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Abstract: In the article, the effects of the thermal viscosity
and magnetohydrodynamic on the peristalsis of nanofluid
are analyzed. The dominant neutralization is deduced
through long wavelength approximation. The analytical
solution of velocity and temperature is extracted by using
steady perturbation. The pressure gradient and friction
forces are obtained. Numerical results are calculated and
contrasted with the debated theoretical results. These re-
sults are calculated for various values of Hartmann num-
ber, variable viscosity parameter and amplitude ratio. It is
observed that the pressure gradient is reduced with an
increase in the thermal viscosity parameter and that the
Hartmann number enhances the pressure difference.

Keywords: heat transfer; MHD; nanofluid; peristalsis;
variable-viscosity.

1 Introduction

Many researches deal with the fluid viscosity as a constant
value for the sake of simplicity. This assumption is not
accepted in real life situations. Thus, the effect of temper-
ature and pressure on the coefficient of viscosity for actual
fluids must be taken into consideration. The mutation in
viscosity due to thermal change is large for abundant lig-
uids such as water, oils, and blood. Viscosity variance is
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usually very small because of the pressure difference, thus
it can be neglected [1, 2]. Actually, there is a non-uniform
thermal distribution in many thermal transport operations.
When there is a large thermal gradient in the system, the
fluid viscosity may obviously change. Therefore, the in-
fluence of temperature on viscosity in thermal transport
processes should be studied [3-7].

The variable-viscosity models are important along with
peristalsis and thermal viscosity that has serious important
characteristics in certain physiological and industrial ma-
terials. Peristalsis of power-law fluids with variable consis-
tency was presented by Shukla and Gupta [8]. It was noticed
that when the pressure drops, flow rate gets high for most of
the peristaltic wave due to the enhancement in the pseudo-
plasticity of the fluid. Furthermore, it was noticed that the
wall friction gets diminished as the uniformity rebated. El
Shamy et al. [9] analyzed the effect of thermal viscosity and
an incorporated endoscopy on peristalsis by using pertur-
bation expansions. It was noticed that with raising viscosity,
the pressure rise is diminished while it gets promoted with
growing the wave number and amplitude ratio.

For a non-uniform tube, the effect of peristalsis and
thermal viscosity was analyzed by Srivastava et al. [10]. It
was noticed that for a null flow rate, the pressure difference
is reduced with a decrease in the fluid viscosity, but at a
definite flow rate, the pressure rise is independent of the
viscosity variation. It was also found that beyond this critical
flow rate, raising the viscosity implies to an increase in the
pressure difference. More investigations of thermal viscosity
with peristalsis took place such the one done by Khan et al.
[11] for diagonal pumping of non-Newtonian fluids.

The interaction between the thermal effect and peri-
stalsis is widely used in many applications through the
consideration of the sensitivity of thermal viscosity [12, 13].
The effect of magnetohydrodynamics and wall properties
on the peristaltic transport of a Jeffrey nanofluid in channel
was studied [14]. The authors investigated the analytical
solutions for the stream function and the temperature. For
both Jeffrey and Newtonian fluids, the effects of some
important parameters were investigated on the physical
quantities of the flow through the graphs. It was found that
for the Jeffrey fluid, the flow rate and thermal effect are
lower than that of the Newtonian fluid. It was found that
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the higher the values of the nanoparticle concentration, the
lower the values of the velocity and temperature.

The combination between the electrical conductivity of
the nanoparticles and the conventional base fluid through
the effect of magnetic force with heat transfer over con-
vectively heated surfaces is important in many engineering
and industrial applications [15-19]. Magnetohydrody-
namics represent those phenomena where in an electri-
cally conducting fluid, the electric current density (I) in the
moving conductive fluid can be produced by a magnetic
field. Thus, the flow is considered to be axisymmetric and a
uniform magnetic field is applied in the transverse direc-
tion to the flow [20-24]. The non-dimensional problem is
formulated in the wave frame under the long wavelength
and low Reynolds number approximations. For a non-
uniform porous channel, the effect of elasticity, nano-
particle concentration, and Joule heating on the peristalsis
of flow have been presented and compared with those of a
uniform channel [25]. Results were presented for the flows
through uniform and non-uniform models with various
parameters. For the uniform channel, the fluid velocity was
shown to be lower than that of the diverging channel. It
was observed that for the uniform channel, fluid velocity is
higher than that of the non-uniform channel.

