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1. Introduction

Peristaltic pumping is a form of physiological fluid transport
that occurs in the human body. Peristaltic action is an inherent
neromuscular property of any tubular smooth muscle structure.
The study of heat and mass transfer on the peristaltic transport
has several industrial applications. Typical applications include
processes such as drying, evaporation at the surface of a water
body, energy transfer in wet cooling tower and the flow in a desert
cooler, heat and mass transfer occur simultaneously. When heat
and mass transfer occur simultaneously in a moving fluid, the rela-
tionship between the fluxes and the driving potentials is of more
intricate nature. Mass fluxes can be created by temperature gradi-
ent which is also known as the Soret or thermal-diffusion effect.
The Soret effect has been used for isotope separation and in mix-
ture between gases with very light molecular weight (H,He) and
of medium molecular weight (H,,air) Gupta and Gupta [1]. In many
previous studies the Soret effect has been neglected, on the basis
that it is of a smaller order of magnitude than the effects described
by Fick’s laws: Radhakrishnamacharya and Radhakrishnamacharya
[2], Chamkha and Khaled [3], Khan et al. [4], Postelnicu [5], Mek-
heimer [6] and Ogulu [7].

Mathematical models have already been derived for a train of
periodic sinusoidal wave in an infinite or finite two dimensional
symmetric or axi-symmetric channel/tubes containing Newtonian
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or non-Newtonian fluids. In this direction first initiative was taken
by Latham [8]. Burns and Parkes [9] have investigated the peristal-
tic flow through axially symmetrical pipes and channel under the
effect of creeping flow. Barton and Raynor [10] have investigated
the peristaltic flow in tubes with approximation of low Reynolds
number. Shapiro et al. [11] has also used the long wave length
approximation in studying the peristaltic pumping phenomenon.
Jaffrin and Shapiro [12] have investigated peristaltic pumping with
neglecting inertia terms. Gupta and Seshadri [13] have analyzed
the peristaltic flow through non-uniform channels and tubes with
reference to the flow of spermatic fluid in vas deferens, neglecting
the inertia terms. Srivastava and Srivastava [ 14] have extended the
analysis of peristaltic transport to two layered model. Mekheimer
[6] has studied the peristaltic transport of a viscous fluid (creeping
flow) through the gap between coaxial tubes, where the outer tube
is non uniform and has a sinusoidal wave traveling down its wall
and the inner one is rigid, uniform tube and moving with a con-
stant velocity.

Further, several authors have attempted to solve momentum
equation related to peristaltic flows with diverse approximations
along with associated heat and mass transfer. However, the creep-
ing flows (low Reynolds number) have not been considered in the
aforementioned work.

Major recent research related to the peristaltic transport with
heat and mass transfer for Newtonian and non-Newtonian fluid in-
cludes the following works. Radhakrishnamacharya and Srinivas-
ulu [15] have examined the influence of wall properties on
peristaltic transport with heat transfer. Srinivas and Kothandapani
[16] have done peristaltic transport in an asymmetric channel with
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heat transfer. Another approach consists of the studying the effect
of heat transfer and magnetic induction on the viscous fluid in a
vertical annulus Mekheimer and Elmabound [17]. Eldabe et al.
[18] has studied the problem of peristaltic transport of a non-New-
tonian fluid with variable viscosity in the presence of heat and
mass transfer along with mixed diffusion flow between a vertical
wall that deforms the shape of a travelling wave and a parallel flat
wall. Srinivas and Kothandapani [19] have investigated the effects
of heat and mass transfer on peristaltic transport in a porous space
with compliant walls. Srinivas and Gayathri [20] have reported the
peristaltic flow of viscous fluid in an asymmetric channel with heat
transfer and porous medium.

Nadeem and Akbar [21] has discussed the influence of radially
varying MHD on the peristaltic flow in an annulus with heat and
mass transfer. Srinivas et al. [22] have investigated mixed convec-
tive heat and mass transfer in an asymmetric channel with peri-
stalsis. El-Sayed et al. [23] has studied the effect of mass
diffusion of chemical species on peristaltic transport through the
vertical porous media in the gap between concentric tubes with
heat and mass transfer. ElI-Sayed et al. [24] has also been studied
magnetothermodynamic peristaltic flow of Bingham non-Newto-
nian fluid in eccentric annuli with slip velocity and temperature
jump conditions. Tripathi and Beg [25] have studied the unsteady
physiological magneto-fluid flow and heat transfer through a finite
length channel by peristaltic pumping.

Through an extensive survey of existing literature one can say
that creeping effect for non-Newtonian fluids for the peristaltic
transport have not come under considerable attention. In contrast
to existing work, this paper considers heat and mass transfer on
peristaltic transport of creeping flow. The objective of the present
work is to extend the flow analysis of peristaltic mechanism of
Maxwell fluid in an asymmetric channel as presented in Hayat
et al. [26] to creeping flow with Soret effect. The novelty of this
work is that after applying the creeping flow assumption to Max-
well fluid, the effect of non-Newtonian fluid are incorporated. In
this investigation, a mathematical model is presented to under-
stand the influence of creeping flow on the peristaltic transport
of Maxwell fluid in an asymmetric channel with heat and mass
transfer. The momentum, energy and concentration equations are
simplified by neglecting inertia terms and analytic solutions for
the flow variables have been derived. The features of the flow char-
acteristics are analyzed by plotting graphs and discussed in details.
The contributions of Soret number in particular, and those of the
geometrical parameters in general, to the flow, heat and mass
transfer characteristics are found to be quite significant and
interesting.

The rest of this paper has been organized as follows: Mathemat-
ical model has been presented in Section 2, problem has been for-
mulated in Section 3, Perturbation based solution has been
presented in Section 4 and detailed discussion about the results
has been given in Section 5. Finally, some conclusions have been
drawn out in Section 6.

