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ABSTRACT

An investigation of the combined influence of Hall effects and chemical reaction on the flow of an oscillatory
convective MHD viscous, incompressible, radiating and electrically conducting fluid in a vertical porous rotating
channel in dip flow regime is carried out. The fluid is assumed to be gray, absorbing and emitting radiation out in
non scattering medium. The magnetohydrodynamic (MHD) flow is assumed to be laminar and fully developed. A
closed form solutions of the eguations governing the flow are obtained for the velocity, temperature and
concentration profile. The velocity, temperature, and concentration profiles as well as skin friction coefficient and
mass transfer rate are evaluated numerically and presented graphically for different value of flow parameters.

Keywords: Hall Effect, radiating and chemically reactingiluMHD oscillatory flow, rotating channel, slipofiv
regime.

INTRODUCTION

The study of flow in rotating porous channel is ivated by its practical applications in geophysinsd
engineering. Among the applications of rotatinguflim a porous media to engineering disciplines, cere find the
food processing industry, chemical processing itrgiusentrifugation filtration processes and ratgtimachinery.
Also the hydrodynamic rotating flow of electricallponducting viscous incompressible fluids has gaine
considerable attention because of its numerouscapipins in physics and engineering. In geophysicapplies to
measure and study the position and velocities migipect to fixed frame of reference on the surtdaesarth, which
rotate with respect to an inertial frame in thesprece of its magnetic field. The subject of geopaydynamics
now days has become an important branch of flyiththics due to the increasing interest to studyrenment .In
Astrophysics; it is applied to study the stellad aolar structure, interplanetary and interstethatter, solar storms
etc. In engineering, it finds its application in Hyenerator ion propulsion, MHD bearing, MHD pumptiD
boundary layer control of re-entry vehicles etcve3al scholars viz. Crammer and PHj, Ferraro and Plumpton
[2]and Shercliff[3] have studied such flows because of their variggbimance and applications. The process of
heat transfer is encountered in cooling of nucteactors, providing heat sink in turbine blades a@ebnautics.
There are numerous important engineering and gesiqadyapplications of channel flows through porowsdium,
for example in the fields of agriculture enginegrifor channel irrigation and to study the undergwater
resources, in petroleum technology to study envivemt of natural gas, oil and water through thecbinnels/
reservoirs. The transient natural convection betweevertical walls with porous material having iedfe porosity
has been studied by Paul €#4dl In the recent years, the effect of transversppliad magnetic field on the flow of
the electrically conducting viscous fluid have bestudied extensively owing to their astrophysienmhysical and
engineering application Attia and Kofls] have studied MHD flow between the two paralleltgdawith heat
transfer . When the strength of magnetic fieldtisrsy, one cannot neglect the effect of Hall currdie rotating
flow of an electrically conducting fluid in the m@nce of magnetic field is encountered in geophlysiod comical
fluid dynamics .1t is important in solar physicyvatved in sun spot development. Hall effect on aady MHD free

2424
Pelagia Research Library



K. Chandet al Adv. Appl. Sci. Res., 2012, 3(4):2424-2437

and forced convection flow in a porous rotatingrotel has been investigated by several researcheapr8sad et
al [6], Singh and Kumd7], Singh and Pathdl8], and Ghosh et dP]. Radiative convective flows have gained
attention of many researchers in recent years.afadiplays a vital role in many engineering, eoriment and
industrial process for example heating and cootihgmber, fossil fuel combustion energy processespg/sical
flows and space vehicle re-entry. Rapfid] studied the radiation free convective flow throwgporous medium.
Alagoa et al[11] has analysed the effect of radiation on MHD fldwotigh the porous medium between infinite
parallel plates in the presence of time dependectian. Singh and Kumdn 2] have studied the radiation effect on
the exact solution of free convective oscillatdoyf through porous medium in a rotating porouarotel.

