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1. Introduction

Today, interest in peristalsis issues has increased due to many applications in physics and medicine. The relaxation
and contraction mechanism in the fluid movement along the wall is known as peristaltic motion. Peristalsis is
important in many physiological processes, such as the urine transmission to the bladder through the ureter, the
action of bile in the gallbladder, fluid movement through lymphatic vessels, spermatozoa movement in ducts, and
movement of the esophagus when swallowing food. Peristalsis is also important in many industrial applications as
pumps to transport of many kinds of fluid, radar systems, micro-pumps in pharmacology and fuel control in the
rocket chamber, and power generators. Several studies have been presented about peristaltic flow [1, 2, 3].
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Non-Newtonian fluids are currently of great interest because of their many uses in science and technology. Several
models have been used to describe rheological behavior in non-Newtonian fluids, including the Rabinowitsch model
in which has been important for understanding the rheological behavior of biological fluids. This model is
characterized by its cubic stress relationship, and displays the properties of shear-thinning or pseudo-plastic (the
pseudo-plasticity coefficient {is positive, e.g, blood plasma and ketchup), shear-thickening or Dilatant ({ is
negative, e.g.,, sand and polyethylene glycol), Newtonian ({ is zero e.g., air and water) models. Several researchers
have studied this model. (Vaidya et al. 2019)[4] studied a Rabinowitsch fluid under the influence of variable liquid
properties and a compliant wall. (Manjunatha et al. 2.19)[5] examined the peristaltic flow of a Rabinowitsch fluid
through a non-uniform inclined channel in two dimensions. (Lin 2012)[6] discussed a theoretical study of the
Rabinowitsch model's influence on the squeeze film properties through parallel annular disks. Other authors [7,8,9]
illustrated engineering applications of Rabinowitsch fluids.

Numerous studies deal with the effect of heat transfer because of its importance in fluid mechanics as illustrated in
industrial fields and mechanical engineering and physiological operations, such as food treatment biochemical
processes, transfer in polymers, biomedical engineering, oxygenation, hemodialysis and promulgation of chemical
impurities. The investigations about the heat transfer influences have been reported in [10, 11,12].

The rotation phenomenon has vast applications in cosmic and geophysical flows and helps us to better comprehend
galaxy formation and ocean circulation. Rotational diffusion accounts for nanoparticle orientation in fluids. The
following is a review of studies that discuss the effects of rotation. (Hayat et al. 2016) [13] present the effect of MHD
on the peristaltic flow of a Jeffrey fluid through a rotating channel. (Hayat et al. 2017) [14] introduced the effect of
heat transfer on the peristaltic flow of Ree-Eyring fluids in the rotating frame. (Dar et al. 2016) [15] discussed the
effects of rotation and inclined magnetic field on the peristaltic transpose of a micro polar fluid through an inclined
symmetric channel (Abd- Alla et al. 2015)[16] discussed the influence of MHD on the peristaltic flow of a Jeffrey fluid
through an asymmetric rotating channel.( Padma et al. 2018) [17] presented the Hall influence and MHD flow on the
unsteady flow between two parallel plates through a rotating porous media channel. (Hatami et al. 2018) [18] used
analytical methods to solve the three-dimensional problem of a Nano-fluid film on an inclined rotating disk. There
have also been other attempts to study the effect of rotation [19,20, 21].

This article helps to understand and study the influence of rotation phenomena as well as the effect of heat transfer
on the peristaltic motion of the Rabinowitsch fluid model through a uniform channel characterized as symmetrical
and inclined. For further clarification, this article organized to Section 2 that presents the physical modeling
statement for our problem. The system of non-linear equations has been solved numerically and the results of the
axial velocity, secondary velocity, temperature, and stream function are interpreted for relevant parameters and
analyzed through graphs in Section 3. Finally, conclusions are given in Section 4.