2. Mathematical model

The motion of the steady, heat and mass transfer equations of
Maxwell fluid is governed by the following system of equations:

V.V =0, (1)
p(V.V)V = VT + pb+R, 2)
TL-V.q+pr=pV.V)e, (3)
V.V)C=D.v(ve) + 2K v (w1 ki, (4)

T

where

T = —pl+§, (5)
S+A1<§7L575L):uA1, (6)
L=V.V, (7)
A = (V.V)+(VV). (8)

Here, V is the velocity vector, b is the body force (assumed to be
zero), R is the Darcy’s resistance, p is the pressure, u is the constant
viscosity, A is the relaxation time, p is the fluid density, S is the ex-
tra stress tensor, T is the Cauchy stress tensor, A; is the first Rivlin-
Ericksen tensor, r is the radiant heating (assumed to be zero), e = C,T
is the specific internal energy, where G, is the specific heat and T is
the temperature, q = —kVT is the heat flux vector, where k is the
constant thermal conductivity, C is the mass concentration, T, is
the mean fluid temperature, K7 is the thermal diffusion ratio and
k, is the chemical reaction parameter.

3. Formulation of the problem

Let us consider the steady and incompressible flow of Maxwell
fluid in an asymmetric channel. The surface is maintained at uni-
form constant temperature and concentration, see Fig. 1. The flow
has significant Soret effect while satisfying creeping flow
assumption.

The motion of an incompressible fluid is caused by sinusoidal
wave trains propagating with constant speed c along the channel
walls as defined by the following pair of equations:

N, (X',t') = d; + a; sin (2)” X - ct’)),
Y1
'yt (2T
hz(X,t):—dz—b1$1n<T(X—Ct)—i—g{)). 9)
1

In Eq. (9), a; and b, are the waves amplitude, d, + d is the channel
width, 4; is the wave length, c is the wave speed, (0 < ¢ < 7) is
the phase difference, X and Y are the rectangular coordinates.
Moreover, ¢ =0 corresponds to symmetric channel with waves
out of phase and for ¢ =7 the waves are in phase. Further,
ap,b1,d,d, and ¢ satisfy the condition: a2 +bf +2a1b; cos ¢ <
(di + dz)zA The wall Y = h’] is kept at a temperature T and concen-
tration Cp and the wall Y = K} is kept at a temperature T; and con-
centration C;.

Introducing a wave frame (x,y) moving with velocity ¢ away
from the fixed frame (X,Y) by the transformation:

X/ — X/ _ Ct./ y/ — Y/, u/(xr’y/)
=UX,Y,t)-c, vVX,¥)=

where (u, v) are the velocity components in wave frame. The gov-
erning equations in the wave frame are given as below:

VXY, L), (10)

ou  ov
W+ é)y’ = (11)
o a o OSy (12)
6x’ (7y’ 8x' ox oy’
_ Op 6 8Syy,
{ w ' 8y’] N 0y’ 0x’ S ay'’ (13)
d d FT &T| L, v oV
pCp [u w Y W}T =k pe) +3y’2 +SXX,W Sy ay
, [ov  ou 10q,
Sy (5% 3] By (4)
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Fig. 1. Physical model of the problem.
il 0*C &*C| DKy |&*T o°T By eliminating p from the Egs. (21) and (22), we get the following
[u ox T Vay’} c=b {ax/2 2| T T o2 Toyz| T ka(C=C). (15) equation:
0 o op 0 o\ (2P Py
' v Y\ _ il il _ el R I S
seen|(w v 2 2(Ws s -l as o e{(ay 2.0y, T
d 9\ o o, v, v > & g
_ _ _ 2 2
SW’ + A [(u ox' +v ayr>syy’ 2 <8X’ Sxy’ ay/ SW)] /l ay/ ) (17) 0 W@y (Sxx - Syy) + (ayz —0 ﬁ Sx y (28)
Sy + M [(u'% +v 8?/ )Sﬁ(y, - (g; S + %Sﬁa,ﬂ = ,LLB—;, +%], (18) Thus, the continuity equation is satisfied; whereas i/ is the stream
function, f is the flux in the wave frame, Re = Lj‘ is the Reynolds
We have introduced the following dimensionless quantities:
& q number, 7 = %€ is the Weissenberg number, & — 2”d1 is the wave
/ ’ / / b
Xzzf_fv y:é/_p u=%, v==% a=g, b=3g, number, Br = EPr is the Brinkman number, Pr:"—f"ls the Prandtl
d :Z—f, S:"/‘Tf’, Re:&;l7 A:A—‘f, 1 :%, number, E_ﬁ is the Eckert number, Sc_ 5 is the Schmidt
2, , TO)DKT -
D= ztz‘cp by = 2_17 hy = d] U= % " _5%’ number and Sr = M < is the Soret number. The boundary con
30 (19) ditions conferred are as follows.
_I-Tp _CG R— 160" Tydy Pr UCp
V=110 ¢ -Gy 3kKT k> f .
: 2 Yy =%, y=h(x) =1+asinx,
_ c _ M LS| .
E=cir,y, Br=EPr, Sc=J, y="1 W=—L y=hyx)=—d—bsinx+ o),
T1-To)DK
Sr = oLl M=-1 aty=h andy=h, (29)
Substituting Eq. (19) into Eqs. (11)-(18), we obtain: y=0, ¢=0, aty=hy,
y=1 ¢=1, aty=h,.
u ov_y (20) , ,
wxtoy~ " The dimensionless forms of h} (X, t') and h5(X',t') are given by:
Y0 Oy ONOY| _ _0p OS« ISy hi(x) =1+asinx hy(x) = —d — bsin(x + @),
Reo[(ayax ax@y) ay] = ax+a oy (21) 1(X) 2(X) X+ )
—53Re[ ( o owo ) dq RV a5, 7 dsxy 22) which satisfy the following condition:
oy ox " away) ox] = "oy oy T o @® +b* +2abcos @ < (1+d)°,
(S —Syy) 20 1 . o . .
SPrRe K@Wi_@i> /} {éziﬁizz} o Br (Su= S ) +Ri£7 (23)  Where the respective dimensionless quantities mean flow rate ¢ and
dy ox ox oy ox* - dy (gfézf%)sxy oy fin the fixed and wave frame are related through the following
oo opo ) 02 d 5 equation:
$2 ? 7,
R e e R L S N
NG >y Py\| . Py while y and ¢ represent the temperature and mass profiles at the
sxxu{a(afyafa@)s 2(55 axﬁﬁsxya—yzﬂ 22k, (25) e
0o ouo 2 2 2 For creeping flow (Re <« 1), the inertia terms are neglected from
Sy + 4|0 <ﬁ—¢f7—¢—>5yy+2<<>25Xy—'g+dsyy—‘/’ﬂ — 250V , (26) the following set of Eqs. (21)-(24) and (28). The Darcy’s resistance
)y O0X  0X 0y ox oxoy oxoy . .
R and chemical reaction parameter k; are assumed to be zero
Sy +4 6(%3—%3>5xy+ ((52%02—'1'75 @)} :@,52‘727‘/’, (27) which leads to R‘] % —0 and y¢ — 0. Thus, we obtain the