The behaviour of the fluid under extreme confinetrierof great interest from both the scientific @aedhnological
point of view. One of the great complexities isdidcover what type of boundary condition is appiatpr for

solving the continuum fluid problems. Despite loé vide spread acceptance of no slip assumptiere thas been
existed for the many years, indirect experimentalence based on the anomalous flow in capillagied other
systems that in some cases, simple liquid canaglginst the solid when walls are sufficiently sthoand the no
slip boundary condition is no more valid. The ttip $oundary condition is only valid when partidise to the
surface do not move along with the flow i.e. whelnesion is stronger than cohesion. However thisnly true

microscopically. Few other limitations of no slipnditions are; they fail for large contact angleesl not hold at
very low pressure, does not work for polyethylendber compounds and suspensions, fail in hydradijcsfor

hydrophobic surfaces (Vinograddi&], Zhu and Granidk 4]).

Recently, the slip condition has become much morepelling and it now reasonably certain that visctiuid can
slip against solid surfaces if the surface is vempooth Navidrl5]. The slip boundary condition has significant
application in lubrication, extrusion, medical saes, especially in polishing article heart valviémys through
porous media, micro and nanofluids, friction stsdémd biological fluids, Blak§l6] and Pit et a[17]. On the
other hand chemical reactions have numerous afiplsasuch as manufacturing of ceramic, food preiogsand
polymer production. Muthucumaraswamy8] has analyzed that the rate of diffusion is afféchy chemical
reaction. Many researchers have shown interesufsiom engines for aircraft technology Murti ef &89]. Recently
Reddy et a[20] has analysed the effect of radiation on the udstéHD Convective flow through a non uniform
horizontal channel. Motivated by the above resessabur purpose to investigate the Hall effect oruasteady
MHD oscillatory convective heat transfer flow ofaiating and chemically reacting fluid throughagus medium
in a rotating vertical porous channel.

Porous Medium

Wpg

7

Fig. 1 Geometrical configuration of the problem.

2 FORMULATION OF THE PROBLEM
Consider the flow of a viscous, incompressible aledtrically conducting fluid through a porous medibounded
by two infinite vertical insulated plates at' ‘distance apart. We introduce a Cartesian co-atdisystem withx *-
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axis oriented vertically upward along the centrelaf this channel angl*-axis taken perpendicular to the planes of
the plates which is the axis of the rotation areldhtire system comprising of the channel andlthe &re rotating
as a solid body about this axis with constant amguélocityQ*. A constant injection velocity, is applied at the

platez* = —g and the same constant suction veloaity,, is applied at the plate” = +§ . A uniform magnetic

field with magnetic flux density vectoB, is applied perpendicular to the plane of platdse $chematic diagram of
the physical problem is shown in the Fig. 1

Since the plates of the channel occupying the pIZhesig are of infinite extent, all the physical quantit@epend

upon only onZ* andt*only. Under the Boussinesq approximation the fldwhe fluid through the porous medium
in a rotating channel is governed by the followaggiation:

ou* u* 19P* a%u* X oBoZ(mv*—u*) u*
w = —- % 2° v + ———— T C'—v— 1
e TWog=—oontVvoat + o) +gpT" + g, o 1)
av* av* 1 9P* a%v* X oBo? (mu*+v*) v*
—4tWwy—=—""—+Vv-——-2Q'0 ———— —v— 2
at* 092+ p dy* +2 9z*? p(1+m?2) K* ( )
aT* aT*\ _  9*T* X «_ 0q
PGy (ﬁ +wo g) =Koz = Qo™ + Q10" — = ®3)
ac* ac* azc*
w =D——-K.C" 4
e 2= DT, @

where pis density, P*is the modified pressurey is kinematic viscosity,t*is the timeg is the electrical
conductivity, B, is the electromagnetic inductiom = w,t, (w,.is the electron frequency ang is the electron
charge) is hall current parametgris the acceleration due to graviyis coefficient of volume expansiof,_is the
coefficient of expansion with concentratiok’is the permeability of the porous mediujs the specific heat at
the constant pressurg,is the thermal conductivity is the coefficient of viscosity, is the heat absorptio,is
the radiation absorption, q is the radiative héatis the molecular diffusivity K;is the chemical reaction
parameter

