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ABSTRACT

This paper deals with the influence of slip and heat transfer on the peristaltic transport of a Jeffrey fluid in a
vertical asymmetric channel with porous medium. The governing equations are solved by using perturbation
technique. The expressions for the temperature, the axial velocity and pressure gradient are obtained. The impact of
various physical parameters on the velocity, the temperature and the pressure rise are discussed through graphs. It
is believed that the results presented here will find prospective application in the study of various fluid mechanical
problems associated with gastrointestinal tract, intra pleural membranes, capillary walls and small blood vessels.
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INTRODUCTION

Peristalsis is a well known mechanism for mixingl aransporting fluid which is generated by a pregree wave
of contraction or expansion moving on the wall loé tube. It occurs widely in many biological andrbedical
systems. It is an inherent property of many tubwiagans of the human body. It plays an indispeasible in
transporting many physiological fluids in the boily various situations such as swallowing food tigtouhe
esophagus, movement of chyme in the gastro-intddtiact, urine transport from the kidneys to thimary bladder
through the ureter, the transport of spermatozathenductus efferentes of the male reproductivet @ad in the
cervical canal, movement of lymphatic fluids in lghatic vessels and circulation of blood in smatidal vessels.
Also peristalsis involves in many industrial andrbiedical applications.

Peristaltic transport has been studied under varmnditions by using different assumptions likegavavelength
or small amplitude ratio. Shapiro et al. [1] stubligeristaltic pumping with long wavelength at loveyRolds
number. Manton [2] considered an asymptotic exmem$dr flow in an axisymmetric pipe with long peaikic

waves of arbitrary shape. Fung and Yih [3], Jafénmd Shapiro [4] many aspects were made to studstakic flow

of different types of fluids under different cordits. Radhakrishnamacharya [5] has investigated \eavelength
approximation to peristaltic motion of a power |fuid. Shukla and Gupta [6] studied the peristaltensport of a
power law fluid with variable consistency, Srivagtaand Srivastava [7] discussed the peristalticsprart of blood:
Casson model Il. Takabatake and Ayukawa [8] stutliedwo-dimensional peristaltic flows numericaWeinberg
et al. [9] made an experimental study of peristgiimping. Yin and Fung [10] investigated the carngon of
theory and experiment in peristaltic transportv&stava and Saxena [11] studied a two-fluid maxfehon-

Newtonian blood flow induced by peristaltic waveegristaltic flow of micropolar fluid in an asymmietchannel
with permeable walls is discussed by Sreenadh ¢12]. Sucharitha et al. [13, 14] described thaspaltic flow of

non-Newtonian fluids in an asymmetric channel waitiious medium.

The interaction of peristalsis with heat transfas mot received much attention. The thermodynangispéects of
blood may not be important when blood is insidelitbdy but they become significant when it is draw of the
body. Keeping in view the significance of heat #f@n in blood flow, Srinivas and Kothandapani][aBalyzed the
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influence of heat and mass transfer on MHD petistdlow through a porous space with compliant wall
Lakshminarayana et al. [16] have reported the émfte of heat transfer on MHD peristaltic flow thgbua vertical
asymmetric porous channel.Vajravelu et al. [178i&d the influence of heat transfer on peristat@nsport of a
Jeffrey fluid in a vertical porous stratum. Agra/a8] discussed the heat transfer to pulsatile fidva conducting
fluid through a porous channel in the presence afmetic field. Tang et al. [19] investigated theigtaltic flow of
a heat conducting fluid subject to a prescribedsuee drop. Radhakrishnamacharya and SrinivasOlusfdied
the influence of wall properties on peristaltiotsport with heat transfer.

All the above investigations on peristaltic trangplbave been done taking into account the classicaklip
boundary condition. However, in several applicagiothe flow pattern corresponds to a slip flow dhne fluid
presents a loss of adhesion at the wetted wall myaltie fluid slide along the wall. Beavers and pbsf21]
investigate the fluid flow at the interface betweeporous medium and fluid layer in an experimestatly and
proposed a slip boundary condition at the interfddews with slip would be useful for problems ihetnical
engineering, for example flows through pipes inakhchemical reactions occur at the walls, two-pHases in
porous slider bearings. Saffman [22] proposed qraned slip boundary condition.

