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Abstract

A mathematical model is developed to discuss the impact of the Hall current and
the Joule heating on the peristaltic flux of finitely extensible nonlinear elastic
Peterlin (FENE-P) fluid in a tapered tube with mild stenosis. The fluid movement
along the wall surface resulted from the sinusoidal wave flowing with constant
speed. Conditions of velocity and thermal slip are applied. Lubrication
approximation is adopted to modify the governing flow problem. To discover the
solution to a system of equations, the regular perturbation approach is used. The
effects of the different physical parameters are debated and graphically shown in a
set of figures. It is discovered that as the Hall current parameter is increased and the
Hartman number is decreased, the fluid velocity increases. It is also worth noting
that the Dufour number causes the fluid temperature to rise, whilst the Hall current
parameter causes the temperature to fall. In the meantime, both the Hall current
parameter and the Soret number have the opposite effect on concentration. The
trapping phenomenon is thoroughly investigated.
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1. Introduction

Peristalsis is a vital system for transferring fluids through a tube by using a contractile ring
above the tube to propel the material ahead. This mechanism is critical for the movement of
fluids in living beings and industries. The peristaltic phenomenon is what makes dialysis and
heart-lung machines work. The authors in [1-8] show recent attempts at peristaltic flow
effects.

The majority of fluids in nature have non-Newtonian properties. Under the stress, non-
Newtonian fluids change their viscosity or flow behavior, when the stress is applied we note
that not every non-newtonian fluids have the same response, some grow more solid, whereas
others become more fluid. Some non-Newtonian fluids interact in response to the magnitude
of the stress applied, whereas others react in response to the duration of the stress. The FENE-
P model is a non-Newtonian model that has been widely used to correlate experimental data
on shear and extensional viscosities, as well as transient and normal stress variations in
polymer solutions. Paper pulps are the polymer solutions, while chyme, a biological fluid, is
characterized as a pulpy acidic fluid. The FENE-P model is widely used rheological
constitutive equation for polymeric liquids. Because chyme and pulps are similar, they can be
used to represent the rheological properties of chyme while researching the peristaltic
transpose of chyme. Furthermore, it is capable of simulating viscometric characteristics for a
wide range of fluids and can forecast decreasing viscosity with shear. Ali et al.[9] studied the
peristaltic motion of two fluids, namely the FENE-P and the Newtonian fluids in a flexible
tube under the effect of electro-osmotic force. Asghar et al.[10] presented the heat and mass
transfer impact on peristaltic flow of (FENE-P) fluid in the presence of chemical reaction.
Refs.[ 11-14] contains several important assessments on the usage of the FENE-P fluid model
in mathematical modeling and investigation of various flow circumstances.

The examination of Hall's influence becomes extremely important in the presence of a high
magnetic field. These effects are most useful in a variety of industries, including power
generators, magnetometers for measuring magnetic fields, transformers, the sensors of Hall
current, car fuel level indicators, spacecraft propulsion, and magnetic situation monitoring in
DC electric motors. Hayat et al. [15] investigated the Hall current influence on the peristaltic
motion of Eyring—Powell fluid in an inclined symmetric tube. EL-Dabe et al. [16] studied the
influence of the Hall current and Joule heating on the peristaltic transfer of a Sisko fluid
through a porous medium. the Hall current effects are reported in Refs. [17-19]).

Heat transfer has an important role in peristaltic movements, n particular, the blood flows.
Some of the most common uses of heat transfer are conduction of heat in tissues, radiative
heat transfer between surface and environment, heat transfer by convection when the blood
flux from pores of tissue, vasodilation and food preparation. Heat transfer is involved in
peristalsis processes such as oxygenation and hemodialysis.In addition, it has several
implementations in engineering encompassing high temperatures through variable thermal
conductivity. Such operations include turbines, space vehicles, nuclear power plants, pumps
operated at high temperatures and rockets. As the electric energy is transformed into heat,
Joule heating happens. Soldering irons, electric stoves, electric heaters and cartridge heaters
are all examples of Joule heating. Furthermore, electronic cigarettes mainly operate on the
Joule heating principle. Many investigators and studies have presented discussions in [20-26]
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The goal of this study is to look at how the Hall current, Joule heating, peristalsis and the
Soret and Dufour impact affect a fully developed convection flow in a tapered tube with slight
stenosis. Using the long wavelength and low Reynolds number presumptions, the governing
equations of motion have been simplified. These equations are approximately resolved under
the required boundary conditions by employing a perturbation method, see[27].