We assume the flow under the influence of the piresgradient varying periodically with the timethre X* -axis of

the following form
19P* P
—;ﬁ—ACOS(u t (5)

where A is the amplitude of the pressure gradient

Following Street [21] the present problem is satgé to the following appropriate boundary condisip
« d « _ 2—fiL ou* _ 6_u* « _ 2-fLav" _ L av* T =0 C* =0
2 = £, dz¢ Loz’ v= £, 0z oz’ - -

and (6)
T* = Tycosw™t", C* =Cycoswt*

d
* * *
0,

whereT, is the mean temperatui®, is the mean concentratiom™ is the frequency of oscillationg, is Maxwell's
1

reflexion coefficient andL = p (ﬁ)z is the mean free path which is constant for annmaressible fluid.

Following Cogley et al22] the last term in the energy equation stand forddetive heat flux which is given by
2 = 40T @)

wherea is the mean radiation absorption coefficient.
Introducing the following non dimensional quanstie

z* x* y* u u* T* t* wo w*d
7]=_,x=_, y:—’ u=—, v=—, =—, t = , W= ,
d da da Wo Wo To d Wo
P* c*
P = —pwz : C = _C (8)
0 0

With the help of the non-dimensional parametersdglations (1) to (4) reduces

du | du\ _ 9P | 3%u H? -1
RE(E+E)——Rea+a—nz+ZQv+(1+m2)(mv—u)—K u+GrT+GmC (9)
v | v\ _ P | 9%v H? -1
R, (E-'_E) = —Re£+m— 2Qu — ) (mu+v)—K'v (10)
aT | aT 92T
ReP (5 + E) =2~ P¢T + RZP.QC — PN?T (11)
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ac a?%c
SeRe (5 +57) = 55— ScRo xC (12)
where™ represent the dimensional physical quaeditand
* 42
R, = WTOd = Reynolds number, Q= QTd = Rotation parameter,
K = =, = Permeability of the porous mediumg, = 96T — Grashof number,
d2 )
Gy = —gﬁsi % — Modified Grashof number, P = ”TC” = Prandtl number,
0
N = 2% - Radiation parameter, ¢ = Qd? _ = Heat absorption number,
Vi HCp
Q= —Q”Cz" = Radiation absorption number, =|-B’0d\/E , = Hartmann number,
ppro To U
S, = E = Schmidt number, X = %‘i = Chemical reaction parameter.
0

The boundary condition in the non-dimensional firacome

1 du ov
7’]——5- u—ha,v—ha,T—O,C—O
and (13)
n=%: u=v=0, T=coswt, C=coswt

where h = Ld—1 is the slip flow parameter.

3. SOLUTION OF THE PROBLEM
Introducing the complex velocity of the form

F(n,6) =u(m,t) +iv(n,0), (14)
Equation (9) and (10) can be combined to give
R, (‘;’Z+3F) RAcosa)t+——<K +2i0+ (1+lm)>F+G T +G,C (15)
The corresponding boundary condition transforms to
1 OF

n=-:: F—hE,T—O,C—O

and (16)
nzl: F =0, T =coswt, C =coswt

2

In order to solve equation (11), (12) and (15) urtde boundary condition (16) following Chaudhatyl [22], we
assume the solution of the form:

F(n't) = FO(n)ei(‘)t! T(n't) = eo(n)eim, C(T]'t) = CO(n)eimt (17)