2. Modeling

The paper examines an incompressible Rabinowitsch fluid model in peristaltic motion through a uniform, inclined
and rotating channel, such that the model and channel rotate with uniform angular velocity  about the horizontal
axis (see Fig.1). The non-Newtonian fluid (Rabinowitsch fluid) fills a three-dimensional symmetric channel of width
2a, and the flow of the fluid, induced by the sinusoidal wave trains of wavelength A and constant speed c, propagate
along the channel borders, b represent the wave amplitude and t the wave time. The geometrical equation of the
wall surface can be expressed as:

Z_=17(X,D=a+bsin27n()?—cﬂ )
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Fig. 1. Geometry of the problem

Governing equations of three dimensional for incompressible fluid flow in the laboratory frame is given by

VW =0 o
P[Z—z+(V.V)V]+p[ﬂx(ﬂxl7)+2(lxl7]=V‘E+pg 3)
PCy S =K VAT + 2.1+ Qo(T = To) @

where V = (U,V,W) is the fluid velocity, p is the fluid density, Q=1(000) =0 k is the rotation vector (E is a unit
vector), T denotes the Cauchy stress tensor, Lis the gradient operator, C, is the specific heat, xis thermal
conductivity of the fluid, T is temperature, and Q, denotes the heat source/sink parameter. In Eq. 3, the centrifugal
force pﬁ A (ﬁ A 17) and the Coriolis force Zp(ﬁ A 17) are two additional describing motion in the rotating frame.

Rewrite Egs. (2) -(4) as

oz tor a;=0 (5)
(Ge+ D55+ V57 +W35) = 2007 = = 22+ 20+ 2004 24 pg sina (6)
p(ZrU2 472+ w2Y) 1 2p00 = — 20 4 Pix 4 Wiy Oz -
p(%+ﬁz_§+‘7%+wi—g)=—%+62§"+aszy+ _7—pgcosa (8)
0y (G + U5+ P55+ W) = (S + 5+ 3) + Sex 5 + Swz (34 55) + S22 55 + QT ~ To) )

The constituent equation for the Rabinowitsch fluid model is expressed as follows:

= sa3 _ 00

—_— 3 — —
Sgz t{Sxz =135 (10)
Svz+ (St =n3; (11)
Z
The associated boundary conditions are no-slip conditions at the walls of the channel
W0, -0 kZL=0 at 7=0 (12)
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U=0, V=0, k==-H,(Ty—T) at Z=H (13)

where U,V and W are the velocity components in the X, ¥ and Z directions respectively, P(P = P — %ﬁzﬂzp ) is the

modified pressure, R is given by R? = X? + Y2, uis the fluid viscosity and { refers to the coefficient of pseudo-
plasticity.

The steady flow is obtained when we move away from the laboratory(unsteady) frame of reference (X,Y,Z) to the
wave (steady) frame of reference (¥, y, Z) with constant wave propagation speed. The transformation between two
frames is given by

x=X-ct ,y=Y ,z=7Z ,u=U-c ,o=V ,w=W ,p=P (14)

Using Eq. (14), Egs. (5)- (9) become

2,240 (15)
p((ﬂ+c)a—lf+173—§+v_vg) —2pQ0 = —%+a;f‘ + agiy + =2 as"z + pgsina (16)
p(@+c)S2+ ﬁg—g+ W2) + 2p0(T + ¢) = —Z—§+ a;ff + agiy + a;zz (17)
p((ﬂ+c)2—?+‘3—?+W2—Z)=—% a§;§+% %—pgcosa (18)

((u+c)—+ﬁa—T+WaT) = K(ZZTZ+6—+Z )+ Sex B+ Sep (B 22) + Spr o+ Qo(T = Ty) (19)
The non-dimensional quantities can be introduced as follows:
x=§,_y=%, Z=§, =C7E, p=%,6=% ,uzg, vzg, Wz? Rezpﬂﬂ,
Sl] % o= T;OTO’T, _ Recﬂa’ 7= Q(;az’ B, = 12_/:’ B, =a_h'

= u=y,, w= oy, (20)

To proceed, we employ Egs. (14) and (20) in Egs. (10), (11) and (15) -(19), yielding

cou c ov c ow
79x 3oy Taaz =0 (21)

dcu dcu dcud; dcus. dcus. dcus
(c(u+1)—+cv—+cw—)—2p—c 2P Foxx Hoxy Hoxz

cu .
daz Rea T a?oax adlx adly adaz tp pFa? Sina (22)

dcudp | OcuSyy | OcuSyy | OcuSy,

dcv dcv cT’
(C(u + 1) Ax + 1)— + W@) - Zp EC (u + 1) - azoly adlx adly adaz (23)
6c_w 6c_w dew _ . Ocudp | OcuSzy , OCUSzy | OcuSy, cu
(C(u + 1) +cv tc aaz) " a%daz adix adly adaz tp pFa? cosa (24)
a(BTo To) 9(6To—To) a(GTO_TO)) _ (62(9T0—T0) 0%(6To=To) az(eTo—To)) CUSxx OcuU
(c(u +1 o T W )T 3(Ax)? 3(Ay)? 3(az)? @ oix