2. Problem formulation

Consider that an incompressible viscoelastic fluid bearing the peristaltic flow in a tapered
tube. The motion of the fluid is created by sinusoidal wave train conduction along the walls of
the tube with mild stenosis. The magnetic field of uniform strength Byis acting upon the fluid,
however, the influence of the electric field is not applied. While it is taken into account the
effect of the Hall and Joule heating. We consider a cylindrical polar coordinate (R, 8, Z) in
such a way that the Z-axis synchronizes with the axis of the tubes. Hall's current presence
creates a force in the 6-direction. As the result, the flow of fluid becomes three dimensions,
however, there is no influence on the fluid flow, concentration properties and heat transfer in
6 direction. The tube is convectively heated. Also, the condition of convective mass is applied

in the physical Sketch of the situation of the problem that is illustrated in Figure -1.
oT A

X — = ahe (T=T") RU
or

ac
ke = = ~h; (C-C7)
or

ZW

Figure 1-The geometry of the problem

Travelling waves of small amplitudes propagating along tapered walls of the tube are taken as
follows:

R,(Z,t) =R(Z) + H,

RR—-6m(Z+L+4d) —-L<7Z<-Z,
7 T 43 Z - = = 1
R(Z) = R1—6m1(Z+L+d)—%(1+cosZ—Z) —-7,<7< 17, (1)
0
Ri—-6m(Z+L+d) Zo<Z<d J

H = 6_c0527n(2_— ct), Hy = hcos.

where R(Z) indicates the efficient radius of the tapEred tube, H; represents the peristaltic wall
geometry, the radius of the tube is denoted by R, Z, is the half-length of the stenosis, § is the
wavelength, A is the wavelength, € is wave amplitude, ¢ = Ri is the wave velocity, ¢ is the

1
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angle of tapering, t is the time, m, = tan ¢ is the slope of the tapered tube, H, is the height
of the stenosis in a tapered tube and h is the maximum height of the stenosis.

In our study, the walls of the tube are supposed to be electrically insulated. When the
electrically conducting fluid influxes through the tube in the existence of a
magnetohydrodynamic field, the generalized Ohm’s law with the Hall effect can be expressed
as

]=0[E+I7><B—i(/><B)] )
where e is the electric charge of ions, n is the number density of electrons, and E = 0. the

magnetic field represent as B = (0, 5, ,0), while the influx velocity of the fluid is given as
follows V = (U, 0, W), hence we have

2 — _ _ —
J x B ==ZE (T + mW),0,(W — mD)] 3)
where m = G—B" is the Hall current parameter.

The four nonlmear partial differential equations that are connected (continuity, momentum,
energy, and mass diffusion) describe the fluid flow in the frame (R, Z) are expressed by

E+R+_=0’ @)
U L goU L w9\ _ _9% 10 p _Seg _ 9B (7 7
p(af+Uaﬁ+ az)_ oz Trar RSRR) + ‘(SRZ R Tamz UMW (5)
W W OW F 19 = B2
p(CE+ T+ W) = =2+ 22 (RSz ) + = (S71) — 2L (W — mD), (6)
o g2 L T\ = (22T 4 19T | 92T\ | DmKr (92C | 10C , 02C\ | 0Bs 2
ficp af+UaR+WaZ)_K(a§2+RaE aﬁ)+ Cs (a§2+RaR+aZZ) 1+m Z(W
u?), (7
—aC 19C DKt 19T , 92T
(Ge+ U5+ 55) = D (G + 755+ 538) + 2 T (G +i5i+ ) (8)

where U, W are the velocity components in R and Z directions, respectively and §ij P,T,C,
Kr, Dy, T, p, ¢, are S;; assigns the extra stress tensor over a phase whose normal is the i-
direction and act on the face j- direction, pressure, fluid temperature, the concentration of
fluid, thermal diffusion, coefficient of thermal diffusivity, the mean fluid temperature, the
fluid density and the specific heat, respectively.