Physiological researches (de Vries et al. [23]jdatk that uterine peristalsis resulting from mytmaécontraction
can take place in both symmetric and asymmetriections. In different studies pertaining to thetgzstestinal
tract, intra-pleural membranes, capillary wallsymam lung, bile duct, gall bladder with stones anthl§ blood
vessels, flow in porous tubes and deformable polaers have been examined by different authossméntioned
by Keener and Sneyd [24], gastrointestinal tractugounded by a number of heavily innervated neutzyers
which are smooth muscles consisting of many fdidggel [25] observed that the capillary walls aner@unded by
flattened endothelial cell layers which are pernieaRamana Kumari and Radhakrishnamacharya [26]ed the
effect of slip on heat transfer to peristaltic 8part in the presence of magnetic field with wéféets. Arun Kumar
et al. [27] examined the influence of partial stip the peristaltic transport of a micropolar flurdan inclined
asymmetric channel. Hayat et al. [28] investigatsal influence of partial slip on the peristaltiovfl in a porous
channel. Vajraveluet al. [30] analyzed the petistatransport of a conducting jeffrey fluid in amclined
asymmetric channel. Sreenadh et al. [31] studiedetfect of MHD on peristaltic transport of a Psapidstic fluid
in an asymmetric channel With porous medium. Lakshmyana et al. [32] examined the peristaltic pingmpf a
conducting fluid in a channel with a porous perigihéyer.

In view of all the aforesaid observations and réain this paper, the interaction of non-linearigialtic transport
with heat transfer for a Jeffrey fluid with slip lomdary condition in a vertical asymmetric porouaratel is studied.
A perturbation method of solution has been obtaimettrms of various parameters and analyticaltaols have
been obtained for velocity and temperature. Thaesgion for pressure rise is obtained. The effetdifferent

pertinent parameters on average velocity, heasfieacoefficient and pressure risehave been studied

2. Mathematical formulation

Consider the motion of a Jeffrey fluid in two dinsémnal vertical asymmetric porous channel. Thesiidal waves
propagated along the channel walls are of theviaig forms

Y= H, = d1+a1Cos{27ﬂ(Y—cf)} (upper wall)

Y = H,=-d, - blcos{ZTH(Y - CE) + w} (lower wall) 1)

where A is the wave lengthfl, + d,is the width of the channe@ andl are the amplitudes of the waves, the
phase differencd? varies in the rangQS§0S Y= Ocorresponds to symmetric channel with waves areobut

phase an§ = 71 with waves are in phase, and furthe@, bl, dl, d2 and ¢ satisfy the condition [29]

a’ +b’ +2ab cosp< @,+d, )’ )
The governing equations are

a_U+a_V:O

—+—= 3
X oYy ©
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Momentum equations

- 3S.  4S. i
aaLt’+uaU +vaLf =-9P L T TY—waogﬂ(T—To) )

Po = . .
0 X oY oX dX oY

A0 A -~ 9S.  dS. i
po| a0 Ny VN2 0P T T My, ®
o  ax ay) oY axX oY

Energy equation

N2 N2
nC ﬂ+l:l£_+\_/£_ =K _62T +—62T +2U a—lf + a—\_/
0~p at 0 _2 _2

oxX oY IX oY 0X aY (©6)

_ _\2
_2
AR -y
o0X oY
hereU,V are velocity components in the laboratory frof}, is density, i is coefficient of viscosity of the fluid,

g is the acceleration due to gravity, T is the terafure of the quid,TOis the mean value oTl ande, P is the

pressureg is the coefficient of thermal expansi(ﬂ],is the specific heat at constant pressukg is the thermal
conductivity, k is the permeability parameter.

