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Abstract. This paper deals with the effect of nanofluid and inclined magnetic field
on peristaltic transport of a fourth grade fluid model. Mathematical modelling of
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two dimensional fourth grade fluid along with nanofluid model are given for channel.
Assumptions of long wave length are employed to simplify the governing equations of
momentum, temperature, and nano particle volume fraction. The exact solutions of
temperature and nano particle volume fraction are calculated. Analytical solution is carried
out to calculate the solution of stream function. Pressure rise and pressure gradient on the
channel walls have been computed numerically. The graphical results are discussed to see
the effects of various emerging parameters on different wave forms.
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1. Introduction

Nowadays, the study of peristaltic flow has received a
considerable attention from many researchers due to
its wide range of applications in engineering, industry,
and physiology. Peristaltic flows basically occur in
swallowing food through the esophagus, urine trans-
port from kidney to bladder, lymph transport in the
lymphatic vessels, vasomotion of small blood vessels,
cell separators, arthropumps, artificial blood pumps
and heart-lung machine, finger and roller pumps, toxic
liquid in nuclear industry, etc. In literature, sundry
works concerning peristaltic motion have been done
for Newtonian fluid and non-Newtonian fluids with
different flow geometries [1-8]. The seminal work done
is given by Latham [9] and Shapiro et al. [10].
Recently, research on MHD flow problems has
attained important interest due to its wide-ranging
use in engineering and medical applications. Magnetic
wound or cancer tumor treatment causing hyperther-
mia, bleeding reduction during surgeries, and targeted

*, E-mail addresses: drsafiaakram@gmail.com and

safia_akram@yahoomail.com

transport of drugs using magnetic particles as drug
carriers are few such examples. Recently, Akram and
Nadeem [11] discussed the induced magnetic field and
heat transfer on the peristaltic motion of a Jeffrey
fluid model. An effect of magnetic field on peri-
staltic flow in a non-uniform channel was investigated
in [12]. Mekheimer et al. [13] have discussed non-
linear peristaltic transport of MHD flow through a
porous medium. An effect of inclined magnetic field
on magneto fluid flow through porous medium between
two inclined wavy porous plates was explored in [14].
A thorough discussion on the MHD peristaltic flows
under various assumptions has been available in the
studies [15-18].

Another important area of study is the nanofluid
which has newly fascinated the attention of many
researchers. A nanofluid is a fluid including nanometer-
sized particles, called nanoparticles. Nanofluids have
unique properties that make them potentially useful
in many applications in heat transfer [19], including
microelectronics, fuel cells, pharmaceutical processes,
engine cooling/vehicle thermal management, domestic
refrigerator, chiller, heat exchanger, nuclear reactor
coolant, grinding, machining, space technology, defense
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and ships, and boiler flue gas temperature reduc-
tion. The pioneer work done on nanofluid was by
Choi [20]. Khan and Pop [21] studied boundary-
layer flow of nanofluid over a stretching sheet. Heat
transfer performance of a nanofluid inside an enclosure
pool was examined by Khanafer et al. [22]. There
exist extensive studies on nanofluids of viscous and
non-Newtonian fluids [23-33]. Recently, Akram and
Nadeem [34] discussed the effects of nanofluid and
partial slip on the peristaltic transport of a Jeffrey
fluid model in an asymmetric channel. In another
article, nanofluid effects on peristaltic transport of a
hyperbolic tangent fluid model in the presence of apt
(tending) magnetic field was studied by Akram and
Nadeem [35].

Motivated by the above discussion, the aim of
the present paper is to discuss the effects of nanofluid
on peristaltic transport of a fourth grade fluid in an
asymmetric channel with different wave forms. To our
knowledge, in literature, no material is available to
discuss the effects of nanofluids on a peristaltic flow
of a fourth grade fluid in an asymmetric channel. The
remainder of the paper is organized into the following
major sections: Section 2 describes the general form of
the governing equations of the present flow problem.
Section 3 illustrates the mathematical development of
the flow under consideration while Section 4 describes
the solution of the highly non-linear coupled equations.
Section 5 deals with the numerical and graphical results
of the present flow problem.

