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ABSTRACT

The effect of heat transfer on peristaltic flonaafouple stress fluid through a porous medium ftwa dimensional
flexible channel was studied under long wave leragihroximation. A Closed form of expressions isveer in
terms of wall slope parameter for axial velocitgmiperature and heat transfer coefficient using yrbdtion
method. The effects of pertinent parameters ofdsteon temperature and heat transfer coefficienet explained
graphically.
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INTRODUCTION

Peristalsis transport is a form of fluid transpimduced by a progressive wave of area contractioaxpansion
along the length of a distensible tube containloglf In physiology, peristalsis is used by the ypéal propel or mix
the contents of a tube as in ureter, swallowingdfdbrough the esophagus, movement of chyme in the
gastrointestinal tract, movement of ovum in the dénfallopian tube, vasomotion of small blood véssmotion of
spermatozoa in cervical canal, transport of biléile duct. Some worms use peristalsis as meamscofnotion.
Roller and finger pumps using viscous fluids alperate on this principle. The mechanism of petistalansport
has been exploited for industrial applications ldamitary fluid transport, blood pumps in heartgunachine, and
transport of corrosive fluids where the contacttloé fluid with the machinery parts is prohibited.i$ also
speculated that peristalsis may be involved intthaslocation of water in tall trees. The tranataan of water
involves its motion through the porous matrix o€ ttiees. The peristaltic transport of a toxic lijis used in
nuclear industry so as not to contaminate the detenvironment. The problem of the mechanism ofstasis
transport has attracted the attention of many tiya&®rs since the investigation of Latham [1]. @haand Jaffrin

et al [2] have studiedoeristaltic pumping with long wavelength at low Relds number. After these studies,
several authorBung and Yih [3], Raju and Devanathan [4], Sriveatand Srivastava [5], Kavitha et al. [6], Rathod
and Kulkarni [7]have studied peristalsis under different conditions

Couple stress fluids are fluids consisting of rigidndomly oriented particles suspended in a visaoedium.
Couple stress fluid is known to be a better modebfo-fluids, such as blood, lubricants containgmgall amount of
high polymer additive, electro-rheological fluidsdasynthetic fluids. In non-Newtonian fluid modetsuple stress
fluid model has distinct features, such as poltaot$ in addition to possessing large viscositye Titeory of couple
stress was first developed by Stokes [8] and reptsshe simplest generalization of classical thedrich allows
for polar effects such as presence of couple sardshody couples. A number of studies containimgpte stress
have been investigated by Valanis and Sun [9], @hat [10], Srivastava [11], Elshehawey and Mekhezifi2],
Mekheimer [13].Recently,Sohail Nadeem and Safia Akram [14], Alemayehu amdHakrishnamacharya [15],
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Sreedah et al.[16Raghunatha Rao and Prasada Rao [17] have studissthfiic transport of a couple stress fluid
under different conditions.

The interaction of peristalsis and heat transfes bacome highly relevant and significant in sevémdustrial
processes also thermodynamical aspects of blooohteesignificant in process like hemodialysis anglg@nation
when blood is drawn out of the body. Victor and ISf#8] studied heat transfer to blood using thesGasmodel.
Maiti [19] studied flow and heat transfer of a cteuptress fluid sandwiched between viscous fluyedia.Nadeem
and Akbar [20] studied the influence of heat transfn a peristaltic transport of Herschel-bulkl&yd in a non-
uniform channel Radhakrishnamacharya and Srinivasulu [21] investyahe influence of wall properties on
peristaltic transport with heat transfer @dbh et al [22] dicussed heat transfer in peristélthw of visco-elastic
fluid in an asymmetric channel.

Flow through porous media has been of consideliatdeest in the recent years due to the potenfiplieation in
all fields of Engineering, Geo-fluid dynamics angb®Bechanics. Study of flow through porous mediarimense
use to understand transport process in lungs, k&jrgallbladder with stones, movement of small dleessels and
tissues, cartilage and bones etc.. Most of theds# the body (e.g. bone, cartilage, muscledafermable porous
media. The proper functioning of such materialseteis crucially on the flow of blood, nutrients asal forth
through them. Porous- medium models are used tergtahd various medical conditions (such as tumowt)
and treatments (such as injections). Sobh [23]shgated peristaltic transport of a magneto Neveoniluid
through a porous medium. Recently, Ravikumar and@asad [24], Rathod and Channakote [25], RamidiRedd
Venkata Ramana [26], studied the interaction ofspasis through a porous medium. Krishna kumaralgP7],
Raghunatha Rao and Prasada Rao [28] investigagedttraction of peristalsis with heat transfenoh-Newtonian
fluids through a porous medium.