The transformation between wave frar('u& Y) moving with velocity C and the fixed fram&(?,?) is given by

x=X-ct, y=Y, u=U-c, v=V, E)(?():I_D(Y,f) 7

whereU ,V , Pare the velocity components, pressure in the ldboraframe andu,V, p are the velocity
components, pressure in the wave frame respectively

We introduce the following non—dimensional quaeti

_ _ _ _ —
x=5,y:l,u=g,v:l,5:i,p=OIl p,t:Ct,hlzi,
A d, c co A HUCA A d,
hz_i’Re pOCdl 'd_ﬁ’a:ﬁ,b:& 2:O-BOZd:I-2 i
d, H d, d, d, H Jk (8)
T,-T c = ?
T:G(Tl—TO)+T0,h:( 2"To) poH% gohigge &
(1_ o) Ko HC Cy (Tl To)
T,-T,)d?
N:EcPr,Gr:'Bg( luc o)

where Re is the Reynolds numbér, is the dimensionless wave numbéF,is the permeability parameter, Gr is the
Grashof numberPr is the Prandtl numbet/ is the kinematic viscosity, Ec is the Eckert numtesnd N is the
perturbation parameter.

The equations governing the flow become
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ou  ov
—+—=0 ©)
ox oy
0
OR (u+1)@+vau :—@+ﬁ5+&—az(u+l)+6r9 (10)
ox oy ox 0X oy
0 0
O°R (u+1)@+vav =P, 2,5 5 sy, (11)
ox oy ox 0x oy

2 2 2
SPrR| (u +1)%+ 96 1|2 952+a A PYON (a“) ovY N[ 520 +No?(u+1)*
ox oy o0x? oy? 0x ay ox oy

(12)
_ 20 ocl 0 v O |ldu
where S = + u—+——1||—,
1+ A, a 0X 00y )|0x
s, = 1 oA,c ui Vv 0 || ou a_av ,
1+ A a ox Joy ay ox
- F) 2
S = 20 1+5A2C ui Xi @, and _Sky = 1 a_lz'l
o1+ a |\ ox Joay)|ay oy ), , 1+Ady
The non-dimensional boundary conditions are
ou
u+L—=-1 and =1 at y=h(x)
ay
ou
u- Laz—l and f=n at y=h,(x) (13)

where L is the non dimensional slip parameter. {she long wave length approximation and droppemgns of
order o and higher, equations governing equations angcestito

op, 1 9°u

=—— — -0°U+D)+Gré
X l+/116y2 (1) a4
op

0=-—
dy (15)
9°0

0= —+N(—) +No? (u+1)? (16)
oy oy

3. Solution of the problem
Equations (14) and (16) are coupled and non-lindance they are difficult to solve. However thetfidds small in
most practical problems allows us to employ a pbettion technique to solve these non-linear eqoatiwVe write

(u,8,p) = (uy,8,,Po) + N (U8, p)+ oo (17)

Using the above relation in equations (13), (14) @r6) we obtain a system of equations of diffecrders.

0
3.1.System of order N

The governing equations of the zeroth order are
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2
0=- dp, , 1 07y,
dx  1+4, oy

62(9
v o

The appropriate boundary conditions are

-0° (U, +1)+Gr g, (18)

%:—1 and 6,=1 at y:hl(X)
a y (20)
u_Lﬂ—land Gy=n at y=h,(x).

oy

solving the equations (18) and (19) with the usbafndary conditions (20) and we obtain the zeoutler velocity
and the temperature as

U, =c,cosho,/ A y+c, sinlo,/ iﬁly—% ?d%+02—6r ¢y+c, ) (21)
90 =cy+c, (22)
where

1-n nh —h 1d 1d
C="— hl h C,= [:l_hzz’ 03:?%394-310’ C _57(1 0_— Po )_

Using the relation (17) we obtain zeroth-order digienless mean flow in the laboratory and in theeMaames as
h

@, =Fy+1, F,=[u,dy,
0

Where

d -s,—h,+h
Fo = d%(% 2 2]+%3+sl4 i @3)

The corresponding pressure gradient is given by

dp, - 02(F0_513_314+ S;5=S19

(24)
dx Si 7S h1+ hz
Also, the non-dimensional zeroth-order pressueeisgiven by
1
d
Ap, = j Do gy, (25)
o OX
3.2.System of order N !
The governing equations and the appropriate boyratarditions for the first order are
dp, . 1 d°u,
0=-"Thy —ou+Gré, (26)
ax 1+ 1+ 11 Oy2
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2 2
o:%+(%} +07%(u, + 1), (27)
y y