CHSxz (6ﬂ+ac_w) +ﬁ"’c_w+’;_;7(97"0 —Ty) (25)

a daz dAx a OJdaz



Saba S. Hasen/ Ahmed M Abdulhadi, JQCM - Vol.12 (1) 2020, pp Math 21-33 25

3,3
CUSys a?] ©H g3 dcu

SXZ
=uUu— 26
a c2u? a3 H daz (26)
cuSyz a?¢ Audsy, dcw 27)
a c2u? a3 ~ " oaz

After some simplification and using the assumption of infinite wavelength and low Reynolds number, the problem
becomes

0Syxz , sina

y=_2
—2T'v = — =2+ =2 4 = (28)
T =, %
2T (u+ 1) = -5+ 7 (29)
ap _
—=0 (30)
2%6 d
=+ BrSxz5 +1N0=0 (31)
0
Sez + Sk =5 (32)
g
Syz +$S5, =5 (33)
The non-dimensional conditions are
Y=0 , 9, =0,17,=0u,=0 S,=0,5,=0 =0 at z= (34)
a0
Y=F ,v=0 u=-1, E—Blﬂ:O at z=h (35)
=1+ e€esin2nx
h=1 in 2 (36)

where 1 is the stream function, T’ is the Taylor number, F is the body force, and the Brinkman number B,, « is the
angle of inclination, 1) is the heat source /sink parameter, B; is the Biot number and F; is calculated from the
following

F=[udz (37)

The pressure termg—s in Eq. (29) will be neglected due to secondary flow which results from the effect of the

rotation.
3. Numerical solution and Discussion

This section reviews the numerical results of velocity, temperature and stream function graphically. A numerical
technique is employed to solve the system of nonlinear equations (28) -(33) with boundary conditions equations
(34) -(36) since the exact solution is difficult to obtain. The solution is built on (ND Solve) command with
Mathematica programing. The pressure gradient in Eq. (28) is taken as a constant to facilitate the numerical
solution.

3.1. The axial velocity u:

Figure 2 elucidates the impact of the fluid parameters T',{, F, @ on the axial velocity u. Figure 2(a) characterizes
the role of T’ on the axial velocity. In the middle of the channel, the velocity is higher, whereas, at the boundary, the
velocity decreases when the value of the T’ is large. Figure 2(b) illustrates that, with dilatant nature, the velocity of
the fluid is maximum but is minimum with pseudo-plastic nature. Figure 2(c) indicates the influence of F on the
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velocity: the velocity increases at the wall when F increases while the reverse occurs at the center of the channel.
Figure 2(d) shows that the axial velocity is enhanced in the middle whenever the a increases.

00

= -05

I
n
I
=
o
[S]
N oof
/
/
/
/
ENY
c oY

Fig.2 (a) -

Fig.2 (b)

—04 F

-06

-10

Fig.2 (c) e




Saba S. Hasen/ Ahmed M Abdulhadi,

JQCM - Vol.12 (1) 2020, pp Math 21-33 27

-100 -
-1®@ r

-1

R
1

-106 -

IS}
n

-108

[S]
n

oM Iy wlIY oIy

-10 -05 00 05

[N

Fig.2 (d)

Fig. 2. axial velocity profiles u for various values of Fig. 2(a) Taylor number T’, Fig.2 (b) the coefficient of Pseudo-

plasticity ¢. Fig.2 (c) the body force F. Fig.2 (d) the angle of inclination a, and other parameters are (j—§=

0.7,e=0.1,x=0.1, B; =2, B, =0.5,5S=04).