The object of this paper is to study the effech@ét transfer on peristaltic transport of a Cowgbless fluid through
a porous medium in a two dimensional flexible clerunder long wavelength approximation. A pertudrat
method of solution is obtained in terms of wallpg@arameter and closed form of expressions hasdezéved for
axial velocity, temperature and heat transfer cdefit. The computational analysis has been carded for

drawing various parameters on temperature andttaeefer coefficient.

FORMULATION OF THE PROBLEM

Let us consider the peristaltic flow of a Coupless fluid through two-dimensional channel of width symmetric
with respect to its axis. The walls of the chararel assumed to be flexible and the geometry otlia@mnel wall is
given by (Figure.1)

y=n(XtH=d+a Sin%( X— c} 1)
Yy wave velocity ¢
/’,/—""_'_'___""‘\H\ T e
/ N 4 N

) / \\x—_____ < ampiitude \5___

oz
n(Xt)=4d +Sz’n7(X—cr)

membrane ear half width
— e p e
\\ /'/ - }//
. \ /
— wave length —
A
Figurel. Geometry of the problem

and the equations governing of motion for the prepeoblem are
ou o0v
—+t>-=0 @)
ox 0y
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du du, du|_ _0p 2 _id M
p(ﬁ+u ﬁ“’ﬂ)_ Fx tuH7u-n'0%u klu ®3)
ov ov, dv\__0dp 2, _ 4, M
0T . 0T, dT\_, 2 a_u+_j V2
pcp(at+uax+\,ayJ—kD T+u(ay (u2 ) (5)

Wherea is the amplitude of the peristaltic waweis the wave velocity/] is the wave lengttd is the width of the
channel and is the timeu andv are velocity componentp,is the fluid pressurep is the density of the fluidy is
the coefficient of viscosity/7' is the coefficient of couple stresb,is the temperatureZ, is the specific heat at

constant pressurg, is the permeability of the porous medium &rid the thermal conductivity.
The relative boundary conditions are

u=o0 at  y= (6)
2

M=o at y=uy ™)

dy?

v=0 at y =0 (8)

T=T, at y=
0 a y /7} ©

T:Tl at y=1n

Introducing a wave framg, y) moving with velocity ¢c away from the fixed fran(d€, Y)by the transformation
x=X-ct, y=Y,u=u c,v=V, p=R X)

Using the following the non-dimensional variables

*:5 :_y *:H * = v * = it* :,7*: p& :T_-IE)
D AU ¢ T =P #C/]G* T, (10)

Substituting equation (10) in equations (1) to {Bgse equations reduces to (after dropping ak$gris

y=7n(x)=1+ £ Sin 2z x (11)
ou, ov_, (12)
ox 0y
ou, ou_, du\__0p
R&(at U 5% v—y)— ™ +Ul u- Sﬂl uD* (13)
R53 ﬂ+u ﬂ+vﬂ :—a—p+52512V—852514V— D_152V (14)
ot ox 04y ay
RJ %+U%+ % _i 129+E ﬂ+526V ED_l(U2+52V2) (15)
at dx 0dy) p oy 0X
—529% 02 0
6x2 ay?
The corresponding dimensionless boundary conditmas
u=-1 at y=tp (16)
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6_2u =0 at y=zxp 7i1
dy?

v=0 at y=0 (18)
=0 at =—1

=1 at y= /7}
Where

(19)

a d cd
E=— andd = ; are the geometric parameter®l = — is the Reynolds number,
14

' k
is the Couple stress parametel) = d—é is the Porous parameter,

n
ud

S= 5

pCpV C2
= is the Prandtl number,E = —  is the Eckert number.
Ky Cp(TL—To)

F}

METHOD OF SOLUTION
We seek perturbation solution in terms of smalapzeterd as follows:

US U+l +0%Uy+.... (20)
0=0,+00,+0%0, +...... (21)

The use of expansions (20) & (21) with equatior®) ¢b (15) and boundary conditions (16) to (19) antlecting
the coefficients of various powers of

System of order zero

ORy

4 2
sl 0, y1, - 9B 22)
ay” oy 0X
2 2
119 320 + E[%j +EDMuy? =0 (23)
Rloy oy

With the dimensionless boundary conditions are

Up=-1 at y=1n 24
aZUO
=0 at y=xn (25)

dy?
Vv, =0 at y= ( §26
0,=0 at y=-

0 y=-1 ©7)
0,=1 at y= np
On solving the equations (22) & (23) subject to¢baditions (24), (25) & (27), we get
u, =M3Cosh m y-M, Cosh g yPD (28)
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eozgl{Cosh[z m y]}rgz[ Coshp gy yq+g3[ Cosh[ (En + )?