+L%—y——1 and 6,=1 at y=h(x)

3 (28)
ul—La—l:/l:—l and 6,=n at y=h,(x)

Solving the equations (26) and (27) with the usbafndary conditions (28) we obtain
. 1d

u, =c,cosho I A y+c, sinto PAy-— d—pl

g X

cosh2/ # A y—-s,, sinh@a £A,y ¥ cosh HAy S(y*+S.y—Se

-Gr
+sinho 1+ Ay 6,y + S,y — S5g)+—y +3 S Y =Sy ~Ss¥ S

6, =s,cosh /A y-s, sinha,/ Ay ¥s,, sinhy Al y+s, c s:h/ 0y

—Syp(cy +¢y)le,sinhoy1+ Ay +c coshoy ¥ Ay }%yz_iys 17 y* TGY+C

(29)

3
(30)
where
:%9+S;Etf1;11_842' Cs = S;a~SustSusTSuCh,y
1 dp, 1 1 dp, j
== +Gr(s,+Ls,,)-cs,|, c.=———| ——"2(s,~S)+Grs
= 2 Rrar(sris)os) et 2 R(s ) s,

Using the relation (19) we obtain first-order diraiemless mean flow in the laboratory and in theevames as

h
© =R K :J‘uldy’
0

d
in which =£%7+Sloc (31)

The corresponding pressure gradient is given by

dp, — (FL ~Si00)

& . (32)
The non-dimensional first-order pressure rise egiby
td
Ap, = ! d—'?(l dx. (33)
The expression for the velocity is given by
u=u,+Nu, (37)
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where U, and U, are given by the equations (21) and (29). Theesgion for the temperature field is
6=6,+N§, (38)
Where90 and 491 are given by the equations (22) and (30).

The expression for the pressure rise is

Ap=Ap, + NAp, (39)
whereAp) and Ap1 are given by the equations (25) and (33).

RESULTSAND DISCUSSION

Equation (37) gives the expression for velocityténms of y. Velocity profiles are plotted fig.1to study the
effects of the physical parameters (such as thengedility parametelr, the slip parametet , the Grashof

numberGr , the phase differenc§, the Jeffrey parameté{and the perturbation parametsr) on the velocity
distribution in the vertical asymmetric porous cheln Fig.1a is drawn to study the effect oﬁl on the velocity. It

reveals that the velocity profiles are parabolice \@bserve that the velocity decreases with incmgaﬁi and

intersect near the centre of the channel furth@osipe behaviour is observeHig.1bis plotted to study the effect
of 0 on the velocity. We observe that the velocity dases with increasir@. From Fig.Ic, we see that the
velocity decreases with an increaselin Fig.1d, Fig.Xand Fig.1f are plotted for velocity for different values of

N, Gr and @. We notice that velocity increases with the insgem N, Gr and decrease iff.

Temperature field is calculated from equation (@8jerms of y. Temperature profiles are plottedFig.2to study

the effects of the physical parameters of the gioblFig.2ais drawn to study the effect 011 on the temperature
distribution in the vertical asymmetric porous cheln It is observed that the temperature increassincreasing
/11 and the temperature profiles are parabolic througkhe channelFig.2bis drawn to study the effect @ on
the temperature. It is notice that the temperatnoeeases with increasing. From Fig.2c we find that the
temperature increases with an increasé inFig.2d, Fig.2 and Fig.2f are plotted for different values o,

Gr and @J. We notice that the increase W, Gr increases the temperature. Also observe thatntrease ing?
decreases the temperature.

Equation (39) gives the expression for the presgsseeAP in terms of the mean flow . The variation of pressure
rise with the mean flow for different values 4f is shown inFig.3a. We observe that for a give®, AP

increases with increasiny. Fig.30 shows the variation of pressure rise with the nfeeam for different values of

O . We notice that pressure rise increases wiieimcreases. The variation of pressure rise withntiean flow for
different values ofL is shown inFig.3c. We find thatAP decreases with increasirlg. Fig.3d depicts that

pressure rise decreases whinincreases. Fronfig.3e we observe thaAP increases with increasinGr .