2. Governing equations

The balance of mass and momentum for an incompress-
ible fluid is given by:

divV =0, (1)
dV
dT
— = KV?T

D
+ (pc), (DBVCVT + (TT) VTVT> . (3)

0
dcC . Dy .
— =DpV*’C+ | —— | V°T 4
a BT ( T, ) ’ @
where p is the density, V is the velocity vector, Ty is
the Cauchy stress tensor, f represents the specific body
force, and d/dt represents the material time derivative.
The constitutive equation for the fourth grade fluid is

given by [36]:

T, = —PI+S,

S=pA; +a14s + oczA% + 31 As
T Bo(AyAs + AsAy) + B(trAZ) Ay + 11 Ay
+ 72 (A1 Az + A3 A1) + 13 A3
+ v4(A2 Ay 4+ Ay A2) 4 ystrac(Ay) Ay

+ ygtrac(Az) A% + (yrtracAs

+ ystracAs Ap) Ay, (5)
Ay = (gradV) + (grad V)7, (6)
_ dAnfl

A, = + A,_1(gradV) + (gradV)T A, _1, (7)

dt

where p is the constant viscosity, ay, as, 81 — 03, 71 —
~vg are the material constants, and A, is the Rivilin-
Ericksen tensors.

3. Mathematical formulation

Let us consider an incompressible peristaltic flow of a
fourth grade fluid. The flow is generated by sinusoidal
wave trains propagating with constant speed ¢ along
the channel walls. We also consider that the magnetic
field is inclined at an angle ©. The lower and upper
walls of the channel are maintained at constant tem-
peratures Ty and 77, and at constant concentrations
Co and C1q, respectively.

We seek the velocity field for the two-dimensional
and two-directional flow of the form:

V = (U(X,Y,t),V(X,Y,t),0). (8)

For the two-dimensional incompressible flow, the gov-
erning equations of motion, including nanofluid and
inclined magnetic field, in the laboratory frame (X,Y)
can be written as:

U oV _
X oY

ou ou ou oP 0
pf (+U+V> = Sxx)

0, (9)

ot P Vax "Vay ) = ax T ax

d
+ —(Sxy) — 0 B3 cos O(U cos © — V sin ©)

)4
+ pga(T — Ty) + pga(C — Co), (10)
ov 4% oV oP 5]
Zi (at+U<9)(+Vm/> = oy taxOvx)

+ %(Syy)—i-oBg sin O(U cos ©—Vsin @), (11)



1504 S. Akram /Scientia Iranica, Transactions F: Nanotechnology 23 (2016) 1502-1516

a£+Ual Val — 82T+82T
at " ax "oy ) T “\oxz T ay?

o (SR (%)
CIRCIN| B

oC oC oC 092C 9 C
<8t +UaX+VaY) =Ds (ax+ay>

Dr o*T  9°T
* (T) (aX2 * ay> : (13)

where U and V are the velocities in X and Y directions
in the fixed frame, py is density of fluid base, P is
pressure, Sxx, Sxy and Syy are components of extra,
stress tensor, By is the constant magnetic field, g
is the acceleration due to gravity, 7' is temperature,
Dpg is the Brownian diffusion coeflicient, D7 is the
thermophoretic diffusion coefficient, 7 = % is the

ratio of the effective heat capacity of the nanoparticle
material and heat capacity of the fluid with p being
the density, ¢ is the volumetric volume expansion
coefficient, and p,, is the density of particles.