m’ m’ (my +m, ¥ 00
+g4[Cosh[ (m -m )y]J+g5 ¥ +By+B,
(m -m, ¥

Using equation of continuity (2) and subject to toadition (26), we get

v0=a—n2hgsTanm 7l Seéh pi smm% 59 Tangim  [Segh m [ Siph (30

System of order one

4 2
sl 0, p1y=-R_ g, b, O 31
ay* ay 0x ot 0Xx ay
2 2
1 % ve/ U] +E D’ =R 9% 4 Uo 9% , Vo %% (32)
R\ oy ay ot ox oy
With the dimensionless boundary conditions are
k=0 at y=1n 33}
62u1
—= at y=#$ (34)
ay2
v, =0 at y= ( 5(3

6,=0 at y= —/7} -

0,=1 at y= 7

On solving the equation (31) & (32) subject to toaditions (33), (34) & (36), we get

u =gs Coshmy g Coshm-y M Cdshim jm-y ;M Cosgm } m
MgCoshi2 m]y- M, Cosf2 Bl v @

(37)
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Cosimy,, Cosh m2 hly, Cosh,m2 jn vy
2 (my +2my, Y (m -2m §
+n4Cosf!(2n@ +m) 1/+(n5 41,0y) 0$ an] Yy (ng+nyy Cgga ,m ) y
(2my +my, ¥ (2my -y ¥
y>Sintimy . Sinimy CodB mly % Sinhyh y
2 %—nh L +4f5—? +(f8+f36)—9mzzm + A W :
SinH m Y+n7 Cog2 mly, - Ccish oM Y, qdash, @ Hrh .y
¥ 4m? 4m? 4(my +my)?
9o SO 1) Vg g ) COBB fn+;_rmy1+(f v 1,y C0Sim 8m) ¥
(m - my)? (3my +m,)? (m +3m )’
+( f20 fZ)COSF[(BrTQ m) 1/+(f +f 9 C0$r8 fn i’)‘l]_}/ g C‘{)Shlm ’9”1 +)
(3m, -m)? (3m -mYy (m +m 3

(19 SR (1 139O8 TN, 1,0 1, SO, 1, S,
16my” 16my° om,? 12

0, = 2((y - 415Y)

+4 1,

(38)
Using equation of continuity (2) and subject to toadition (35), we get

v = (ths - 019) v+| 72797 | sinp m y-| 928" %8| Sifh g1y 97 sjan
ml my 2m (39)

916 J14 ;
Smh[2mz M+—=— Sinf[( i~ B) y—"— Siih m Jn]y
ml mz m+ m !

The heat transfer coefficient in terms of wall g€gm@arameters’ is

Z=7+0Z *. J40
_(on\[ %%
ZO_(é’xj(dy fal
06 ) 06
—| Zo|4[27)] "1
4 [dx}r(dxj(dy] (42)
Where,
1, (1j2_4 1 (1j2_4
B K kK _Jk VWk) Dk __ap . m?
m= 2 M = 2 T o] 1_”‘22‘”12
a:Lz 8= P E, a, =" bR M;=— 2 M= &
TmZ-m? T D " Cosh[myl’ 2 Cosh[m’

M3 =M,(PD-1), M, =M,(PD-1), Ms =a, d;* Tank nyj],

Mg =8, dy Tanlp niy7] Seh i,

0 RDMM
M7 =AD, Mg = MLZS » Mg =

1
2k (4m®* - 4”‘1T =

R D M; Mg
2 )
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R(M; Mg+ M, M) R(M; Mg+ M, M)

Mi1o= > » M11= > ,
a_,m+my)” 1 okl am = myd—4M-m)° 1
RPD RDM, M RPD
Mip = M2|;/|6 M3 20 My, = 2/%
2k (4m, 4”& —) 2k (m* ﬂ 7)
RPD
Mys = '\2% ,» Mg =-a3 mlz M12' Mg = a3ml Ml!