axr Y oy?

y? Ox?

following:
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Op | 9Su Sy

o T ay =9,
0P 0y 205
w0y Y

Py

Y+Br

L0 P
{02%2 (S —Syy)

Ly Oy
o Ty | =

4. Perturbation solution

A az

Py L0y _
oy (ayzé S |Sw|=0.33)

(30)
31

(32)

(34)

In order to obtain the closed form solution of above mentioned
problem, an effort has been made by employing power series
expansion in the small parameter J. This solution should be valid
for any arbitrary set of values of all parameters used in mathemat-
ical model. Major equations governing the perturbation solution

method are as follows:

Y=o + oYy + 8, +0(8°),
=Bt o%4 5740,

Sxx = Soxx + 0Stx + 0°Sa + 0(8°),
Syy = Soyy + 0S1yy + 8°Syyy + 0(5%),
Sxy = Soxy + 0S1xy + 8° Sy + 0(8°),
f=fo+ofi +8f, +0(5),

P = Do +0p; +8°p, +0(5%),

7 ="+ 07 + 6%, +0(5%),

b = o+ 0y + 5, +0(5°).

Inserting these equations into Egs. (2

get the following systems.

4.1. Zeroth order system

9Py _ Yy
ox  oy3’

o _

(35)

5)-(27) and (30)-(34) we can

(36)

37)

(38)

(39)

(40)

fO 3‘% -1

‘//ozj> By Y0=0, ¢o=0, aty=h(x), (44)
fo oY
¢0:—§07 87}/0:_]7 Yo=1, ¢op=1, aty=hy(x). (45)
4.2. First order system
"o
Sty = 28x8y (46)
2 2 2 2
Sty = 5!//1_2 Oy O g O 0%_23%5‘1//07 (47)
oy? gy 0x Ox dy) 0y? oy 0xoy
_ 5PV 4, P Py
S“‘"’Zaxay+4A ay2 oy?
2
g (Mo 0 o 0 vy
y 0x 0x 9y)\ 9y?
o 0%37%7 o
2 < ) dy ox ox oy)\ oy? ||’ (48)
2
oy, 0 [(7w)] o
ox ox |\ dy? ay3
L0 ([0 D 0 0 W
ay |\ dy 9x 9Ox dy/) Oy?
9 |Po Yo
oy {E)yz oxay |’ (49)
p,
a—y_O, (50)
o P[] _ v, T (00 0w 9wy
“oxoy |\ oy oyt oy |\ 0y ox Ox Oy) Oy?
82 82(/10 82!//0 (51)
6y2 ay? oxoy|’
P11 gyl @0 P[00 (9o 00y O\ P || _
oy? ay2 9y? ") ay: \dy ox Ox dy) Oy? '
(32)
19°¢, 82"/1
Sc a2 a—ysz, (33)
o)
nebo Moo g0 g-0 ay-h, G4
fi o
V=7 6—;:0, 71 =0, ¢, =0, aty=hy(x). (55)

4.3. Second order system

Py P, (%3_%7) o
ay:  ox? dy ox Ox ay)\ oy?

Sny =
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A3 29()

gy ox ox ay)\ oy?

Mo D Dy R

(8y X ox 8_3/) ay>

@%g_@@i>¥% "o
dy ox 0x dy oxay

ay?
a4 Yo 021//1 82t//o 621/10
oxdy ay2 8y2 8x6y

+ 72

+ 472

s 500 [(000 0 0w 0 (Pue\'| 0 [P
ox ox [\ ay ax oax ay)\ ay? Ox | Oxdy
2 O [(F o) (9 9o 9 (v
ox |\ oy? dy ox 0x ay)\ 9y?
0 |0 Oy | ISy
+4io {ayz AR (57)
oy __ 9 |2
ay Oy [@x@y ’ (58)
2
22 O | (Mo 0o 0\ (Fue\| 53 & [PUe
ooy [\ dy Ox ox oy)\ 0y? Ox0y | 0xdy
Lo O | (Do) (B O Do D (O
oxay |\ ay? dy ox Ox 0y)\ oy?
2 2 2
4, PP P :asm, (59)
oxoy | Oy* 0Oy? ay>?