Since in the laboratory frame (X,Y) the flow is
unsteady, in a coordinate system moving with the wave
speed ¢ (the wave frame), the motion is steady. The
coordinates and velocities in two frames are related by
the following transformation:

x=X —ct, y=Y, u=U —c¢,

v="V, and p(z,y) = P(X,Y,1). (14)

Defining the following non-dimensional quantities:

]
-\ y—dla
o )
= —, v=—,
C C
a d?p
6:— N — ——
)\7 p I,LCA7
_ ot cd
t = — R = —
A =
_ N T - 1T
‘Ij:ia 0_ 07
Cd1 Tl_TO
52157 M = gBoa,,
e Vv
K
o= - , Pr:z,
(cp)y o

TDT(T1 —To)
Ny= ——=
t T()V ’
Nb _ TDB(Cl — Co)7
v
Cr — pgaa®(Ty — TO)7
j2e
Br— pgaa®(Cy — Co)7
e
v
Le=—
e Dy
;C
N=—(i=1,2
T (4 )
Bic?
gi Naz (Z = 17273)
'Vzc
= 25 i=1-9), (15)

Using Eqgs. (14) and (15), the resulting equations in
terms of stream function ¥ (dropping the bars, u = %—‘57

= —6%—3) can be written as:

ap 66

Red(V, ¥, — ¥, ¥,,) = ~ 5 a—(Sm)

0
+ %(Sxy) + G186 + B, ®

— M?cosO ((T, +1)cos© + 6T, sin O), (16)

dp 17}

Red*(— 0,0, + ¥, ¥,,) = ~ay + 5%(&“)

+ 6§(S'gy) + MZ(S Sin @((@y —+ ]_) COS@
Y

+ 67, sin ©), (17)

1 .
Red(W,0, — V,0,) = ﬁ(eyy +6%0,.)

+ Ny (6%6,®, +6,9,)

+ Nt (62(91)2 + (Hy)2> 9 (18)
RedLe(,®, — U, ®,) = (B,, + 6°®,.)
Nig N
+ 82 B+ By (19)

The values of S,,, Szy, and Sy, can be computed using
Egs. (5) to (8). Hence, under the assumption of long
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wave length § < 1 and low Reynolds number, Eqs. (16)
o (19) become:

0= gi + angy — M?cos? O(¥, + 1)

+ G160 + B, ®, (20)
o_—gs (21)
oot

Elimination of pressure from Eqgs. (20) and (21) yields:

9? , 02T 90
87;25@ M COS @ﬁ —+ G @
0]
+ Br?Ty =0, (24)
where:
P R AN
S =g 42 (g1 ) )

and I' = & + &3 is the Deborah number.
Using Eq. (25) into Eqs. (20) and (24
modified form of Egs. (20) and (24) as:

}, we get the

B 82 (02T’ ., 02T
= I — M? 22—
oyt T oy (33;2) Oy
o9 o
+ Gr— + B, =0 26
oy T Bray, =0 (26)
2 2 3
dp 0 [O0°¥ Lor 0%
dx (9y oy? Ay?
— M?cos? ©(T, + 1) + G + B, ®. (27)

The corresponding dimensionless boundary conditions
in terms of stream function are defined as:

\Ilzg at y=hy =14 acos2nzx,
\I!:—g at y = hy = —d — bcos(2rx + @),
(Z)—i:—l at y=hy and y=hs, (28)
=0, ® =0, =0 at  y = hy, (29)
=1, ®=1, vy=1 at  y = hs. (30)

The dimensionless mean flow Q is defined as:
Q=I+1+d, (31)

where F' is the dimensionless time mean flow rate in
the wave frame. It is related to dimensionless time
mean flow rate @ in the laboratory frame through the
expression Q = F + 1+ d.

Since our interest in the present study is to
perform the analysis for the sinusoidal, multisinusional,
triangular, trapezoidal, and square waves, the expres-
sions for triangular, square, and trapezoidal waves are
derived from Fourier series.