2k (my* - ”b —)

_ 2 g 2
My7 = -85 m;’ Mz » Mig=-2mm, & M;Mj Mg =-asMy’, My =asMy’,

m’ —(4 m°- m’) MgCosti2 ml+ i N

" (m2-m?) CosH m]
M+ 2mm) MeCosh[(m+ Byl ( d-2 mm M Cogh m Jn]
+3n,° My, Cosh[2 7 F if Mg+ (nfi— nf) M, Cosh ),

1 2 2
= -3 Mg Cosh[2 + - s+
B = (m=r®) Cos{ o (™ 3™ MeCosi2 mplr i M- i M 1
(Mm?+2mm) MyCosh[(m 7 k(B2 mgh M Cogh 1m Jn| '33:5'
— (m,® - m?) MsCosh[2 7 [+ (4 nf— §) M, Cosf2 ),
_1_My| Cosh[2mmg] 2| _Mqs  Cosh[2m7] 2| Mg Cosh2 m] 2|_
‘T2 4 N R z 7
2my 2mp 2m
Mao| Cosh[2 mp] 2 |_ Cosli(my +my)7 | _ Cosf(m; - my)7
2 +’7 93 2 g4 2
4 2m, (my + ) (m- m)
_[ Mys(1-P)P??asD
4
oy =nx, da = Gix, d3=0ox, g = Gsx, U5 = Oax, dg = sy, d7 = By, dg =Boy, dg =Bgy,
M, +M M.-+M Mig+M,.—PM
Oyo = Bay, gy =267 V19 g = Va7 20 g =18 21 21
8 8 2
_ My -PMy—-Myg _Mig=-M4g+t M~ M 4 2P2Da3
— ) g5_ 1
2 4
+ PD B,—-M M M M
ngBinh , 07 = 2rr12 L, gg=Mg-Mp3—My, ggzﬁ, glo:ﬁ' gll:rq+1(r)nz’
M
glz:rrh—rrh’ 013= Mox, G14=Myo, G15=Mix: G16 = Mac, G17 = Miax, 918 = Mix,
d>M d-M d;M
f=—2 22 3 -2a,9sMsg, f,= % 32 3 +2a,95M1,, fs—(a5+4m; +2a,95Mp,

d
f, =—2573 5% Ms 5 +28,06M 1y, f5 =dgasMg  fg = asMg(dgt dig) — 224960
(m - my)?
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f, = a5 22 4 -22,97Ms, f8:—a5—324+2a4g7M12, f9=L42+23497M10,

m m (my +y)
fo=-50 Ma o0 g Myy frr=asdgM s fip = asM 4(dgtdy) -2
10 5 t28497Myy, f11=asdgM 4 f1p =asM4(dgtdig —22a,4979g
(M —my)
PDd PDd PDd
fig=———%—28,0gMg, fiq=———2+2a,0gMyp fi5=———— 5 +2a,95My,
m (my + mp)
PDd
16 = ‘—52"‘ 28,9gM 1y, f17 =-PDdg, fig=-2a49697,
(M= np)

fig=2a,M1g", f20=2a,M1M 15 Tp1==28,M1M 15 Tp =28,MgM 13, fr3=-2a,M 1My,
foq = ‘34962, fos5 = ‘34972, fos = —2a,M 102’ fo7 = —a,M 112' fog = —a4M 82’ fog = —a4M 122'
fsp=asMgMyy f31= _2”‘12 a306Mg f3p =4mMy 8305 Myn fa33=2my(my+ mp) & g5 Mig
faq =2my(m— mp) a3 g My f35=-4M 8ml2 az97,
fag = AM 15 8307 a7 = 2Mgy(my+ my) a5y
fag =2Mymy(My— my) 83095 f39 = —2MMy &3 G G7 f40 = 4my(my+ my) & M3z Mg
f41=—4my(my+ my) & MioMyz 4o = —4mp(my— my) &M My, 43 =4my(my— mp) & Mg My,
f44 = ~(Mp = m)? a3MgMy fys = ‘”‘12339697' fa6 = —m22 33070 fa7 =—(My+ my)? 33'\/'102'
f4g = ~(My— my)? a3'V|112’ fa9 = —4n'|12 a3M82' fs0 = —4m22 a3M122, fs; =8mm, p EMj; Mys
m = f+2f16+ fo+ f3g- Tar f 37 T 3¢ 2= o+ f3p+ f3o+ 37 N3 = fo+fg = T3~ f3g
ng = fg+fy + fag3+ fag ng = fg+fy+fg+2f11— f33- f 34 f 35 Ng = fg+f7 + f34— f35
N7 =2Mp+ foo+ Togt T44 Mg =203+ Too* Tog= T 44" T 46
Ng =204+ f17+ fogt Torr Tag T 4z T 4 mo=2f15+ T17+ T1g- f1g T 3g T 40 f 4
Mm1= o5+ fogt T47+ 59 M2 =Toe+ Togr fug f5

