ") =~ O)~iaf 0=’ F(f (), (82)
F(f"m)=-+"O)~iaf '(0)+a&f (0)~i@F(f (7)), (83)
F(f™m)=~"0)—iaf "(0)+a’f '(0)+i o) (0)+&*F(f (), (84)

substituting Eqs. (81)-(82) into Eq. (80):

[ = f MO O - LS 1 2 (gf " 3R 1S, 0 (" f )

85
Mzsiny (83)
+ 4

(siny(—R —i @S, —a&’f )+2cos (=S, +ia)f)),
substituting Eqgs. (78) and (79) in Eq. (86):

f = (6(C”+C22) 12(C, +C )) ( 2(C,,+C,)+6(C,+C ))+—(r]f’"+3( R -iaS ))
(86)

E(—wzf) =(ff"+if ’”) y(sm;/(—R iwS, —w'f )+2cos (=S, +ia)f)),
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o2 6’3) 35(Ls, + —R)+Mzsiny(sin}/(le+1R)+2§cosy(le)j
o 2 27" 6 6

+(£4—2—l3) 35(S, +1R)+M2sin7(sin;/(Sb+1R)+25cosySbj -R —g(R +iw)
o o 2 2 w

M sm;/ R 12 6i

(siny(R +i @S, )+25cosyS, )—’—S,,——2 HE T+ (S U +30,+1))
9 CO

+(—£+6—l)(—M siny(sinyl,+206cosyl, ))—i—(i——)( =S, +31,, +133))
@

+(§ - ;) (=M *siny(sinyl , +25cos y1,,)),

+i4(77f”'—3a)2f +(ff"+ﬁ’”)) M(—a) sin yf +2i w&cosyf)
w o'

(87)

/(= Zf (), F(Zf ()= Zf,, (), (88)
nf"(n)= ZA,I (m, F (ZA (m) = ZA (@), (89)
17+ "= 28,00, FOB, () =35, (@) (90)
Making use of Egs. (88)-(90), Eq. (87) may be rewritten as:

if =/ +(—§+%)[—S ( [['] Ioﬂiffndnd nddn+3], foﬂif}d nd nj]

(_£+6_Z)U j J ﬂi dndndiydnj+(——+—)(—M sm)/(smyj J. an ﬂdﬂ)j

12 6i Len (s 2 6 2 Len fsa A

+(—E+E)[25COS7J‘OL .[0 ;fndndndnj"’(g_;)[_sjo .[o J.o Z::Andﬂdﬂdﬂj (91)

+(§—%)(—S(3ﬂiﬁndﬂ+ [['] ZB dndndn)j+( )(—M *siny(siny | Z/ndn)j

6

+(_4_2_’;)(25cosyjj E f dndnj+—[zf1 30'Y +zénj
» W n=0 n=0
[—af siny E f +2i wdcos }/Zf;}

n=0 n=0

M*siny
+ 4
®

108



M. Ramezani et al., AUT J. Model. Simul., 53(2) (2021) 93-112, DOI: 10.22060/miscj.2022.19485.5238

where [, can be written as:

1o (_2 :)£3S( S, += R)+M smy(smy( S, +— R)+25COS}/( S)D

6 2 1 . . 1 RAY .

(E—;)(SS(Sb +5R)+M2s1n)/(sm7(5b +ER)+50057(Sb)D_R —F(R +iw) (92)
2. .

_M S:n}/(siny(R +iaﬂh)+2ﬁcosySh)—lng —iz,

The recursive equations for momentum equation may be written as:

fo=F (o), ©3)
o= B S (s (LT T Admtmanan ] [ i)
g LT Amtnanin e Lo Do carsingting [ ot |

(—£+—)(25cos 7! [fdndna n)+(§—%)(—5 oI\ 1) Adnand ’7)

-2 (—S [ fdn+[ (]! fZOéodndndn)}(%—%)(—M singGiny L dm)) (94)

6 2l 1pn A S " A N
+(g—;)(25cos /[ fodndn)+F(A0 30/, +B,)

M *sin

+—47(—wzsinyf0+2iw5cos;/f0)

]

/i :Fil(f”l),

/s (—2 6—1)( (Ilf”f"f”/fldndﬂdndn+3flf"fld77df7))

Hot s 6—l>(j 017 Bndndndn )2 S| <M singing [ [ )

+(_E+E)(2500S7/'[I Ifldﬂdﬂdﬂ) i__)( Sj.[ I Adnd?]dﬂ)

(%—%)[—S [ fdn+] ]! j;’;é]dndndm}(g—;i)(—M SsinyGiny [ fdm) ©9)

6 2i Len o N SA A
+(E—;)(2§cos N f]dndn)+E(Al ~30'f,+8))

2 .
+M siny

(—a)2 sinyf, +2i oS cos yf, )
f2=F(F2),
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f —(—2 6—1)( (Jlj"j"j"/fk_ldndndndn+3jljﬂfk_ld77dn))

A (LT Becetmimandn | e S (bt simpting [, )

+(—£+—)(250057j0 J.o Iofkldﬂdﬂdﬂ)ﬂg—;)(_s.[o .[o Io /Ikldndndn)

6 2 " Len pres 6 2 Y
(3—5)(4 Q[ fedn+[ ] ;Bkldndndm}(g—;)(—M sm(smyjofkldn)) (96)
6 2i Len A S /A ~ R
+(E_;)(25005'7/.[0jofk—ldndn)"_g(/‘lk—l_3a)2fk—1+Bk—1)
2 .
+M—s4m7/(—a)zsin;/fk4+2iwécosyfk71)
w
fo=F (),

where /io,zéil,/Iz,...,/ik_l,BAO,él,éz,‘...,ék_lare the Fourier transforms of the Adomian

Polynomials.

fom) =R +2S, =2’ +(3=3S, =2R)7* +Rn+S,,

2 2
£ )= SR 2SR, 2SR 255} 455, 251 .
35 35 35 35 35

. 2 . 2 . 2 2
N osin(2y)M "R +5sm(27/)M S, N osin(2y)M = SR” TSRS, N 7SR —§]n6

120 120 60 15 30 30 5
o, SR_SS, S M’R _M’S, 2SR® 355, M* 2SRS,)
20 5 5 10 40 20 15 10 20 5 )

3 SR SS, o, MR M’S, SR* SS> M® SRS, o, o o).,
+ ————t 2 - - - + - +—2+L+=3
4 4 4 8 12 8 6 2 8 2 12 8 24
19SR 245 SS, o, 1IM?R M?ZS, OSR*> 43SS,>

- + +—2+ + +
42 35 14 10 120 10 70 70 | s

+ n
M ? N 47SRS, 1M ’Rcos (2y) o, o, o5 O

10 105 120 10 12 60 12
58 S5SR 135S, o, M’R M’S, 3SR’
L 28 28 140 40 30 40 70 n?
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