The non-dimensional expressions for the consid-
ered wave form are given as:

1. Sinusoidal wave:

hi(z) =1+ asin 27z,

ha(z) = —d — bsin(27x + ¢).
2. Multisinusional wave:

hi(z) =1+ asin2nnz,

ho(x) = —d — bsin(2nmx + ¢).

3. Triangular wave:

h(z)=1

g = 1)m+1

al—3 27 2m sm(27r(2m - 1)z )] ,
ho(x) = —d

m+1
5 sin(2r(2m—1)z+9¢)| .

g

4. Trapezoidal wave:

hi(z) =1

32 sin £(2m—1) |
+a 7r2m:1(2m_1)5111(271'(2771—1)96’)]7
hy(z) = —d

blﬂz Wsm@w@m Dz+¢)| .

5. Square wave:

X 1ym+1
% Z ey cos(2(2m— l)mﬁ)] ,
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hz(d?) =—d

4 (o)
;z:: 2m

m 1

m+1
0 cos(2(2m—1)nz+¢)

4. Solution of the problem

In this fragment, a valuable procedure is described to
calculate the solutions for the present system of linear
and non-linear differential equations. From Eq. (23) we
obtain:
Ny
®(x,y) = —F9+L1($)H+L2($)7 (32)
b
where Li(x) and Ly(z) are unknown functions and
can be evaluated using the boundary conditions. Now,

substituting Eq. (32) into Eq. (22), we get:
926 06
W +PrNy Ly (z )ay 0. (33)

The exact solution of Eq. (33) gives the temperature
distribution as:

Ls(z)

L —PrNyLi(z)y 4
PrN, L1 (z) | 1(@)e ’ (34)

0(z,y) =
where L3(z) and L4(z) are unknown functions. Now,
with the help of temperature distribution (Eq. (34)),

the namno-particle concentration @ is given from
Eq. (32) as:

v == 3 (prrir

Nb PI‘NbLl(I)

; L4<x>e—PbeL1<z>y) + Lu(a)y + Lo(a).
(35)

Now, calculate the values of unknown functions L (),
Ly(z), L3(z) and L4(x) by applying the boundary
conditions defined as:

1+ 2

L T b

W=

14 &
n = (555
Ls(z) =
e*Pl‘N},Ll(m)hl

— PriNy Ly () (e—PrNbLl(x)hg —e—PrNyLi(a)hs )
L = ! 36

a(z) = e—PrNyL1(2)hs _ o—PrNyLi(a)hs (36)

Thus, the exact expressions for the temperature distri-
bution # and nano-particle concentration ® are given
by:
—PrNyL1(z)y __ ,—PrNyLi(z)hy
e e
0(z,y) =

e*Pl‘N},Ll(.Z?)}LQ _ e*Pl‘NbLl((C)hl ’ (37)

_ & y—h
o) = (143 ) (A=)

Nt e—Per,Ll(w)y _ e—PrNbLl(I)hl
Nb e*Pl‘N},Ll(CE)hQ _ e*Pl‘N},Ll(aJ)hl

Since the exact solutions of Egs. (26) and (27) look diffi-
cult as they are highly non-linear differential equations,
we apply the regular perturbation technique. Now, we
expand ¥, p and F as:

T =T, + (1),

(38)

p=po+T(p),
F = Fy+T(F)). (39)

Substituting Eqs. (37) to (39) into Eqgs. (26) to (28),
and collecting the like powers of I', we obtain the
following systems.