Because of the enormous implementations in medicine
and engineering, nanofluid motion through channels/tubes
has attracted appreciable attention. For the sake of
improvement of the thermal physical properties of fluids,
nanoparticles are suspended in these fluids. Various mate-
rials are used in order to form nanoparticles, such as metals
(Au, Ag, Fe, Al, Cu), nitride ceramics (SiN, AIN), carbide
ceramics (SiC, tiC), oxide ceramics (CuO, Al,0s, TiO,), and
carbon nanotubes and semiconductors. Recently, nano-
particle core—polymer shell composites and alloyed nano-
particles are used as nanoparticles. Most solids have a great
thermophysical properties compared with conventional
thermal effect of fluids such as water, oil, and ethylene
glycol. The viscosity, thermal conductivity, thermal diffu-
sivity, and convective heat transfer coefficients of these
fluids are improved by its nanoparticles [26-31]. The influ-
ence of nanoparticles on peristalsis in presence of magne-
tohydrodynamics has been analyzed [32]. It was noticed
that, energy, nanoparticle concentration, porosity and Gra-
shof number (Gr) enhance the flow rate and thermal effect at
the centerline of the cross-sectional area and decrease near
the channel wall. The pressure gradient was noticed to
decrease with increasing the Gr, energy, nanoparticle con-
centration, and porosity. Ferromagnetic nanofluid investi-
gation for peristalsis in an elastic tube was illustrated by
Akbar and Butt [33]. It was found that the variation in
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pressure gradient was due to the change in the Hartmann
number. Also, it was found that the pressure gradient de-
creases with an increase in the Hartmann number, Darcy
number, and Gr. It was observed that for pure water that the
pressure gradient is lower than that of Cu—water. The elec-
tromagnetic forces enhance the velocity unlike the buoyancy
forces. The thermal effect of pure water also was seen to be
enhanced than that of Cu—water. Generally, there are many
applications of nanofluids that encourage towards studying
them, some of which, medicine (cancer medication, safer
surgery by cooling, magnetic drug targeting); nanofluid
coolant (electronics, vehicle and transformer); chemicals
and materials and industry (textiles and printing, food and
drink, oil and gas).

2 Mathematical formulation

Consider a nanofluid axisymmetric flow in a regular cy-
lindrical pipe of radius R,. The pipe wall is malleable upon
which are enjoined sinusoidal peristaltic waves of limited
amplitude traveling down its edge. The frame of the wall
artery can be depicted as (See Figure 1):

H((Z,t)=R,+§ sin(ZTn (z - th')) 6)]

2.1 Mass equation

o ,, . 0, .,
,y(ru)+$(w)_0. )

s Z°

Figure 1: Problem form.
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2.2 Axial momentum 3.1 Reduced radial momentum equation
ow oW Low o 1[0 (( My oW op dp Oop
ALYV IR S B (i MEUA = =0, thus = = — 10
P o8 1 or +Waz'] az’+r'(ar<< My >r ar)) or Bz oz (10)
+ (V) (T' - T,) , ,
3) 3-2 Reduced axial momentum equation
. 25dp 10| 9 OW 25
2.3 Radial momentum (-9, =75, €5, |+ (1-9)
, , , , , (py)
ou ou oul|l  Op ) ou'\ 2, <1 -p+@ * |Gro (1)
Pnf[aﬂ“ o +Waz'] - ar'+zar’<y”far’> vy (oy)y
ou u 0 o ow .
5 7 ) tag\ el 5t 5 4) 3.3 Reduced energy equation
The energy equation can be expressed as [27]:
v ’ 7 i6+la—9 +SK—f—0 (12)
o2 ror Ky

+- < +<]+D

or  OT  OT] . T 10T T
lor? Ty or T az?