The partial slip condition together with the convective boundary conditions of the wall can be

expressed as follows:
ow oT

— ac —
U= ,ﬁ_—o,ﬁ—o,ﬁ—o at}f—O (9)
U=22, W =—ySug, K =—h(T—T,), Do =—he(C—C,)atk,

where y is the slip parameter, h, stands for heat transfer coefficient, and it reflects the
proportionality constant between the heat flux and the thermodynamic driving force for the
flow of the heat. Meanwhile, the mass transfer coefficient, abbreviated as h., is used to
represent the relationship between the flux of actual mass of kinds into or out of moving fluid
and the driving force for that flow.

The constitutional equations for a FENE-P fluid model are defined as

f (tr(S)S + APZ‘_ = 2buD, (10)
v _
S= + V-V)S = S(V)T — (VV)S. (11)
And the functions f (tr(S) an D are given by
f@ﬂﬁ)—1+——iL92D=%WV+GWf) (12)

3144



Hasen et al. Iragi Journal of Science, 2022, Vol. 63, No. 7, pp: 3141-3152

where tr(S) = Sgr + Sz + Sz, and the parameter b = 1/(1 — 3/L?) is dependent on L?
which is represented the extensibility parameter, 4,, is the relaxation time, u is the zero shear
rate polymer viscosity.

The Galilean transformations are utilized to transform laboratory frame into periodic ones to
facilitate the governing Egs. (4)—( 8), which are given as

F=R, z=Z—ct, w=W-—-c, u=U (13)
Now, we are introducing non- dlmenS|onaI scaling transformations as follows:
T _ E _ i _w H1 Rl _ S _ ZO E 3\
r_Rl'Z A’ u= 6CW c’ » Hy 6 AS cu ZO_AE R1
_ L __h _d __ R 2p T-To C-Co _« MK
L—A,h—Rl,d—l,R(z)— P—CM T="20C="2y =1y
o Q chp Apc c? ( (14)
H = ;,BORl,Q = 2HR%C,RB = ,B, =PB.E;,D, = R_l'EC = BR:
_ heRy _ heRry _ /"Cp _ DmKr Gy _ PDmKTBRy
B = K Be = D SC_pD b= » Dy T uCsBRicy’T T uTmCo )

where H is the Hartman number, Q is volumetrlc flow rate, R, is Reynold’s number, S; is the
heat transfer Biot number, 8. is the mass transfer Biot number, B,is the Brickman
number, D, is the Deborah number, S, is the Schmidt number, B. is the Prandtl number, D,
is the Dufour number, S, is the Soret number, and £ is the adverse temperature gradient.
Now by employment the above transformations Eqgs. (13)-(14) into the nonlinear system (4-
8), we get the following formulas

au 6w

B te=o 2 (19

3 (% ouy _ _9p 510 20 ¢ _gS0 _ _H” s2,

Res3(uSt+w+1)3)=-2 +5rar(r5ﬂ) + 6228, — 620 - 52y

s m(w + 1), (16)

1+m

ow owy _ dp 10
Res (uS2+ w+1)57) = =24+ 22(r5,,) + 5= (S5,,) -

oT aT\ _ 9°T 1 aT 2 10C
Rebs(ust+ w+DE) =20+ 2845 —+DP(—+;E)+1+ ZB((w+
1% + §2u?), (18)
Resca(u‘;—f+(w+1)‘;_§)=gc 1o¢ 52 S +5,.5.C5 +36—T)+5552‘;§, (19)
And by reusing the previous transformatlons on Eq (10), We get
fSer + 8 DI + (W + 1) Z15) — 6 Do (25, 5 — 25,, 50) = 2b6 2, (20)

aSrz asrz

£S., + 8D, ( + (w +1) ) (SDSTZ +52D5226) DSy 2 —
8 DeSy, 20 = b52 o b2, (21)
fSuz+ 6 D (uZE 05" + W+ 1)2%) = 2D,S5,, 57— 26 D,S,, 5" = 2b6 2. (22)