RESULTSAND DISCUSSION

In this analysis we investigate heat transfer ¢ffen the peristalsis of a couple stress fluidugloporous medium.
The non-dimensional temperature distributébis shown in figures (2-8) for a different valuds)Ry € , 3, E, R, S,
D. We notice that the temperature parameter forvallies of governing parameters for a differentugal of
parameters the temperat@gradually enhances on y = 0 and attains the pbestralue 1 ony = 1.From figure (2)
an increase in R, results an enhancemem i@lso6 depreciates with increase in amplitude ratim figure (3).
From figure (4), we observe that higher the slopthe boundary larger temperature in the regiore ifitlusion of
viscous dissipation results in a marginal increaseéd in the entire flow region (figure 5).The variatiaf
temperature distributiof with S, we observe th&tenhances with increase in S (figure 6). The \iaradf 8 with
Prandtl number Bshows thatd enhances with Rfigure 7). From figure (8), we find that largdret permeable
porous medium higher the temperat@ria the flow region.

The heat transfer coefficient ‘z’ is shown in figui9-15) for a different values of 83, E, B, S, D. From figure
(9), z decreases in the region 0 to 0.2 and slaisgs and attain maximum on y = 1. An increase,iteRds to an
enhancement in z. The variation of z wétehows that z is almost linear for different valoéamplitude ratie. An

increase ire enhances z (figure 10). From figure (11), we finat higher the slope of the boundary wall, lesser
value of z in the region 0 to 0.5 and in the renmgjrregion larger z. The inclusion of viscous dission E on z
exhibits an increasing tendency in the flow regi{figure 12). From figure (13) an increase the ceusgiress
parameter S to the smaller values results an ajptecenhancement in z and further higher S, wécedhe
marginal increase in z. The variation of z wittrsRows that z experiences enhancement with fgure (14). From
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figure (15) we find that for the smaller of permkaporous medium z is almost linear in the flowioeg for the
higher values of permeability z experiences theezation.

1.0

y

0.4 . ; ' , ' , . . .
0.0 0.2 0.4 0.6 0.8 1.0

y

Figure 3-Effect of € on 8 when 6=0.01, R=1, P, =0.7, S=0.1, E=1, D=1

y

Figure 4-Effect of d on 8 when £€=0.01, P, =0.7, R=1, E=1, S=0.1, D=1
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y
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y

Figure 7-Effect of P, on @ when £€=0.01, 6=0.01, R=1, E=1, S=0.1, D=1
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zx10°

0.0 0.2 0.4 0.6 0.8 1.0

Figure 9-Effect of R on Z when €=0.01, 4=0.01, P,=0.7, E=1, S=0.1, D=1
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Figure 10-Effect of € on Z when 6=0.01, R=1, P, =0.7, S=0.1, E=1, D=1
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leO2

y

Figure 11-Effect of d on Z when €=0.01, P, =0.7, R=1, E=1, S=0.1, D=1
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Figure 13-Effect of Son Z when €=0.01, =0.01, R=1, P, =0.7, E=1, D=1
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zx102
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zx10°
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Figure 15-Effect of D on Z when €=0.01, $=0.01, R=1, E=1, S=0.1, P, =0.7
CONCLUSION

In this paper we presented a theoretical approachudy the effect of heat transfer on peristdltey of a couple
stress fluid through a porous medium in a flexioleannel. The governing equations of motion are esblv
analytically usinglong wave length approximation. Furthermore, thieatfof various values of parameters on
temperature and heat transfer coefficient have beemputed numerically and explained graphically. ¥@aclude
the following observations:

1. The temperatur increases with increase in Reynolds nuni®dand Slope parametsr

2. We also observed that an increase in Prandtl numbdPorous parameter D and Couple stress parameter S
results an enhancement in the temperature.

3. The inclusion of viscous dissipation results inargmnal increase in temperatif@nd it decreases with increase
in Amplitude ratio £'.

4. Heat transfer coefficient z increases with incréaagReynolds number, Prandtl number and Eckert rrr(Bobh

et al [19]).

5. The variation of z withe’ shows that z is almost linear for different vaduedf amplitude ratioe’.

6. An increase in the couple stress parameter S taerttadler values results an appreciable enhanceimenand
further higher S, we noticed the marginal increase

7. Heat transfer coefficient z is almost linear foe 8maller of permeable porous medium in the flogvne, for the
higher values of permeability z experiences theezation.
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