(pcp)nf[at,+uar,+waz, =
(5) 3.4 The non-dimensional slip velocity and

The boundary conditions of nanofluid on the wall can temperature conditions are

be written as:

w =0,atr =h(z), (6) w=0atr=h() 13)
ow
’ , —=0atr=0, 14
W _ o, atr =0, @) or 14)
or
6=0,atr = h(z), (15)
T =T, atr = h(z), (isothermal condition) (8) 5 0
——=0,atr=0. (16)
oT or
pr 0, atr’ = 0, (adiabatic condition) ) where h(z) = 1 + 6sin (2712)
The expression for the temperature distribution (6)
Introducing the following dimensionless variables can be extracted from the solution of Equation (12) subject to
boundary conditions Equations (15) and (16) as follows
z r Lou w PsUoLo &
z="r=—u=-""w=— Rey = L 6=—, _SKy .,
L, R, Su, u Yy R, 0(r, z) = 4K,y (h" -1’ 17)
. R, R DR’ R, T-T,
§=—pr= Hilto LY T T Tk ST L 6= T,- T, The expression for the velocity distribution (w) can
(0y),R2(T,—Ty) be calculated as the solution of Equation (11) subject to
Gr = fo—"l, boundary conditions Equations (13) and (14) as follows
Uojy
: (py) n (r’ - hz)
w(rz) = (1-9)”°Gr[1-p+¢ s
(py); 2

3 Solution method

+

ns(r* —h") ne(r - h°)
L 6 >

Using the long wavelength approximation (6" < <1, , .
£=0(1)) as assumed in Shapiro et al. [34], the equations +(1- g0)2'5‘1717 <n2(r2 -K) s (r*-h )) (18)
describing the flow can be described as: dz 4 8
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The volumetric flow rate can be obtained from the
relation

h@) 1/, &
= [ (wndr, F = Q—§<1 +—> (19)

o 2

Thus, we can write down the pressure difference with
the axial coordinates as

e (-0 G{1-p g G )

é (-0 ()

dp _

(20)

The stream function can be obtained from the relation
of the velocity as
1oy

“ror
(21

h
Pz 1) = [rw(z, rdr
0

The expression of wall shear stress is computed as

ow

1 d
TW = E :ih(l - (p)ZS p [n2 - n3h2]
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4 Results and discussions
— Validation of the problem

The theoretical solution and results for this analysis have
been compared with Bintul Huda et al. [35]. In this study, the
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volumetric flow rate has been considered in Equation (23),
however, Equation (24) was used in [35]. This variation af-
fects the pressure gradient, flow rate and temperature.

62
F:20—<1+3>
1/, &
F=Q—§<1+?>

Velocity profiles for different solid with water at
(Q=0.5525,5S=2,Gr=2,a=0.3,6 =0.1, ¢ = 0.004)

(23)

(24)

— Mathematical results

Figures 2 and 3 represent the mean velocity distribution
w(r) with variations in nanoparticle concentration (¢)
and heat source parameter (S). Significant elevation in
mean velocity is obtained with decreasing the nano-
particle concentration (¢), as seen in Figure 2, where
nanofluid is found to be harmonious to the lowest flow
rate in comparison with pure fluid. Results present sym-
metric velocity variations through the tube cross-
sectional area of the artery. This modality of attitude is
promoted by enhancing the thermal effect (S) as seen in
Figure 3. Maximum velocity is obtained for pure fluid
while the minimum velocity is linked with nanofluids that
successfully minimize flow rate.

The distribution of velocity with the flow rate is
analyzed in Figure 4 where an increase in the mean flow
rate reduces the flow velocity. Figure 5 is shows that the
gravitational force reduces the flow velocity. When the
temperature is applied on the velocity profile, the velocity
of the flow is decreased with an increase in the viscosity (a),
as seen in Figures 6 and 7.