Fig.3f describes that pressure rise decreases Wiecreases.
Appendix
s =coshoy[ A h+(Loy ¥ 4,) sinby[ £4,h, 5,= sin/ A4h+(Loy A1 )co sh/ +3

Ss:Gr(cl(L+le)+c2)—02

s,=costoy[ A, h,~(Loy ¥ ;) siner[ 24,h,
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Gr(g(h-L)+c,) -0’

S =sinhoy/ 1+ A, hz—(La J:Ir/]l)co sto,/ ¥A,h, s,=

0.2
-S S, —SSs 1+s SSg—Ss,—S;1
s, = 5.[_4 5 = S35y _51 g =21 57 LS, = 55 SP7 S3
$5 7555 5, 7555 Sy Sy
_S(sinhoy1+ A h, - sinho\/ ¥ A, h, ) _S; (cosbry £4,h,- co +14,h,
' o1+, o1+ A
_ S(Sinho/1+ A, h, - mnkm/]ﬂ-)llhz) _ $:,7Sg)(cosbry £4,h,- co +14 h,
’ oJl+ A oJl+ A
_(h-h)(@*-Grc) _ _(h'-h)Grc, Gre, . __dp/dx
%.5 0_2 ’%.6 20_2 ’Sl7 0.2 19187 0.2 !
o’(c’(1+A)+c,?) o?(c,X(1+A,)+c.?)
5, =2 > Jred) o -2 > 1) = 00,0,(240) 5, w({FAsie 00 5,
S23:20(\/1"'/]131704"'JC3318)’5242513"'025 12’3 25:L8202 'S 26:#2’
(2014 2,) (2014 2,)
2Gr 1
S = a z£1+ 1+ J,SZ8:327C3_#2,329:327C4_¢2
(20 1+)I1) oL+ A (0’ 1+)I1) (a 1+)I1)
r’c’ Gr?c,c
%0=L2, 5312819_820_824_2818Grc2_—2(:2’SSZZSlQrC i (2:1 of
(oy+ 7,) a 4

s,; =cosh,/* A, h - cosha,/ tA h, s,,= sin A, h - sineg +3 h.
S;s =sinho/1+ A, h, - sinho/ % A, h,, 5,= cosb 44, h - co +1 ,h,
s, =(ch +c,)(c,sinhoy 1+ A h +c,coslwy 4.,

sg =(ch,+¢,)(c,sinhoy T+ A.h,+c cosloy £A.h,$.7 SS 7S 8 S § 5

2_h2 h2 h h:-h.2
S40:329836_330(337_338)!S4l:(hl > j[snasn[ 6 JJ 'S a7 3{2 : 3 2J

S, =S,,Sinh 20 /1+ A, h,-s,.cosh2,/ +A,h, s ,=s,, siniy/ 41 h #s ,, cosh/ +U h

s = Sy(ch, +cz)( Sinho,/1+ A ,h +c ,coslo,/ 14 h) S =S 3% +0'2521212 s Jl]l

2
s,; =cc,sinhoy/1+ A, ,s,.= 2o ¥ A -c¢,s,7/ccqg ¥ ,s .7 2ca, ¥4 ycc ,
N _Su(l+A)-s7 s ‘(1+44)-2, _ _cg 2(1+ 1) —s,(1+A)- 2,
! 20° e o'(1+4) ot (1+A)°
5, =305 o - Sudu, A s8¢, S w _S S o SeVitA 5, =S 6%
TG T g og N ggr 0T ggt S gy r 0 et

530:2554"'055 1+/]1’561:555_0 1+ A D 59S 67 3 57 04 ¥ $ s &3S 504 A S
S, = Cosho 1+/11h1(554hi+55411—556) S o= Sinto/ A h (s h*+s hts %