The resulting equations are solved under the faigwoundary conditions
n=-—3: Fo—haF", Ty =0, Co=0
and (18)

n=%: F0=O, T0=1, C0=1

and we get the following expression for the velpdihe temperature and the concentration profiles
nin -nin nyn -n2n
F(n,t) = [Bgcoshqln + B,sinhq,n + -4 R"’A — B ( e’ e 7 ) — %( e’ __ " ) _

2 \ni2-Renq—12  ny2+Rgn —12 2 \ny2-Reny—12  ny2+Reny—I2

A3€(2+n)r1 + Age(z+77)rz] eiwt o
i PrR7Q (z+m)r1 (z+)ra )
T(,t) = [B1COSth17] + B, sinhn,n + eTl_e2 (leiRePrrl—nz — rZZiRePrTZ—nZ glwt (20)
C(n,t) = = (e(%w)rl _ e(%m)rz) on
where
l=\/1( 14+ 2iQ+iwR, t oo (1+lm) , nz\/N2+¢Pr+inePr2
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r=./(iw+ ¥)S.R, .

The validity and the correctness of the presentitienl is verified by takingG, =G, =H=Q=h=0 and
K — oo i.e. for the horizontal channel in the absencetidtion, slip flow and the condition of the ordipanedium

.In this the case solution reduced to
/ cosh<Re+ REMine)n\
| 1— iwt

2

|e
Re+JR§+4inen
cosh| ————

which is the well known solution reported by Schting and Gerstefi24|for periodic variation of the pressure
gradient along the axis of the channel.

F(p.t) = = (22)

4. SKIN FRICTION
From the velocity field we can now obtain the skiotion 7, at the left plate in terms of the it's amplitudedahe
phase angle as

oF
T, = (%) , = |Flcosw(t + @), (23)
n=-3
with
1 1 GB e~z Mz Grp,n2 o2z
F. +iF;, = B3q1$inh(h; + B,q,coshq, P - 21n1 <n12—Ren1—lz - n12+Ren1—lz> - 22 (nzz_Renz_lz
enz%
i, z) ~AsTi T Aoy (24)
The amplitude i$F| = VE2 + F,>  and the phase angfe= tan~! & (25)

Fy

5.HEAT TRANSFER
From the temperature field and rate of heat tranSfe(Nusselt number) in term of its amplitude and firase
angle can be obtained as

ar
N, = (£>n=_l = |H|cos(t +¢) , (26)
2
where
H, + iH; = —B,n,sinh2 + B,n, cosh=2 + PrRe”Q ( i - 2 ) (27)
r i 171 2 2102 2 eT1—e"2 \r;2—R,Pyry—n? 192 =RePyry—n2

The amplituddH| and the phase angleof the heat transfer are respectively given by
_1 H;
|H| =\H? + H? andy = tan lH—r (28)

where constants used above have been listed aphendix.
RESULTSAND DISCUSSION

In order to illustrate the influence of the varioparameter on the velocity profile, temperaturefifgpothe
concentration profile, the coefficient of skin fian, the rate of heat transfer and the rate ofsti@nsfer in terms of
their amplitudes and phase are evaluated numserifmallthe different value of the flow parameter ahwed in the
governing equations e.g. the rotation parametehe Reynolds numbe,, the permeability of the porous medium
parameter K, the Grashof numlggr, the modified Grashof numbéy,,, Prandtl numbep,, the radiation parameter
N, the heat absorption parametgr the radiation absorption parameter Q, the magrfaid parameter H, the
Schmidt numbes,, the chemical reaction paramegerthe amplitude of the pressure gradient A, the géirameter
h, the frequency of oscillatiot, the Hall current parameter m and time 0. The cases of small rotatiofl & 5)
and the large rotation(f = 10) are taken to assessed the effect of each pan@an&tee numerical values obtained
are expressed through graphs and tables in ordeirtg out explicitly the effect of each parametarthe important
flow characteristics. The figures for the variatiminvelocity distribution clearly exhibit the effeof slip parameter
at the left plate of the channel otherwise distituis nearly parabolic in nature with maximumaaty occurring
at the middle of the channel.