We note that Eqs (15) - (22) are difficult to deal with, so through our observation of the
literature, there is no attempt to address the peristaltic fluid problem of non-Newtonian fluids
without applying some assumptions. Fortunately, because of the association of peristaltic
movement with physiology, suitable assumptions can be used, for example, in the movement
of the intestines where the fluid motion is peristaltic, the vessel radius is so small compared to
the wavelength of the wave.

The above two assumptions are commonly referred to low Reynolds number and long
wavelength and assumptions in the literature. The parameter characterizing the ratio of the
channel radius to the wavelength of the peristaltic wave in our study is §. Thus, for the flow
under consideration, we assumed = 0 and R, = 0. Under the above assumptions, Egs. (16)-
(22) have the following formula
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op _
E =0, (23)
Jor ; e + ;E( rSrz) +a (W +1) =0, (24)
10T 10C

m+——+DP(—+—;) — 2B((w+1)2—0 (25)

9%c  10cC 10T
e rar+55( +;5)—0, (26)

And
fSer 2601 5 (27)
w w
fSrz— DeSrr; = b;! (28)
3}

szz —2 DeSrz% =0, (29)

With the final formula of the dimensionless boundary conditions
uzo,zlzoalzo,gizo at r=0

T " or r (30)
6H1 . H
u=——= 2nesin2nz,w =-1—-y STZ, —B:T,— = —B.C at r,
And we can define the stream (7, z, t) functlon as foIIows
w=21% - 1% (31)
r or’ r 0z

3. Solution Methodology

In this section, we refuge to use the approximate method to get the solution of the system.
The regular perturbation technique is employed to find accurate approximate to Egs. (23)-
(29).
Frist simplifying and solving the system (27)-(29) yield the normal components of the extra
stress tensor

2D,
S,z = 751?21 andS,, = Sgg = Syg = Se, =0 (32)
So the system can be reduced to

(b+2%52,)s,, = b2~ (33)
The used technique depends on choosing a small parameter, in our study, we choose a
parameter H to solve the nonlinear system. The following expansions are used to obtain the
perturbed solution

Y=o+ H* Yy + 0(HY)

Syz = Spzo + H? Sy + O(H®)

T=Ty+H?T, + 0(H%) (34)

C=Cy+H?C, +0(HY) |

p=po+H’py +O0(HY)
Now we will employ these physical quantities into Egs. (23)- (26) and boundary conditions
(30), and then gathering the like powers of H2, we obtain the corresponding zero- and first-
order systems. By solving the system, we get the solution as below:

Wy = r2(—48b2L2—6b212(21,2 —12441,Y)po+De? (=312 47 H)p,3

22 : (35)
) 96b2L,
Y, = 46080b4L4(1+m2)T2(120b4L4(9r24 + 7%+ 3673y — 12hry%y — 61,2(r? — 8y%))p, +
20b2D,%L2(521,% — 9r,*r? — 18r,%r* + 5r° 4+ 1321,%y — 361,r*y)p3 + 9D, * (=51, +
r*)2ps — 2880b%L* (1 + m?) (21,2 — r2 + 4r,y)p; — 1440b2D,*L?(1 + m?)(3r,* —

r)pgp1), (36)
T, =0, (37)
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1

— _ 2 474 62 _ 79,6 4 _
U 460800b4L*(1+m?2) B (—1+Dy PrSySc) B,pg(400b°L* (11r,°B, — 2r°f, + 18hT" Bry
7213 (r? By — 2y + 612°(2 + 9By) + I r2 B (r? — 8y?) — -+,
(38)
Co =0, (39)
_ 1 4 574,,2 4 47402
C1 = rorsoor oo sy (4800b* By LUpGs, Sc + 28800b* Byry * LYy pis, S +
57600b*B, 1,3 L*y?p2Ss,. S, + -+, (40)
Based on the above equations, the velocity of the fluid is:
w =
1
m (72b4L4(3h4H2 + 7'2(16 + 16m2 + HZT'Z) + 12h3H2)/ - 8h(4 +
4m? + H?r?)y — 4h%(4 + 4m? + H2(r*> — 4y*)))po + - (41)