3.2. Secondary Velocity v:

Figure (3) shows the effectiveness of parameters T’, {, F and « on the secondary velocity v. Figure 3(a) illustrates
that rotation enhances the secondary velocity at the centerline and reduces it near the wall. Figure 3(b) shows that
the secondary velocity is maximum with the pseudo-plastic fluid, slows down with the Newtonian fluid and becomes
a minimum in the dilatant fluid. Figure 3(c) demonstrates that the secondary velocity is augmented when F
increases. The influence of a on the secondary flow is shown in Figure 3(d), where v decreases when « increases.

Fig.3 (a)
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Fig.3 (b)
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Fig. 3. Secondary velocity profiles v for various values of Fig.3(a) Taylor number T’, Fig.3 (b) the coefficierét of
Pseudo-plasticity ¢. Fig.3 (c) the body force F . Fig.3 (d) the angle of inclination «, and other parameters are (ﬁ =
0.7,e=01,x=0.1, B,=2, B.=0.5,5 =0.4).

3.3. Temperature profile 6:

Figure 4 disclose the effectiveness of different parameters on the temperature 6. Figure 4(a) examines the behavior
of the temperature 8 with T’ (Taylor number). We observe that 8 increases with increasing T'. When comparing the
temperature of the three classes of fluid, we notice that the dilatant fluid temperature is the highest, while the
pseudo-plastic fluid is the lowest and the Newtonian fluid takes the mean level see Figure 4(b). In Figure 4(c) the
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temperature is enhanced when B; (Biot number) increases. It is clear from Figure 4(d) that 6 diminishes with
increasing F. Fig.4 (e) demonstrates that whenever a expands, the 6 increases. In Figure 4(f), we observe increasing

1) results in a temperature decrease in the middle of the channel and an increase near the wall. Figure 4(g) shows
that 6 decreases when the magnitude B, increases.

Fig.4 (a)
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Fig. 4. Temperature profiles 8 for various values of Fig.4 (a) Taylor number T’, Fig.4 (b) the coefficient of Pseudo-
plasticity ¢ .Fig.4 (c) Biot number B; .Fig.4 (d) the body force F.Fig.4 (e) the angle of inclination «, Fig.4(f) the heat

source/ sink 7] and Fig.4 (g) the Brinkman number B, and other parameters are (Z—Z =0.7,e =0.1,x = 0.1).
3.4. Stream Function :

Figure 5 examine the behavior that the stream function takes when the value of the physical parameters varies. It is
clear from the graphs that the stream function only has non zero values in a bounded region of space and has wavy
conduct at the z-axis. Figure 5(a) illustrates the effect of T'on the stream 1 and shows that the stream increases
initially and then gradually decreases. Figure 5(b) demonstrates that the stream function is maximal for a pseudo-
plastic fluid, decreases for a Newtonian fluid and becomes minimal for a dilatant fluid. As shown in Figure 5(c), the
stream function increasing with increasing F. Figure 5(d) shows that i decreases with increasing a.

Fig.5 (a) Fig.5 (b)

Fig.5 (c) Fig.5 (d)

Fig. 5. Stream function profiles ¥ for various values of Fig.5 (a) Taylor number T’, Fig.5 (b) the coefficient of
Pseudo-plasticity ¢, Fig.5 (c) the body force F, Fig.5 (d) the angle of inclination «, and other parameters are (Z—z =
0.7, =0.7,x=0.2, B;,=2, B.=0.5,5=0.4).
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4. Conclusions

We study the peristaltic transport of a Rabinowitsch fluid under no-slip conditions, in three-dimensional fluid flow.
The present study clarifies the impact of rotation, inclined channel and source/sink on the Rabinowitsch fluid. We
list the main observations below:

e The impact of rotation on the axial and secondary velocity is the same, such that the velocity increases in
the middle of the channel and decreases near the wall.

e The inclination and the rotation of the channel raise the temperature of the fluid.
e Initially, the stream function increases with the rotating the channel and then gradually decreases.

e The axial velocity improves with the inclination of the channel, but the opposite occurs for the secondary
velocity.

e The stream function decreases when the angle of the inclination increases, and increases when the body
force F increases.

e The presence of F and B, decrease the temperature of the fluid.
e The presence of B; raises the temperature of the fluid.

e The temperature decreases in the middle of the channel and increases near the wall with the presence of a
heat source/sink S

e F enhances the axial velocity near the wall but decreases it at the center of the channel.
e The secondary velocity increases with the presence of F.
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