4.1. System of order I'°

o4, g 92T,
ay4—M20052®< Ee )
o0 od
Gr— + Br) 40
( Sy B (40)
3y
% :aay30 — M?cos® (¥, + 1)
+ Grf + Brd, (41)
E \IJ
‘110:70’ aaiyoz—l on y:hl($)7 (42)
\Ifoz—%, % =-1 on y=h(z). (43)
4.2. System of order I'!
34@1 . . 32@1
oyt M? cos* © ( Ee )
_ L0 (P (44)
o Toyr \ oy )
Im A 21 2, 9¥,
- M —
or C9y3 0 dy

9 [92T,\°
+28y ( 3y0> ’ (45)
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Fy ov,
\IJ = — _— — 4
1 9 ) ay 0 on y hl ($)7 ( 6)
F o,
U, =—-—— = = h: . 4
1 2 ) ay 0 on y hZ(I) ( 7)

4.3. Solution for system of order I'°
The solution of Eq. (40), satisfying the boundary
conditions, is defined as follows:

Wy =Cy + Cry + Cy cosh(Loy) + Cs sinh(Loy)

L6€7L1Prbe L5y2
ETT NI + 5
LZL3Pr’NZ — LiPy'N}) 2L

+ (48)
(
where Ly = M? cos® ©.
The axial pressure gradient at this order is defined
as:

de L6€7L1N1)Pry

= —(Ci+1DL2-L
dx L,PIN, (Cv+1)Lo = Lsy

e—Per,Ll(z)y _ e—PrNbLl(z)hl
+ Gr o—PrNyL1(2)hs — o—PrNyLy(2)hy

Ny y—h
-I—Br((l-l—Nb) <h2—h1>

Nt e—P!‘N],Ll((E)y _ e—Pl‘NbLl(a:)hl
_ﬁb e—PrN,Li(z)ha _ ¢—PrNyLy(z)hs :

(49)

For one wavelength, the integration of Eq. (49) yields:

1
Apoz/ (Cg’o) dz, (50)
0 €L y=o

where C,, C;, Cy; and C3 are constants. These
constants are calculated with the help of boundary
conditions. The remaining constants L's, i = 5 to 45
are used to simplify the equations. All these constants
are defined in the Appendix.

4.4. Solution for system of order I'!

After substituting zeroth-order solution (48) into Eq.
(44), the solution, satisfying the boundary conditions,
is defined as follows

U, =C4 + Csy + Cg cosh(Loy) + C7 sinh(Loy)

1
,(L2464L0y

+L28673L1P1‘yN1) +L29€72L1Prbe
4

—+ L25€3L0y + L26€L0y + L27€2L0y

+ L23)efy(L1PrNb+2Lo) + L34y smh(Loy)

+ LSOeZL()yfy(2L1PrNb+L())
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+ Ly e~ v@EPrNutlo) 4 1 oosinh(Loy)
+ L3g sinh(3Loy) + L3o cosh(3Lyy)
+ L33 cosh(Loy) + Lary cosh(Loy)

+ L11 Slﬂh(?LOy) L12 COSh(ZLOy)
i 1213

(51)
The axial pressure gradient at this order is defined as:

d 1
% =+ 1 ((96(sinh(3yL0)L32 + cosh(3yLg)Lss)

_ 66*y(2L()+P1‘L1Nb)(L23 _ e4yL0L24))L8’
—4C5 L2+ (8sinh(yLg)Lsq+8cosh(yLo) Ly
+ PI‘L1(—11€_y(2LO+PrL1Nb)L23

. 11€2yL()7PI‘yL1NbL24 _ Qey(Lo*Pl‘Lle)LQS
_ zefy(L()+PrL1Nz,)L26 + efPryLlNl,L27

+ 126—3PryL1NbL28 + 86—2PryL1N1,L29

_ 16ey(L0*2P1‘L1Nb)L30

— 16 ¥(Lo+2PrLy N”)L31)Nb)Lg

_ 36—2y(L0+P1‘L1 Nb)(Pr)QL%(2ePryL1 Ny L23

+ eyLo(_263yLo+PryL1NbL24

_ ey(2L0+P1‘L1Nb)L25 4 ePTyLlNhLQG

— 16€2yL0L30 + 16L31))Nb2L0

4 (PP L3(—emvOIotPra N L

_ €2yLo*P1‘yL1NbL24 _ ey(Lo*Prqub)L25
_ e*y(L()+PrL1Nb)L26 _ efPryLleL27
—108e=3PLIN T 39,=2PrylaNy L
_ 326y(L0—2PrL1 Nb)LBO