The thermal distributions with different nanoparticle
concentration are signified in Figure 8, where nanofluid
attains the lowest temperatures compared to pure fluid.
With increasing nanoparticle concentration (¢p), the de-
mand influence of cooling the pumping fluid is accom-
plished. Subsequently, for thermal patterns in peristalsis of
nanofluid pumping, the preferable cooling execution is
related with nanofluids. In results, through the uniform
cross-sectional pipe, parabolical variations are noticed and
extreme temperature permanently occur at the pipe axis of
symmetry. Considerable thermal increase is obtained with
raising the heat absorption (S) as seen in Figure 9. The
highest temperature is acquired without nanoparticles
where the lowest temperatures are connected with nano-
fluid. The peristaltic motion of the artery reduces the flow
temperature, Figure 10.
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Figure 3: Velocity profiles with different heat source at (Q = 0.1,
Gr=2,0=0.3,0=0.2, p = 0.004).

Figures 11-15 show premeditation into the restraint in
pressure gradient (AP) with different locations (z), thermal
variable (S), nanoparticle concentration (¢), variable vis-
cosity parameter (@) and Gr. Pressure difference diminishes
with a growing the thermal energy (S) and the variable
viscosity parameter (a). Linear relationship between the
pressure difference and the mean flow rate (AP, Q) through
various parameters has been noticed. For higher values of
thermal source (S), the pressure difference rises at the

—— CuD+H29
—— gty

Figure 2: Velocity profiles with different
nanoparticles concentration at (Q = 0.1,
$=2,6Gr=2,a0=0.3,0=0.2).

— Q=0
- Q=01
s Q=02

Figure 4: Velocity profiles with different flow rate at (¢ = 0.004,
$=2,6r=2,0=0.3,0=0.2).

range of flow rate, i. e. (1 < Q < 2). Pressure difference is
improved with Gr and nanoparticle concentration ().
Figures 16-21 investigate streamlines conceptions for
the effect of several variables in the peristaltic phenome-
non. This declaration a preferable estimation of the influ-
ence of nanofluid which is an original characteristic sine-
related with the peristalsis. Figure 16 shows Gr effect on the
motion of nanofluid. The scrambled streamlines decrease
with Gr growing in all pure fluid and nanofluids cases. The
continuity motion of the nanofluid is analyzed in Figure 17.
Figure 18 shows that the presence of nanoparticles
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— Gl
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Figure 5: Velocity profiles with different Gr at (Q = 0.1, ¢ = 0.004,
S$=2,0=0.3,6=0.2).

Figure 6: Velocity profiles with different o at (Q = 0.1, ¢ = 0.004,
§=2,0=0.2,Gr=2).

— =0
— - 501
- ---5=02

Figure 7: Velocity profiles with different d at (Q = 0.1, ¢ = 0.004,
S$S=2,a0=0.3,Gr=2).

—_— =0
— - =0.02
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¥
Figure 8: Temperature profiles with different nanoparticles
concentration at (6 = 0.2, S = 2).
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Figure 9: Temperature profiles with different source heat at
(¢ =0.04,0=0.2).

concentration () decreases the motion of nanofluid. The
influence of thermal parameter (S) on assembled stream-
lines for pure fluid and nanofluid is illustrated in Figure 19.
The assembled streamlines rise with enhancing the heat
absorption (S). Peristaltic motion property is signified in
Figure 20. The crowded streamlines phenomenon with
different viscosity parameter (a) is analyzed in Figure 21,
where the crowded streamlines rises with an increment in
the viscosity parameter (a) i. e. with lowering viscosity of
nanofluid.
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Figure 11: Pressure flow rate profiles with different positions at

(Gr=2,¢9=0.004,0=0.3,5=2,0=0.1).

25

20 —

Il 10
W

Figure 12: Pressure flow rate profiles with different heat source at

(Gr=2,¢9=0.004,a=0.3,0=0.1).

—_— Gr=1
CGr=2
F Gr=3

Figure13: Pressure flow rate profiles with different Grat (¢ = 0.004,
a=0.3,5=2,0=0.1).

Figure 14: Pressure flow rate profiles with o at (Gr = 2, ¢ = 0.004,
$=2,0=0.1).

Figure 15: Pressure flow rate profiles with different nanoparticles
concentration at (Gr=2,a=0.3,5=2,6=0.1).