The effect of the Reynolds numby, the porous medium permeability K, the amplitufighe pressure gradient A,
the Grashof numbef,, the modified Grashof numbet,,,on the velocity profile is shown by the Figs. 2o
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respectively for small value of rotation paramefee= 5 and a large value of a rotation paramees 10. It
evident from the study of these figures that thioaity profile is enhanced with the increase ofséhg@arameters.
Figs. 7 to 17 depict the effect of the rotationgmaeter Q1 ,the magnetic field parameter H, Prandtl numbethe
radiation parameter N, the heat absorption paranggtehemical reaction parametgr the radiation absorption
parameter Q, the Schmidt numbey., the slip parameter h, the Hall current parameteand the frequency of
oscillationw respectively. It is observed from these figureat the velocity profile is diminished with the iease
of all these parameter irrespective of small ogéavalues of rotation parameferexcept the slip parameter where
an interesting feature is observed that the velogibfiles increases up tp = 0.2 approximately then it start
decreasing near the right plate of the channel.

The variation in the temperature profile for t #s0presented in the fig 18. It is observed frons thig.18 that the
amplitude of temperature profiles decrease withitieeeasing Reynolds numbRg, the Prandtl numbep., the
radiation parameter N, the heat absorption paranggtehemical reaction parametgr the radiation absorption
parameter Q, the frequency of oscillatiorand it increases with the Schmidt numiser

A variation in the concentration profile is plottedthe Fig 19 and it is evident from the studyttdé figure that the
amplitude of the concentration profile decreaseh wali the parameters effecting the concentratiuaé&on.

The amplitudgH| of the rate of heat transfer is presented Fig.Zhis figure shows thaiH| decreases with the
increasing Reynolds numbRy, the radiation parameter N, the heat absorptiamrpeterp, chemical reaction
parametery, and it increases with the Prandtl nunihethe Schmidt numbest, , the radiation absorption parameter

Q.

The phase anghg of the rate of heat transfer is depicted in Fij. Phere exist phase lag initially for small valuwés
the frequency of oscillatiom and there after the phase oscillates.

The skin friction at the left plate of the chanmelbbtained in terms of its amplitude and the phesgle ¢. The
amplitude|F| is presented in the Table-1 for the different ealwf parameters involved. The values in this table
reveal that|F| decreases with frequency of oscillatian the Prandtl numbep,., the radiation parameter N, the
magnetic field parameter H, the amplitude of thespure gradient A, the Grashof numBgrthe modified Grashof
number G,,, ¢ the heat absorption parameter , chemical reactoanpetery, the radiation absorption parameter Q,
the Schmidt numbes,, the slip parameter h, the Hall current parameteand it increases with the rotation
parameterQ , Reynolds numbe&t, and porous medium permeability K. The phase apgté the skin friction is
shown in Table-2. The negative values in this tahdiécate that there is always a phase lag andptiése goes on
increasing with increasing frequency of oscillati@n The phase decreases with increasing rotatiomyea (Q,
Reynolds numbeR,, the porous medium permeability K, the Grashof bert,, the modified Grashof numbéy,,
the Schmidt numbes,, the slip parameter h, the Hall current parametemd it increases with increasing Prandtl
numberP,, the radiation parameter N, the magnetic fieldapaater H, the amplitude of the pressure gradienthd,
heat absorption parametgr chemical reaction paramepeiand radiation absorption parameter Q.