52 22 0% &
82 '}/0 82"/2 n St ?)xlf)/; + Soxx dxlg;/ SO}'}’ f)}x?;;/ =S lyy é)x%; -0
BXZ 8_)/ > + ();,ﬁzg Sny ‘Ill Slxy + 0},2 SOxy (),2/;0 SOXJ’
(60)
82“/0 ¢, ) Yo 9*), _
Sc {8}(2 ay2 +5r w ay2 =0, (61)
0
%:%’?%:Q 72=0, ¢,=0, aty=mhx), (62)
0
h=-B o0 p-0 4,=0 ay=me. 63

After solving the above three systems (Zero, First and Second
order), we get the following solutions:

4.4. Zeroth order solution

Yo =Ly’ + Loy’ + Lsy + La,

Up = 3L1y* + 2Lyy + L,

Yo = P1y* + P2y’ + Psy? + Pyy + Ps,
¢o = B1y* + Boy® + Bsy® + Bay + Bs,
dpy _ —12(Fo +hy — hy)
dx (hy —hy)’

)

4.5. First order solution

Y1 = G1y? + Goy* + Gsy + Gy,
u; =3G1y* +2Gyy + Gs,

dpy _
dx
71 = RiY® + Roy® + Rsy* + Rsy® + Rsy* + Ry + Ry,

1 = 51Y° + S5y° + S3y* + S4y® + S5y + Sey + S,
AP, — / D g
M Jo dx )

27 dp 27 dp
- _R3 2 e R
F f'/) B Phdx, F,, A h2< dx)dx.

4.6. Second order solution

6G; + 4L2L2X)L — 6L]XL3;L — 6L Lgx)u,

Wy = Kiy® + Koy + Ks3y® + Kay® + Ksy* + Key® + K7y* + Ksy + Ko,
Uy = 8K1y” + 7K»y5 + 6K3y° + 5K4y* + 4Ksy® + 3Key? + 2Ky + Kg,

d
dpz Kioy® + Kiy* + Kioy? + Kisy? + Kiay + Kis,

Py = C1y® + Gy + C3y® + Cay® + Csy* + Coy® + C7y* + oy + G,
$3 = C10¥® + C11y” + C12Y® + C13Y° + Cray* + Ci5y? + Ci6y? + C17y + Cis,

2n dp
AP, :/ =2 x,

, dx 7

5 (dp, 5 (dp,
F,, =./0 h2 (P2 ax, F,-22=/0 ~h3 (P2 ax,

All of the constants involved in Zero, First and Second order solu-
tions, as given above, are provided in Appendix.

The expressions of AP,,dp/dx,y,¢ and F; up to O(5%) are denoted
by AP? dp® /dx,y®, ¢? and F?. Mathematically we can write:
AP?) = AP, + 8AP;, + SAP

29

_ dp, zdpz
dp® /dx = +5dx +90 o

P2 :Vo+()/1 +0° V2
® = o+ 3¢y + 5,
F» = F,, + 6F,, + 6°F,,

and the final expressions for the pressure rise per wavelength, pres-
sure gradient, temperature, mass and frictional forces can be ob-
tained from Eqgs. of zeroth to second order solutions.

5. Discussion

In this section we have discussed our results, namely:
pumping characteristics, heat characteristics, mass characteris-
tics, behavior of velocity and trapping. Further, in the next five
subsections, we have presented and analyzed the behavior of
the solutions for stream function (i), velocity (u), temperature
(@), mass (¢'?), pressure gradient (dp'?)/dx), pressure rise per
wave length (AP'Y) and frictional force (F?) for the several
values of wave number (5), Weissenberg number (/), phase
(), Brinkman number (Br), Schmidt number (Sc) and Soret
number (Sr).
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X

Fig. 2. Influence of & on dp'®/dx when a=0.5, b=0.5, d = 0.6, 6 =0.3, ¢ = 7t/4, and
4=0.1.

X

Fig. 3. Influence of 7 on dp'®/dx when a=0.5, b=0.5, d=0.6, 0=0.5, ¢ = /4, and
§=0.01.
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Fig. 4. Influence of 5 on AP»when a=0.3, b=05,d=04, ¢=0.1, 2=0.1.

5.1. Pumping characteristics

This subsection illustrates the behavior of emerging parameters
5 and 4 on dp® /dx, AP® and F'?. In Fig. 2 the variation of dp'®/dx
versus x is shown for different values of § by keeping the other
parameters at fixed values. We can observe that pressure gradient
is relatively small in the wider part of the channel. The flow can
easily pass without imposition of large pressure gradient. Inspite
of being in the narrow part of the channel there is a need of much

200

150

100

50

AP®

-50

—-100

-3 -2 -1 0 1 2
42

Fig. 5. Influence of 7 on AP’ when a=0.3, b=0.3, d=0.6, ¢ =0.1, 5= 0.01.
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Fy @
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-150

-3 -2 -1 0 1 2
o2

Fig. 6. Influence of son F? at the upper wall hy(x) when a=0.3,d=0.6,
b=04, p=0.1, 1=0.1.

5
0
-5
W 10
-15 // — 6=0
/7 ---- §=0.02
20/ -—- 6=0.04
- - =006
st/
-4 -3 -2 -1 0 1
9(2)

Fig. 7. Influence of 5 on F{ at the lower wall hy(x) when a=0.3, d=0.6, b=0.3,
=01, i=0.1.

pressure gradient to maintain the flux to pass through it, especially
near x = 4.4. In short dp®/dx in viscous fluid is less than Maxwell
fluid. The behavior of 4 in Fig. 3 is similar to the behavior of § in
Fig. 2.

The dimensionless pressure rise per wave length versus varia-
tion of time-averaged flux 0 has been plotted in Figs. 4 and 5. Here
the upper right-hand quadrant (I) denotes the region of peristalsis
pumping, where 6 > 0 (positive pumping) and AP'® > 0 (adverse
pressure gradient). Quadrant (I, where AP <0 (favorable
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Fig. 8. Influence of & on y® when a=05,b=05,d=1, ¢ =7/6,Br=1, 0=1.5,
x=0.1, 2=0.5.
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Fig. 9. Influence of 7 on 7® when a=05,b=05,d=1, ¢ =7/6,Br=1, 0=1.5,
x=0.1,0=0.5.
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Fig. 10. Influence of Br on y® when a=0.5, b=0.5,d=1, ¢ =7/6, 5=0.5, 6=1.5,
x=0.1, 2=0.5.

pressure gradient) and 6 > 0 (positive pumping), is designated as
augmented flow (copumping region). Quadrant (IV), such that
AP > 0 (adverse pressure gradient) and 0¥ <0, is called retro-
grade or backward pumping. The flow is opposite to the direction
of the peristaltic motion, and there is no flow in the last (Quadrant
(II)). Fig. 4 show that, there is an inversely linear relation between
AP? and 0%, i.e. for the adverse pressure gradient and for the free
pumping, the pumping decreases with the increase of 5. On the

y

Fig. 11. Influence of ¢ on y? when a=05b=05d=1,5=01,Br=1,
0=1.5,x=0.1, 2=0.5.