4. Results and discussion

The solution of a non-Newtonian viscoelastic fluid with a tapered tube is dealt with in this
section. The expression for the velocity, temperature, concentration and stream function is
computed approximately for various flow parameters. Mathematica program ( version 11.0)
has been employed to calculate the influence of embedded parameters on the hydrodynamic
and thermal behavior which are represented by the Hartman number H, the Hall current m,
the Deborah number D,, the slip parameter y, the Brickman number B,, the Dufour
number D,,, the Soret number S,., the mass transfer Biot number S.. Figures 2 and 3 show the
magnetic field and the Hall effect on the velocity profile for values of H and m. It is depicted
that the velocity with the increase in the magnetic field, velocity profile decreases at tube
sides while Figure- 3 depicts that the Hall current enhances the flow of fluid. Figure- 4
illustrates the velocity variation vs r-axis for various values of D,. It is clear that the velocity
of the fluid is reduced when D, increases. Figure-5 indicates that the velocity profile
decreases for the larger value of momentum slip parameter y. Figure- 6 shows the evolution in
temperature for different values of H.it is exhibited that for large values of H the temperature
distribution increases at the center of the tube whereas it is the opposite at the sides. Figure- 7
indicates that by increasing m the temperature increases at the edges of the channel while
decreasing at the center. The difference of temperature for various values of B,, is
demonstrated in Figure-8. It is observed that The temperature rises with B,.. This position can
be interpreted as the thermal energy generated as a result of the dissipation of the viscous. So,
the temperature of fluid increases. In Figure-9, the impact of D,, on temperature is clarified. It
can be observed that the heat enhances with the boost of D, value. In Figures- 10-13 the
profiles of concentration are shown for different values of the parameters of interest where it
is found in Figure- 10 that the concentration of fluid rises with H near the wall but decreases
at the center of the tube. Figure- 11 shows that concentration gets increasing function in
(=15 < r < 1.5) while it gets the opposite attitude at the walls. Figure-12 shows that an
increase in S, leads to a decrease in the concentration of fluid. Figure-13 indicates that the
mass diffusion increases for the larger value of S.. The formation of a bolus by internally
splitting streamlines is called trapping. The bolus proceeds forward through a peristaltic wave
with the same speed. Figure-14 depicts the streamlines for the various magnitude of H, it is
clear that by increasing the value of H the number of the trapped bolus is increasing while the
size of trapping decreases. Figure-15 illustrates that by increasing the value of D,, the number
of the trapped bolus is decreasing whereas the size increases. The impact of the slip parameter
y on the trapping is displayed in Figure- 16. The bolus increases in number while the decrease
in size by the increase of y.
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Figure 16-Stream function variation vs. y atm = 10,b = 0.1, D, = 1,H = 0.1

5. Conclusions

In this article, we have analyzed the role of the Hartman number, the Hall current, the
Deborah number, the slip parameter, the Brickman number, the Dufour number, the Soret
number, and the mass transfer Biot number on the peristaltic motion of a non-Newtonian
Fene-P fluid flow in the tapered tube. Based on what was previously mentioned, it can be
concluded that an increase in the Hartman number H, the Deborah number D,, and the slip
parameter y show a deceleration in the velocity of the fluid while the velocity exhibits an
accelerated attitude as the Hall current m increases. The Hartman number H and the Hall
current m show opposite behavior for temperature distribution and mass diffusion, and we
show that the temperature profile rises as the Brickman number B, and the Dufour
number D, increase. An increase in the values of the Soret number S, leads to a reduction in
mass diffusion. Whereas a boost in the mass transfer Biot number S, leads to a rise in
concentration. The Hartman number H and the slip parameter y cause a reduction in the size
of the trapping bolus, but the number of trapping bolus increases.
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