_ 3267y(L0+2PrL1 N”)L31)(Nb)3

N 2(12 cosh(2yLo)L1; + sinh(2yL0)L12)>
Ly

+6 (sinh(yLo)Cng + cosh(yLo)Cs L
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e PN P L3 (N )
Pr’ L33 N2 -Pr'L{N}

) (cosh(yLo)Cng

L
+ sinh(yLo)Cs L2 + f;
0

. 2
e PrvlaNepr? [2 1o N2 ) (52)

+ s
Pr*L2L3N? — Pr* LN}

For one wavelength, the integration of Eq. (52) yields:

1
Ap: :/ (Cg’l) dz, (53)
0 €L y=o

where Cy, Cs, Cg and C; are constants. These
constants are calculated with the help of boundary
conditions. The remaining constants L's, i = 5 to 45
are used to simplify the equations. All these constants
are defined in the Appendix.

Summarizing the perturbation results for small
parameter I', we have:

U=, +T7,, (54)

dp _ dpo dp1

il A VNI i

dz dx dz’ (55)

Ap = Apy +T'Apy, (56)
defining:

F=F+TF, (57)

and substituting:
Fo=F —TF,

in Egs. (54) to (56) results will only be in terms of
o(D).

5. Numerical results and discussion

This section deals with the graphical results of the
existing flow problem. Mathematica software is used
to compute the numerical solutions of pressure rise
and pressure gradient. Figures 1-14 are displayed
for different wave forms in order to see the effects
of various parameters on various quantities such as
pressure rise, pressure gradient, stream lines, temper-
ature, and concentration distribution. Figures 1 to 4
describe the pumping phenomena for different values
of Gr, M, T, and N;. It is observed from Figure 1
that in the retrograde pumping (Ap > 0,Q < 0),
peristaltic (Ap > 0,Q > 0), and augmented pumping
(Ap < 0,Q > 0) regions, the pressure rise increases
with an increase in Gr. It is depicted in Figure 2
that with an increase in M, the pressure rise increases

7
I

@

&

--- Gr

QO
= =

Ap

-1.0 -0.5 0.0 0.5 1.0 1.5 2.0

y
Figure 1. Variation of pressure rise Ap for different
values of Gr. The other parameters are a = 0.7, b = 0.9,
Br=08,I'=001,d=150=% M=1, Pr=0.7,
¢ =0.8, N, =0.9 and N; = 0.1.

15
\
10f > ]
" M =1.0
M=1.5
5 M =2.0
2 M =25
4
0
-5 ~~ \';
-10 L L L . .
-1.0 -0.5 0.0 0.5 1.0 1.5 2.0
Yy

Figure 2. Variation of pressure rise Ap for different
values of M. The other parameters are a = 0.7, b = 0.9,
Br=10.8,I'=0.0001,d =15, Gr =0.8, ® = Z, Pr = 0.5,
¢ =%, Np=0.8 and N; = 0.5.

20

Sinusoidal wave

15

A

10fae,_ e ,

.....
S

Ap

-10
-1.0 -0.5 0.0 0.5 1.0 1.5 2.0

Q
Figure 3. Variation of pressure rise Ap for different
values of I'. The other parameters are a = 0.7, b =1,
Br=08,d=15 Gr=08,0=7%, M =3, Pr=0.5,
¢ =%, Np=0.9 and N; = 0.5.

in the retrograde pumping (Ap > 0,Q < 0) and
peristaltic (Ap > 0,Q > 0) pumping regions, while
in augmented pumping (Ap < 0,Q > 0) region, the
behavior is quite opposite. Here, the pressure rise
decreases with an increase in M. Figure 3 shows the
variations of pressure rise for different values of I". It is
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70
50 %\ ]
30}
20}
10}

ol
-10]

Ap

-20 . . . . . L . L .
-1.0 -0.8 -0.6 -0.4 -0.2 0.0 0.2 04 0.6 0.8 1.0

Q

Figure 4. Variation of pressure rise Ap for different

values of N;. The other parameters are a = 0.7, b = 1,
Br=08,d=15 Gr=08,0=% M =3, Pr=0.5,
¢=7%, Np =09 and I' = 0.001.