D

Fig. 12. Influence of 6 on ¢® when a=05,b=05,d=1, ¢ =7/6,Br=1, 6=1.5,
x=0.1,1=05,5=1,5r=1.

¢(2)

Fig. 13. Influence of 2 on ¢® when a=05,b=05d=1, ¢=n/6 Br=1,
0=15,x=0.1,6=0.1,5=1,S5r=1.

other hand, in the copumping region the pumping increases with
the increase of 4. In Fig. 5, we can say that for the adverse pressure
gradient and for the free pumping, the pumping increases with the
increase of 4. However, in the copumping region the pumping is
decreasing.

The frictional forces F'?) at the upper wall (y = hy(x)) of the chan-
nel with dimensionless time mean flow 0'? is plotted in Fig. 6. This
shows that there exists a critical value of 6 below which F?
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d)(ZJ

Fig. 14. Influence of Br on ¢® when a=0.5, b=0.5,d=1, ¢ =76, 5=0.01, 6= 1.5,
x=0.1,1=05,5=1,85r=1.
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d)(Z)

0.4

0.2

Fig. 15. Influence of ¢ on ¢? when a=05,b=05d=1,6=01,Br=1,
0=12,x=0.1,.=05,5=1,Sr=1.

(b(gl
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y

Fig. 16. Influence of Sc on ¢'® when a=05,b=05,d=1, ¢ =7/6, Br=1, 6=1.5,
x=0.1,2=05,6=0.01, Sr=1.

resists the flow and an increase in é causes an increase in F{". Fig. 7
shows the influence of 5 on Fﬁ” at the lower wall (y = hy(x)) of the
channel with 6. We note that F{" assists the flow for all 0" > 0
and ¢ plays the similar role for the variation of F{"’ at the lower and
upper walls of the channel.

521

Fig. 17. Influence of Sr on ¢? when a=05,b=05d=1, p=n/6, Br=1,
0=1.5,x=0.1,42=0.5,5=1,5=001.
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Fig. 18. Influence of 6 on u when a=04,b=03,d=0.5, ¢=m/2,0=0.1,
x=-04,2=0.1.
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Fig. 19. Influence of . on u when a=04,b=03,d=0.5, ¢=m/2,0=0.5,
=-04,06=05.

5.2. Heat characteristics

Effect of heat transfer on peristalsis is shown in Figs. 8-11. In
Fig. 8 and 9, we have observed the effects of 6 and /. on the temper-
ature profile y® while keeping the other parameters at fixed val-
ues. These figures indicate that the temperature profiles are
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(a) 2

(b) 2

Fig. 20. Influence of 5 on { with a=0.5, b=0.5,d=0.7, 0=1.55, A= 1.5, ¢ =7/6. (a) 6=0 (b) 6 =0.06 (c) 6 = 0.09.

almost parabolic and temperature increases with the increase of ¢
and 4. Fig. 10 depicts the effect of Br on the temperature profile.
One can observe that the temperature profile is an increasing func-
tion of Br. Also, the Fig. 10 shows that the temperature profiles are
almost parabolic except when Br = 0. In Fig. 11, the effect of ¢ on
the temperature profile 0 has been observed. No considerable var-
iation occurs near the wall y = hy, but the amplitude of the temper-
ature near the wall y = h, of the channel has increased.

5.3. Mass characteristics

Influence of mass transfer on peristalsis is shown in Figs. 12-17.
The Figs. 12 and 13 depict the similar behavior as with the increase
of § and / the concentration is decreased. Fig. 14 illustrates that
concentration is a decreasing function of the Br. The concentration
profiles ¢'® are almost parabolic. Fig. 15 gives the effect of ¢ on the
concentration when the other parameters are fixed. It can be pre-
dict that concentration is a decreasing function of ¢ near the both
walls. Figs. 16 and 17 illustrate that concentration is a decreasing
function of Sc and Sr.

5.4. Behavior of velocity

The variations of the small 6 and 4 on the longitudinal velocity u
in the asymmetric channel have been shown in this subsection.
Fig. 18 gives the result that an increase in é decreases the magni-
tude of u near the boundaries. However, at the center of the chan-
nel the role of wave number is quite opposite to that of near the
boundaries. Fig. 19 gives the same behavior for the / as for the 6.

5.5. Trapping

In this subsection, the variation of § and / are shown in Fig. 20
and Fig. 21. Fig. 20 is plotted for the 6. Panel (a) is for the viscous
fluid and bolus is symmetric about the center line. Panels (b) and
(c) show that the bolus increases with an increase of wave number.
Fig. 21 shows the trapping for the /. In panel (a) the bolus is sym-
metric about the center line and panels (b), (c) and (d) indicate that
the bolus increases with an increase in /.