4 3
:§71i2+532%_55h21_5591_5535 67 S 2§inha\, +Ah s gostwy 4R
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S, =Cosho, lk)llhl(a lwllsshi+sﬁpl+sﬁ) S o Sinr 21 h(ﬁ\/ A5 P #s s )5

3 2 h+
Sio:§7%+532%_255h1_552S71:_S FSFS @S S 77 SG7+S &S &S

S, =S,cosh2r,/ ¥4 h,-s, sinha,/ tAh X = cogh/ +l h {s s hss 5)6
: hy h3
S;5 = sinho 1+ A, h, ( 57h2+352hz S 9) 376_817 332\302_3 31:1 s h3s
S, =S,Sinh 20,/ 1+ A, h,—s,, cosh@,/ £1,h 2578— co +1A hz(aw/ +Ush’+s h s 91
s,, =sinho 1+)I1h2(0' HAsho+sh+s ) S o= szl%+s 32hz 23 hs5s

02
,/1+/1 S,
,= NT 1T 4 g &t S gt

175 7 S +8S,+S,.+S, SaSerSS ALs )ms(s zls ),

30° >
S, = S)5 S35, S,5S533 s :%s( 54(hi_ 2)+555(h1—h)—55() S, = (2554(h1_h2)+555)536
‘T gt 1+, 1 985 N ' 86 (J 1+/11)2 ,
5, = 2S,, S;: s :%6(557(hi_h§)+558(hl_h9_559 - (2557(h1_h2)+558)535
' (a 1+/11)3 ” ayl+ A i (a 1+/11)2
5_h5 4_p4 3_
S = 2557536 3’891:Si7(h1 h2)+332(h1 h?),sgzzsﬁ(hl h32+852(hi—h§)+853(h1—h2)
(o7 ) 60 12° 3

%3:SS4+885_586+SS7,894:388_S 8 S o S 1S o gg(i_(h _1h )%1
S, 01+ A,

S = (54_51)(536_535) S :(595"'599 S =Gr(s71+|—57)s35 S = Sg’r(s &S ;5
* o1+ A (ss,-88) o> 7 ofi+A 7 o1+ (ss,+55.)

Sipo = Sggt+ Sgg~ GF (393+ S 94)

y
(b) ©
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15 ——N=01
——N=02
—N=0.3

K 5 0 05 f A 3 0 05 f ™ 15 0 05 f
Y (d) (e; )
Fig.1Veocity profilesat a=0.5b=0.5,¢= 1.1, x= ®)= 2or (o= 0.5= 0.%=7 8,
Gr=03L=08b)A=0IN= 02p=7 &= 0B= 0B@)= ON= O0@=71
Gr=0.30=056 W =0.1L=05¢=7 8Gr= 0.37= 05(} = .0L=0.5 ¢=778,
N=020=05f },= 01 = 05Gr= 08 = 0&= 05

126 T T 13

124

05 0 05 1 K 05 0 05 f
y
@ (b)

118 T T T 1.14 T T T 115

—N=0.13

-0?5 0 0:5 1 -1 -0?5 0 0:5 1 4 -0:5 0 0:5 1
' @ © (")
Fig.2Tenperature profilesat a=0.5b=0.5d= 1.1, x= O)= (o= 0B= 0Z%=7 8,
Gr=03L=05b)A=0IN= 02p=77 & = 0B= 06@)= ON= 0@
Gr=030=050 ) = 0LL=05¢=77 8Gr = 0.37= 0.5(} = 0.L,=0.5, ¢=778,
N=0.10=05¢ ), = 01 = 05Gr= 0.8/= 04= 05
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-2

- 05 0 05 1
]

(@) (b) (c)

Fig.3Variation of pressureriseversus flomrateat a=0.5b= 0.5, In= 0.8a)o= 0.3 = O.y=7
Gr=0.1L=023b)A = 0.IN= Olp=7 & = 0= 06@})= ON~ Ogr77 B~ 10
0=02d)A4=01L= 029=78,Gr=0L0=02@)A =01L= 02¢=7 8\N= O0.&z= 0.2
(f)A=014L=02Gr= 0.IN= 0.r= 0.2
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