Curve R,
I 0.5
I 1
1 2

Fig.2: Variation of velocity profiIeV\ﬁth R, for K n , P, = 0.7, H=2,N=1,A=5, G,.=1,G6G,=2,
$=0.10, 5. =0.22, y=0.2,Q=1, h=0.2, m=0.5, w =5.
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Fig.3: Variation of velocity profilewithK forR,=1,H= 2, P, =0.7, N=1,A=5,6,=1,6G,, =2,
— — 0

$=0.10, S, =0.22, y =0.2, Q 5 =
Curve A
[ 1
1 5
" 10

A
=
v

Fig. 4: Variation of velocity profilewithAforR, =1,K= 1,P,=0.7,H=2N=1, 6, =1, G, =2,
$=0.10,5S.=0.22, y=0.2, Q=1, h=0.2, m=0.5, w=5.

Curve G,

I 1

" Il 5
0l 10

-0.5 -0.4 -0.3 -0.2 -0.1 B o.1 0.2 0.3 0.4 0.5

“«— 1 —F—>>
Fig. 5: Variation of velocity profilewith G,. forR, =1, K=1, P, =0.7H=2, A=5,N=1,6,,=2,
$=0.10,5.,=0.22, y=0.2, Q=1, h=0.2, m=0.5 w=>5.
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Curve G,

1
5
10

-0.5 -0.4 -0.3 -0.2 -0.1

o4

0.2

0.3

0.4

0.5

«— 5 —>
Fig.6: Variation of velocity profilewith G, forR, — 1, K= 1, P, =0.7, H=2,A=5, G.,=1, N=1,
$=0.10, S, =0.22, y=0.2, Q=1, h=0.2, m=0.5, w =5.

Curve Q
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Il 3
11 5
v 10

A
=
v

Fig.7: Variation of velocity profilewith Q forR, =1, K =1, H=2, P, =
2,$=0.10,5.,=0.22, y=0.2, Q=1

. -0.5 . :0,4 —[],-3 - -0.2 . -0.1 T’ o1 0z 03 04 05
Fig. 8 Variation of velocity profilewithHforR,= ' K=1, P.=0.7, N=1, A=5, ¢,=1,G,, =2,
$=0.10,5.=0.22, y=0.2, Q=1, h=0.2, m=0.5, w =5.
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Curve P.
. | 0.7
Il 7
N\
-0.5 -0.4 -0.3 -0.2 . -0.1 0.1 . oz 03 04 o5

n
Fig. 9: Variation of velocity profilewith P,.forR, =1, K= 1, H=2,N=1, A=5,6,=1, G, =2,
$=0.10, S, =0.22, y=0.2, Q=1, h=0.2, m=0.5, w =5.

Curve N

II

1
Il 2
4

it
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o
o
-
b
"/f

0.2 0.1

Fig. 10: Variation of velocity profilewith N forR,=1,K=1, P.=0.7, H=2, A=5,

G.=1,
G.=2,0=0.10, §,=0.22, y=0.2,Q=1, h=0.2, m=0.5 w=>5.
—Q =5 ) Curve ¢
" I 0.1
Il 2
0.05 F
Fig. 11: Variation of velocity profilewith @ forR, =1, K= 1,P,=0.7, A=5, H=2, G.=1, N=1,
Gn,=2, 5.=0.22,y=0.2, =1, h=0.2, m=0.5 w=>5.
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Fig.12: Variation of velocity profilewith y forR,=1, K=1,P,.,=0.7H=2,A=5,6,=1, N=1,
G,=0.10,5.=0.22, $=0.10,Q=1, h=0.2, m=0.5 w=>5.

— O=5 I Curve @

...... .Q =10 ﬁ%& II | 1

I 4

-0.5 -0.4 -0.3 -0.2 : -01 T’ o1 : o2 03 04 05
Fig. 13: Variation of velocity profilewith Q forR, =1, K= 1,P,=0.7,H=2, A=5, G, =1,N =1,
G,=0.10, S.=0.22,¢$=0.10, y =0.2, h=0.2, m=0.5 w =5

—QO =5 ] 1 Curve S,
.. Q =10 ﬁ I 0.22
' Il 0.66
0.05 F “\H\ >

Fig. 14: Variation of velocity profilewith S, forR, =1, K=1,P,=0.7,H=2, A
6G.=2,Q=1 ¢=010, y =0.2, h =0 =
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Curve h
|

" I 0
Il 0.2
1] 0.5

< n >
Fig. 15: Variation of velocity profilewith h forR,=1,K=1, P, =0.7, H=2,A=5, G,=1N=1,
6G,=2,Q=1¢=0.10, y =0.2, S, =0.22, m=0.5, w=5.