6. Conclusion

The effects of creeping flow on the peristaltic transport of Max-
well fluid in an asymmetric channel with heat and mass transfer
have been analyzed. Numerical and analytical solutions have also
been developed for the stream function, velocity, temperature,
mass, frictional forces, pressure gradient, pressure rise per wave
length and rate of heat and mass transfer. The final results obtained
are as follows:

e For the creeping flow, we have result that is similar to that for
the viscous case up to first order but afterwards in case of sec-
ond order we get the results for Maxwell fluid Hayat et al. [26].

e The peristaltic pumping rate decreases by increasing the wave
number and in the copumping region the pumping rate
increases by increasing the wave number.

e The magnitude of longitudinal velocity at the boundaries is
decreasing function of wave number and at the center of the
channel is an increasing function of the wave number.
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Fig. 21. Influence of Z on {y with a=0.5, b=0.5, d=0.7, 0 =1.55, §=0.09, ¢ = /6. (a)A=1, (b)A=1.3, (c)A=1.5, (d)A=1.7.

e The size of the trapped bolus increases by increasing the wave
number.

e The temperature profile is increased as the values of the wave
number, Weissenberg number, Brinkman number and phase
are increased.

e The concentration profile is decreased as the values of wave
number, Weissenberg number, Brinkman number, Schmidt
number, Soret number and phase are increased.

Appendix A
_2(fothi—ha) 3o+ —hy)(hi +ha)
(h—hy)” (h—h)*
1, _ =} 30k £ 31 (2fp — h)hy — 1)
(hy — hy)®
L, = —(h1 + hy)(2hihy(—hy + hy) +f0(h? — 4hyh, + h;))
2(hy — hy)®
P] = _3BrL%7 P2 = —4BrL1L2, P3 = _2BrL%7
o 1 1 Br(3h:L2 + 4W*LiLy + 21212 — 2 (3R212

+4hyLi Ly 4 212))),

Ps = (h1(1 + Brhy(=3h}L1% — 4h’LyLy — 2hy L2 + hy(3h3L2

1
(h —hy) h,)
—+ 4h2L1L2 + 2L2))))’

By = 3Brl3ScSr, B, = 4BrL,L,ScSr, Bs = 2BrL2ScSr,
1

By = ) (1+ Br(3hiL? + 4hL4 L, + 2h3L% — h3(3M5L2

+ 4hy L1 Ly + 2L3))ScSr),
B = i ! o (1 (1 Bty — o (BITL] + 3H3LE + dhl L + 21

1 — 12

+ h1L1 (3h2L1 + 4L2))SCST)),
G]Z _zfl 62:3f1(h1+h2) G3:7 6f1h1h2

(hy — hy)* (hy = hy)® (hy = hy)’
G (W} = 3h%hy — 3 k% + )

2(h; — hy)®
Ki = DLl Ko
- 310 (288L7L1xx > — 90Ly Lixe L3, 2% + 7211 LixLowe 7

+ 721 L1x Ly 2% + 21611 LygeLox %),
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72L1L1xxla 7% — 36L1LixLa7? — 1813, Ly 7% + 216L% Loy

_ E (
— 5411 LixLoxy 2% + 18L1xLoLoxx/? — 7211 LixLoxds + 54L1xxLoLoxi?

+ 54L1 Laxloe/” + 162L1 LiwLae %),

=— % (72GixLy + 3Lixx + 72G1L1x — 18G1xL1 4 — 126G Ly,

+ 32415 L1 ? — 12L1 L3 7% + 7211 Ly Lo 2% — 18LixLo Lo

— 12LixLoLoxy + 12Lo Lo Loy /? + 1811 L3, + 18L, 15, /2

— LyuLixl32? + 108L L3 2® — 2711 LixLawe/> — 108L1 LixLsy/?
+ 120y LyeLox A% + 3611 LyeL3x A% + 36L1 LoxyL3y A2

+ 108L1 LieLax/?),

= —4(12Gy Ly + 12GiLy + Low + 12G1 Loy — 6GixLa /i — 24G Loy
+ 72L1LixL2 2% + 21515, 7 + 6LaLoxeLsx 2> + 6Ly LoxL3x 2
+ 1813 Ly — L1 LixLaxxA? — 90L L1yLag/? + 18L1xLyLay/?

+ 18L; LyyLaxA* — 6GyLix(—2 + 34) — 6L1xxLaL3/? + 6L Lo lL3 42

+ 3612 Lo /* — 3LiaLowxl32? + 3011 LyLagyi? — 6LixLay 2
— 1211, Lo L3, 2%),

=— 42001117—’12)3 (5040f, + (hy — hy)* (28K3h + 15K, h}
+ 9K h] + 42K3h*hy + 24Koh3hy + 15K hihy + 42Kshy b2
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+ 5K hS + 56K3h>hy + 20K, h3hy + 70Ksh2h + 44K,k h,
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+ 32K,y by + 29K h3h) + 8Kyh3 + 20K hyhj + 5K hS
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+4hih; + 1)),
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S = —sl’SCR17 S, = —SrSCRz, S3 = —STSCRg,
54 = —STSCR;;7 55 = —ST'SCRs7
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— 2411572 4+ 7211 LyLax2? + 21611 LygeLax2?),



M. Saleem, A. Haider / International Journal of Heat and Mass Transfer 68 (2014) 514-526

Kig = (24Ks + 48GoxLix + 48GixLy + 2Ly + 48G1 Ly — 24L1 L3 72

— 24G 4Ly + 288L1 L1 L2 + 14412 Ly i + 8LyL5, 72

— 24L14LyL3 7% + 24L1 Ly L3 2% — 12L1xLoxx2? + 12011 Ly L3y 72
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+15Cih5)))),
1
840(h; — hy)
+15C;h] 4 420C;(h1 — h2) — 70Csh;, — 42C4h; — 28Csh;
—20C,hS — 15C;h) + 140Cs(h% — h3)),

hihy(70Csh; + 42C4h} + 28C3h’ + 20C,hS

1
Cip=

C]] = CzSCST", E(

Bixx + P1xScST) + C3ScSr,

1
12 (Baxx + P2xSCST) + C4ScSr,
(B3xx + P3xScSr) + CsScSr,
(Baxx + PaxxScSr) + CgScSr,