50 T T
401

— 000
30f | ---

el Raw s

20}

dp/dz

10¢

oF

-10 N . L R
0.0 0.2 0.4 0.6 0.8 1.0

I

Figure 5. Variation of pressure gradient dp/dz for
different values of I'. The other parameters are a = 0.5,

b=1,Br=08,d=15 Gr=08,0=7%, M =3,
Pr=08 N, =09 N; =05, Q=—1land ¢ = %

6"

30

25}

20F

GO Ot O

[

EXER

dp/dz

15}

10F

0.0 0.2 0.4 0.6 0.8 7.0

Figure 6. Variation of pressure gradient dp/dz for
different values of M. The other parameters are a = 0.7,
b=0.5Br=08,1=001,d=15 Gr=0.8,0 =%,

Pr=09,¢=%,N,=02,Q=—1and N, =0.8.

observed that in the retrograde and peristaltic pumping
regions, the pressure rise decreases with an increase
in I', but there is variation of pressure rise in case
of augmented pumping region. Figure 4 shows the
pumping phenomena for different values of N;. It is
observed that with an increase in Ny, the pressure rise

decreases in all the pumping regions. Figures 5 to 7
are plotted to see the behavior of pressure gradient for
different values of I', M, and Q. Tt is observed form
Figures 5 and 6 that the pressure gradient decreases
with an increase in the value of I and increases with an
increase in the value of M. Figure 7 shows the pressure
gradient for different wave forms. It is observed that
the pressure gradient is maximum for the square and
trapezoidal waves. In order to see the behavior of tem-
perature and concentration profiles, Figures 8-11 are
plotted. Figures 8 and 9 show the temperature profile
for different values of N; and Pr by considering different
wave forms. It is observed that the temperature profile
increases with an increase in the values of V; and Pr.
Moreover, it is also observed that the temperature is
maximum for the sinusoidal and trapezoidal waves.
Concentration profile for different values of N; and N,
is shown in Figures 10 and 11. It is depicted that
the concentration profile gives opposite behavior as
compared to the temperature profile. This behavior
is physically valid, because concentration shows an
inverse relationship with temperature. Here, it is also
observed that the concentration profile decreases with
an increase in NV; and increases with an increase in Ny.
The concentration profile is maximum for the sinu-
soidal and trapezoidal waves.

Stream lines for different values of M and Br are
shown in Figures 12 and 13. It is depicted in Figure 12
that the size of the trapping bolus decreases with an
increase in M. It is observed form Figure 13 that with
an increase in Br, the size of trapping bolus decreases in
the lower half of the channel, while in the upper half of
the channel, the size of the trapping bolus increases.
Figure 14 shows the stream lines for different wave
forms.

6. Concluding remarks

This research paper considered the nanofluid effects
on peristaltic transport of a fourth grade fluid in
the occurrence of inclined magnetic field. The main
findings are summarized as follows:

1. Pressure rise increases with an increase in Gr in
the retrograde, peristaltic, and augmented pumping
regions;

2. With an increase in M, the pressure rise increases
in the retrograde and peristaltic pumping regions,
while in augmented pumping region, the behavior
is quite opposite;