The influence of nanoparticles enhances flow rate and
herewith increases the wall shear stress. At the entrance of
the pipe, shear stress begins reducing till extreme
contraction is attained and subsequently the shear stress
increases to the termination of the constriction through
the range of wave length. This behavior is also displayed
for sequent zones. It is refined until the outlet of the pipe.
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Figure 16: Streamlines with Grat (Q = 0.1,
@ =0.004,5=2,0=0.2,a=0.3).

4 Figure 17: Streamlines with flow rate at
(b) Q=1 (Gr=2,9=0.004,5=2,6=0.2,a=0.3).

03
06
0.4

032

Figure 18: Streamlines with nanoparticles
concentration () at (Gr=2,Q0=0.1,5=2,
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(b) ¢ =0.04 6=0.2,a=0.3).
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r Figure 19: Streamlines with heat source at

(b)S=3 (9=0.004,G6r=2,Q=0.1,6=0.2,a=0.3).
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Figure 20: Streamlines with amplitude ratio
at(§=2,9=0.004,Gr=2,Q=0.1,a0=0.3).

Figure 21: Streamlines with variable
viscosity parameter at (S=2, 6 =0.2,
¢ =0.004, Gr=2,Q=0.1).

Identical modalities are supervised in all of figures. The
results show that unlike the behavior of shear stress with
flow rate (Q), it is high with raising thermal absorption
(S), nanoparticles concentration (¢p), variable viscosity
parameter (a), viscosity parameter () and amplitude (6).
The flow is increased at the pipe wall with increasing the
thermal sucking. This tendency is actually regular with
the previous calculations approaching the axial flow
rate and is also close to different investigations of

- A% ~ K
i . . =
1 SRR J:‘-\ !
- P - - F ¢ f
LY . P - Y Bl
" .! N - ‘ k’ - -._ \ J -
T -/ _: R A

.’
nnn
[
H=OQ
i

Figure 22: Wall shear stress with heat source
at(@=0.3,0=0.1, ¢ = 0.004, Gr =2,
Q=0.5).

nanofluid peristaltic waves, see Akbar and Nadeem |[2]
(See Figures 22-27).
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° ; ; 3 Nomenclature
Symbol Definition Unit
r,z Polar coordinates cm
w,w Velocity components cm/s
T G Specific heat at constant pressure  Joule/kg.K
T Temperature K
-_'\ . s To Ambient temperature K
B e B , - 'I_-' B, Constant applied magnetic field Tesla (T)
; oA L p Pressure N/cm2
- - E K Thermal conductivity W/(m-K)
2 W Stream function cm’/s
6 Dimensionless temperature Dimensionless
Figure 23: Wall shear stress with nanofluid concentration at u Coefficient of dynamic viscosity Pa.s
(¢=0.3,0=0.1,5=2,Gr=2,Q=0.5). o Electrical conductivity Simens/cm
p Denisty Kg/m’
Re =pscwa/y, Reynolds number Dimensionless
Q Mean flow rate Dimensionless
Ha Hartmann number Dimensionless
F Volumetric flow rate in the cm’/s
wave frame
A Wave length cm
t Time sec
D Source term of heat Joule
T S Source term of heat Dimensionless
Ro Main tube radius cm
d Amplitude of the peristaltic wave  cm
0=208/R, Amplitude ratio in tube Dimensionless
8" =Ry Wave number Dimensionless
7] Nanoparticles concentration Dimensionless
e L e Subscripts
. . f Fluid
Figure 24: Wall shear stress with flow rate at (¢ = 0.004, a = 0.3, s Particle
6=0.1,5=2,Gr=2). nf Nanofluld
u] T T 1
1 z k:

Figure 25: Wall shear stress with variable

viscosity parameter at (¢ = 0.004, Q = 0.5,

0=0.1,5=2,6Gr=2).
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-'. 5 -‘_ _-" '-_ : Figure 27: Wall shear stress with amplitude
at(¢=0.004,Q=0.5,Gr=2,5=2,a=0.3).
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