Bsxx + PsxxScSt) + C7ScSr,

N = | =

—

1 1
840 (h, — )
+15C10h] + 420C16(hy — hy) — 70C14h5 — 42C;3h5

— 28C1,3 — 20C11hS — 15Cyph) + 140C;s (2 — h3)))

— h2(420C16 + h2(140C;5 + h2(70C14 + 42Ci3hy + 28Cih3
+20C1h; + 15C10h3)))),

(hy(70CHH? + 42Cy3h] + 28Cyph] + 20C;; kS

1
840(h; — hy)

+15C0h] + 420C36(hy — hy) — 70C14h5 — 42C;3h5
— 28Cy3h) — 20C11hS — 15C10h) + 140C;5(h% — h3)),

(h1hy(70C14h3 + 42Cy3h} + 28Cy5h3 + 20C;1hS



526 M. Saleem, A. Haider/ International Journal of Heat and Mass Transfer 68 (2014) 514-526

References

[1] P.S. Gupta, A.S. Gupta, Heat and mass transfer on stretching sheet with suction
or blowing, Cand. ]J. Chem. Eng. 55 (1977) 744-746.

[2] G. Radhakrishnamacharya, V. Radhakrishnamacharya, Heat transfer to
peristaltic transport in a non- uniform channel, Def. Sci. ]. 43 (1993) 275-280.

[3] AJ. Chamkha, A.A. Khaled, Similarity solutions for hydromagnetic mixed
convection heat and mass transfer for hiemenz flow through porous media, Int.
J. Numer. Methods Heat Fluid Flow 10 (2000) 75-85.

[4] S.K.Khan, M.S. Abel, R.M. Snoth, Viscoelastic MHD flow, heat and mass transfer
over a porous stretching sheet with dissipation of energy and stress work, Int.
J. Heat Mass Transfer 40 (2003) 47-57.

[5] A. Postelnicu, Influence of a magnetic field on heat and mass transfer by
natural con- vection from vertical surfaces in a porous media considering soret
and doufer effects, Int. . Heat Mass Transfer 47 (2004) 1467-1472.

[6] K.S. Mekheimer, Peristaltic transport of a newtonian fluid through a uniform
and non uniform annulus, Arab. J. Sci. Eng. 30 (2005) 69-83.

[7] A. Ogulu, Effect of heat generation on low Reynolds number fluid and mass
transfer in a single lymphatic blood vessel with uniform magnetic field, Int.
Commun. Heat Mass Transfer 33 (2006) 790-799.

[8] T.W. Latham, Fluid motions in a peristaltic pump, M.Sc. Thesis, Dept. of
Mechanical Engineering Massachusetts Institute of Technology. (1966).
<http://hdl.handle.net/1721.1/17282>.

[9] J.C. Burns, T. Parkes, Peristaltic motion, J. Fluid Mech. 29 (1967) 731-743.

[10] C. Barton, S. Raynor, Peristaltic flow in tubes, Bull. Math. Biophys. 30 (1968)
663-680.

[11] A.H. Shapiro, M.Y. Jaffrin, S.L. Wienberg, Peristaltic pumping with long wave
length at low Reynolds number, J. Fluid Mech. 37 (1969) 799-825.

[12] M.Y. Jaffrin, A.H. Shapiro, Peristaltic pumping, Annu. Rev. Fluid Mech. 3 (1971).

[13] B.B. Gupta, V. Seshadri, Peristaltic pumping in non-uniform tubes, J. Biomech.
9 (1976) 105-109.

[14] L.M. Srivastava, V.P. Srivastava, Peristaltic transport of a two layered model of
a physiological fluid, J. Biomech. 15 (1982) 257-265.

[15] G. Radhakrishnamacharya, C. Srinivasulu, Influence of wall properties on
peristaltic transport with heat transfer, C. R. Mca. 335 (2007) 369-373.

[16] S. Srinivas, M. Kothandapani, Peristaltic transport in an asymmetric channel
with heat transfer-a note, Int. J. Heat Mass Transfer 35 (2008) 514-522.

[17] K. Mekheimer, Y. ElImabound, The influence of heat transfer and magnetic field
on peristaltic transport of a newtonian fluid in a vertical annulus: application
of an endoscope, Phys. Lett. A 372 (2008) 1657-1665.

[18] N.T.M. Eldabe, M.F. El-Sayed, A.Y. Ghaly, H.M. Sayed, Mixed convective heat
and mass transfer in a non-newtonian fluid at a peristaltic surface with
temperature dependent viscosity, Arch. Appl. Mech. 78 (2008) 599-624.

[19] S. Srinivas, M. Kothandapani, The influence of heat and mass transfer on MHD
peristaltic flow through a porous space with compliant walls, Appl. Math.
Comput. 213 (2009) 197-208.

[20] S. Srinivas, R. Gayathri, Peristaltic transport of a newtonian fluid in a vertical
asymmetric channel with heat and porous medium, Appl. Math. Comput. 215
(2009) 185-196.

[21] S. Nadeem, N.S. Akbar, Influence of radially varying MHD on the peristaltic
flow in an anuulus with heat and mass transfer, J. Taiwan Inst. Chem. Eng. 41
(2010) 286-294.

[22] S. Srinivas, R. Gayathri, M. Kothandapani, Mixed convective heat and mass
transfer in an asymmetric channel with peristalsis, Comm. Nonlinear Sci.
Numer. Simul. 16 (2011) 1845-1862.

[23] MIF. El-Sayed, N.T.M. Eldabe, AY. Ghaly, H.M. Sayed, Effects of chemical
reaction, heat and mass transfer on non-newtonian fluid flow through porous
medium in a vertical peristaltic tube, Transp. Porous Med. 89 (2011) 185-212.

[24] M.F. El-Sayed, N.T.M. Eldabe, A.Y. Ghaly, H.M. Sayed, Magnetothermodynamic
peristaltic flow of bingham non-newtonian fluid in eccentric annuli with slip
velocity and temperature jump conditions, J. Mech. 29 (2013) 493-506.