3. Pressure rise decreases in the retrograde and peri-
staltic pumping regions with an increase in the
value of T';

4. Pressure rise decreases in all the pumping regions
with an increase in Ny;



1510 S. Akram /Scientia Iranica, Transactions F: Nanotechnology 23 (2016) 1502-1516

140 120
Q=-05 —0=—05
= -0.6 M
120 g: -0.7 1004 | .. Q=-0.6
100 §= 08 Q=-07
8 80 --Q =-0.8
R &
= 80 E
E S o
= 60
40
40
0 O\M.
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4
T x
(a) (b)
Q=
Q=
Q=
" . Q=
s <
RS kS
xT x
() (d)

Figure 7. Variation of pressure gradient dp/dz for different wave form for (a) square wave, (b) sinusoidal wave, (c)
trapezoidal wave, and (d) triangular wave. The other parameters are a = 0.3, b = 0.7, Br = 0.8, I' = 0.05, d = 1.5,
Gr=080=72Pr=09, ¢ =01, N, =08 Q=—3and N, = 0.5.
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Figure 8. Temperature profile for different wave forms for (a) sinusoidal wave, (b) square wave, (c) trapezoidal wave, and
(d) triangular wave. The other parameters are a = 0.5, b =1, N, = 0.8, d=1,Pr=0.9, z =0 and ¢ = 5-
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Figure 9. Temperature profile for different wave forms for (a) sinusoidal wave, (b) square wave, (c) trapezoidal wave, and
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Figure 10. Concentration profile for different wave forms for (a) sinusoidal wave, (b) square wave, (c) trapezoidal wave,
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and (d) triangular wave. The other parameters are a = 0.5, b=1, N, =0.5,d=1,Pr=0.8, z =0 and ¢ = 5
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Figure 11. Concentration profile for different wave forms for (a) sinusoidal wave, (b) square wave, (c) trapezoidal wave,
and (d) triangular wave. The other parameters are ¢ = 0.5, b=1, Pr=09,d=1, ¢ = & and N; = 0.8.

Figure 12. Stream lines for different values of M for sinusoidal wave for (a) M = 1.5, and (b) M = 1.6. The other
parameters are « = 0.3, b=0.3, Br =0.8, d = 1.4, Gr = 0.8, Pr=0.3, ¢ = 0.01, N, = 0.7, =0.001, © = £, Q = —2.2

and N; = 0.3.

Figure 13. Stream lines for different values of Br for sinusoidal wave for (a) Br = 0.1, and (b) Br = 0.5. The other
parameters are @ = 0.4, b= 0.4, d = 1.6, Gr = 0.5, M = 1.5, Pr=0.1, ¢ = 0.01, N, = 0.5, ' =0.002, © = ¢, Q = —2 and
Ny = 0.5.
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(2)

(b)
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Figure 14. Stream lines for different wave forms for (a) trapezoidal wave, (b) square wave, and (c) triangular wave. The
other parameters are a = 0.4, b =04, Br=0.1, d=1.6, Gr =0.5, M = 1.5, Pr=0.1, ¢ = 0.01, N, = 0.9, ' = 0.002,
@zg,Qz—Q and N; = 0.5.

Pressure gradient decreases with an increase in the
value of T' and increases with an increase in the
value of M;

Temperature profile increases with increase in the
values of N; and Pr;

Concentration profile decreases with an increase in
N; and increases with an increase in Np;

The size of trapping bolus decreases with an in-
crease in M

With an increase in Br, the size of trapping bolus
decreases in the lower half of the channel, while in
the upper half of the channel, the size of trapping
bolus increases.
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Appendix
The constants appeared in the manuscript are defined
as follows:
Bhi N, Bhy
L5 - ’
(h1 —h2)Ny ~ hy — hy

Lg

LPr(BrN; — Gr]NVy)
e—h2LiPrNy _ g—hi L PrNy

L; = 3Co(C3 +2C3) L,

Lg = 3C»(203 + 7C3) L3,

Ly = 3C3(2C3 + C3) L3,

Lo = 3C3(7C3 +2C2)L3,
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