— Q=5 ! Curve m
I 0.5

o3 i3] I1 1

0.1 F

Fig.16: Variation of velocity profilewith m forR, =1, K=1, P, =0.7, H=2, A=5,6,=1, N=1,

Gn=2 S.=0.22 ¢=0.10, y =0.2, h=02, Q=1 w=5

0.5

Curve w

II I 1

Il 5

m 1 10

< n >
Fig. 17: Variation of velocity profilewith w forR, =1, K= 1, P, =0.7,H=2,A=5,6G6,=1, N=1,
Gn=2,5.=0.22 ¢=0.10, y =0.2, h=0.2, m=0.5 Q=1
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Fig. 18: Variation of the 1 emperature profilefor t=0.
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Fig.19: Variation of Concentration profilefor t=0
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Fig.20: Amplitude |H| of the rate of heat transfer for t = 0.
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Fig.21: Phase angley of therate of heat transfer for t = 0.
Table-1. Amplitude |F | of skin friction for t = 0.
Q R, K P, N H A G, | Gy [} S. X Q h m w=5 w =10
5 1 1 7 1 2 5 1 2 1 2 [ 21| 2] =5 0.9265 0.0589
1 1 1 7 1 2 5 1 2 1 2 |21 2] =5 0.19468 01335
5 5 1 7 1 2 5 1 2 1 2 |21 ] 2] =5 0.61613 0.0462
5 1 5 7 1 2 5 1 2 1 2 [ 21| 2]=5 0.09547 0.6317
5 1 1 7 1 2 5 1 2 1 2 |21 2] =5 0.08896 0.0635
5 1 1 7 5 2 5 1 2 1 2 | 21| 2] =5 0.0888 0.0587
5 1 1 7 1| 4 5 1 2 1 2 |21 ] 2] =5 0.8449 0.0627
5 1 1 7 1 2 10 1 2 1 2 | 21| 2]=5 0.17819 0.1215
5 1 1 7 1 2 5 5 2 1 2 [ 21| 2]s=5 0.87293 0.0480
5 1 1 7 1 2 5 1 5 1 2 | 21| 2] =5 0.09676 0.0572
5 1 1 7 1 2 5 1 2 8 2 |21 2] =5 0.90693 0.0589
5 1 1 7 1 2 5 1 2 1 66 | 2| 1| 2] =5 0.87489 0.0558
5 1 1 7 1 2 5 1 2 1 22 2 1 2 | 5 0.09047 0.0589
5 1 1 7 1 2 5 1 2 1 2 |22 2]=5 0.09034 0.0589
5 1 1 7 1 2 5 1 2 1 2 | 21| 5] =5 0.09863 0.0539
5 1 1 7 1 2 5 1 2 1 2 | 2] 1] 21 0.08074 0.0515
Table-2. Phase angle ¢ of the skin friction for t = 0
Q R, | K P. N H A |G | Gy ) S, x| @ h|m w="5 w=10
5 1 1 7 1 2 5 1 2 1 2 |21 2]s=5 -1.0593 -1.1649
1 1 1 7 1 2 5 1 2 1 2 | 2] 1] 2] =5 -0.7946 -1.0056
5 5 1 7 1 2 5 1 2 1 2 | 2] 1] 2] =5 -0.9948 -1.0887
5 1 5 7 1 2 5 1 2 1 2 | 21| 2]=5 -1.0150 -1.1261
5 1 1 7 1 2 5 1 2 1 2 | 2] 1] 2] -1.0227 -1.1062
5 1 1 7 5 2 5 1 2 1 2 | 2] 1] 2] =5 -1.0519 -1.1546
5 1 1 7 1 4 5 1 2 1 2 | 2] 1] 2] =5 -0.8352 -0.9362
5 1 1 7 1 2 10 | 1 2 1 2 | 2] 1] 2] =5 -1.0284 -1.1228
5 1 1 7 1 2 5 5 2 1 2 | 2] 1] 2= -1.1506 -1.2797
5 1 1 7 1 2 5 1 5 1 2 | 2] 1] 2] =5 -1.1001 -1.2269
5 1 1 7 1 2 5 1 2 8 2 | 2] 1] 2] =5 -1.0588 -1.1644
5 1 1 7 1 2 5 1 2 1 66 | 2| 1| 2] 5 -1.0734 -1.1785
5 1 1 7 1 2 5 1 2 1 22 2 1 2 | 5 -1.059 -1.1638
5 1 1 7 1 2 5 1 2 1 2 | 2] 2] 2] =5 -1.0597 -1.1637
5 1 1 7 1 2 5 1 2 1 2 | 2] 1] 5] =5 -1.2046 -1.3172
5 1 1 7 1 2 5 1 2 1 2 |21 1] 211 -1.1237 -1.2182
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Appendix
A, = PrRZQy ( 1 _ 1 )
17 er1—e'2 \r2—PRer;—n?  rZ—P Rery—n2/ ’
A, = PrREQ ( e _ er2 ) A, = PrREQ ( 1 ) A, = PrREQ ( 1 )
2 7 er1-ef2 \r2—P.Rery—n?  rZ-P Rerp—n2/ ' 3 7 eri-ef2 \r2—P Rer;—n2/’ "% 7 er1-ef2 \rZ—P.Rer;—n2/ ’
__ 1 _ _ _ Ag _ A7 )
As ===, As=GA;+GAs, Ay = GeAy + GuAs,  Ag = (ri—Rerl—lz)’ Ay = (rg-Rerz-lz ,
RS oy _nz nz _n1
R, GrB e 2 ez GrB e 2 ez GrBin e 2
AlO:_ezA-i_rl 2 :t— 2+r2 2 2 .2 z_h == 2 2
q 2 nq%—-Renq -1 ni%+Renq -1 2 ny%—Reny -l ny%+Reny -1 2 ni{%—Renq -1