[25] D. Tripathi, O.A. Beg, A study of unsteady physiological magneto-fluid flow and
heat transfer through a finite length channel by peristaltic pumping, Proc. Inst.
Mech. Eng. H 226 (2012) 631-644.

[26] T. Hayat, N. Alvi, N. Ali, Peristaltic mechanism of a maxwell fluid in an
asymmetric channel, Nonlinear Anal.-Real 9 (2008) 1474-1490.


http://refhub.elsevier.com/S0017-9310(13)00827-2/h0005
http://refhub.elsevier.com/S0017-9310(13)00827-2/h0005
http://refhub.elsevier.com/S0017-9310(13)00827-2/h0010
http://refhub.elsevier.com/S0017-9310(13)00827-2/h0010
http://refhub.elsevier.com/S0017-9310(13)00827-2/h0015
http://refhub.elsevier.com/S0017-9310(13)00827-2/h0015
http://refhub.elsevier.com/S0017-9310(13)00827-2/h0015
http://refhub.elsevier.com/S0017-9310(13)00827-2/h0020
http://refhub.elsevier.com/S0017-9310(13)00827-2/h0020
http://refhub.elsevier.com/S0017-9310(13)00827-2/h0020
http://refhub.elsevier.com/S0017-9310(13)00827-2/h0025
http://refhub.elsevier.com/S0017-9310(13)00827-2/h0025
http://refhub.elsevier.com/S0017-9310(13)00827-2/h0025
http://refhub.elsevier.com/S0017-9310(13)00827-2/h0030
http://refhub.elsevier.com/S0017-9310(13)00827-2/h0030
http://refhub.elsevier.com/S0017-9310(13)00827-2/h0035
http://refhub.elsevier.com/S0017-9310(13)00827-2/h0035
http://refhub.elsevier.com/S0017-9310(13)00827-2/h0035
http://hdl.handle.net/1721.1/17282
http://refhub.elsevier.com/S0017-9310(13)00827-2/h0040
http://refhub.elsevier.com/S0017-9310(13)00827-2/h0045
http://refhub.elsevier.com/S0017-9310(13)00827-2/h0045
http://refhub.elsevier.com/S0017-9310(13)00827-2/h0050
http://refhub.elsevier.com/S0017-9310(13)00827-2/h0050
http://refhub.elsevier.com/S0017-9310(13)00827-2/h0055
http://refhub.elsevier.com/S0017-9310(13)00827-2/h0060
http://refhub.elsevier.com/S0017-9310(13)00827-2/h0060
http://refhub.elsevier.com/S0017-9310(13)00827-2/h0065
http://refhub.elsevier.com/S0017-9310(13)00827-2/h0065
http://refhub.elsevier.com/S0017-9310(13)00827-2/h0070
http://refhub.elsevier.com/S0017-9310(13)00827-2/h0070
http://refhub.elsevier.com/S0017-9310(13)00827-2/h0075
http://refhub.elsevier.com/S0017-9310(13)00827-2/h0075
http://refhub.elsevier.com/S0017-9310(13)00827-2/h0080
http://refhub.elsevier.com/S0017-9310(13)00827-2/h0080
http://refhub.elsevier.com/S0017-9310(13)00827-2/h0080
http://refhub.elsevier.com/S0017-9310(13)00827-2/h0085
http://refhub.elsevier.com/S0017-9310(13)00827-2/h0085
http://refhub.elsevier.com/S0017-9310(13)00827-2/h0085
http://refhub.elsevier.com/S0017-9310(13)00827-2/h0090
http://refhub.elsevier.com/S0017-9310(13)00827-2/h0090
http://refhub.elsevier.com/S0017-9310(13)00827-2/h0090
http://refhub.elsevier.com/S0017-9310(13)00827-2/h0095
http://refhub.elsevier.com/S0017-9310(13)00827-2/h0095
http://refhub.elsevier.com/S0017-9310(13)00827-2/h0095
http://refhub.elsevier.com/S0017-9310(13)00827-2/h0100
http://refhub.elsevier.com/S0017-9310(13)00827-2/h0100
http://refhub.elsevier.com/S0017-9310(13)00827-2/h0100
http://refhub.elsevier.com/S0017-9310(13)00827-2/h0105
http://refhub.elsevier.com/S0017-9310(13)00827-2/h0105
http://refhub.elsevier.com/S0017-9310(13)00827-2/h0105
http://refhub.elsevier.com/S0017-9310(13)00827-2/h0110
http://refhub.elsevier.com/S0017-9310(13)00827-2/h0110
http://refhub.elsevier.com/S0017-9310(13)00827-2/h0110
http://refhub.elsevier.com/S0017-9310(13)00827-2/h0115
http://refhub.elsevier.com/S0017-9310(13)00827-2/h0115
http://refhub.elsevier.com/S0017-9310(13)00827-2/h0115
http://refhub.elsevier.com/S0017-9310(13)00827-2/h0120
http://refhub.elsevier.com/S0017-9310(13)00827-2/h0120
http://refhub.elsevier.com/S0017-9310(13)00827-2/h0120
http://refhub.elsevier.com/S0017-9310(13)00827-2/h0125
http://refhub.elsevier.com/S0017-9310(13)00827-2/h0125

	Heat and mass transfer on the peristaltic transport of non-Newtonian fluid with creeping flow
	1 Introduction
	2 Mathematical model
	3 Formulation of the problem
	4 Perturbation solution
	4.1 Zeroth order system
	4.2 First order system
	4.3 Second order system
	4.4 Zeroth order solution
	4.5 First order solution
	4.6 Second order solution

	5 Discussion
	5.1 Pumping characteristics
	5.2 Heat characteristics
	5.3 Mass characteristics
	5.4 Behavior of velocity
	5.5 Trapping

	6 Conclusion
	Appendix A 
	References