n;2+Reng —12 2 ny2—Reny—12  ny2+Ren,—12

ny _n ny _hp
R, GrB e2 e 2 GrB e2 e 2
Ay =——3+ ”( + >+ ”( - >+A8er1—A9er2,

ng _nz nz
£ )+GFBZ“2( o >]+A8(1—hr1)+A9(1—hr2)

12 2 ni2-Reni—12  n;2+Renq-12 2 ny2—Reny—12  ny2+Ren,—I12
_ 1-Aj-A; _ 1+A1-A; _ (A1o+A11)sinh22+A;;hq,coshd2
1= N1 P2 7 ginnt2 3~ 9d1i,n92 41 q2 inhLsinnhdz) ’
2cosh > 2sinh > 2cosh 2 sinh 2 +h(q2cosh 2 cosh 2 +q4sinh 2 sinh 2 )
Al -A h314 A hq,sinhdd Re+ [RZ+412 Re— [RZ+412 )
_ (A11—-Aqo)cosh=-+A;,1hqysinh=—= q = e e qQ = e e - PrRe++y/(PrRe)2+4n
4 ZCOSh%Sinhqz—2+h(q2COSh%COSth—Z+q15inh%Sinhqz—2) i1 2 12 2 ' 2 !
n, = PrRe—+/(PrRe)%+4n? ro= ScRe++/(ScRe)%+4r2 r = ScRe—+/ (ScRe)?+4r2

2 2 ) 1 2 ! 2 2
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