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Abstract: This communication presents the transportation
of third order hydromagnetic fluid with thermal radia-
tion by peristalsis through an irregular channel configura-
tion filled a porous medium under the low Reynolds num-
ber and large wavelength approximations. Joule heating,
Hall current and homogeneous-heterogeneous reactions
effects are considered in the energy and species equations.
The Second-order velocity and energy slip restrictions are
invoked. Final dimensionless governing transport equa-
tions along the boundary restrictions are resolved nu-
merically with the help of NDsolve in Mathematica pack-
age. Impact of involved sundry parameters on the non-
dimensional axial velocity, fluid temperature and concen-
tration characteristics have been analyzed via plots and ta-
bles. It is manifest that an increasing porosity parameter
leads to maximum velocity in the core part of the channel.
Fluid velocity boosts near the walls of the channel where
as the reverse effect in the central part of the channel for
higher values of first order slip. Larger values of thermal
radiation parameterR reduce the fluid temperature field.
Also, an increase in heterogeneous reaction parameter Ks
magnifies the concentration profile. The present study has
the crucial application of thermal therapy in biomedical
engineering.

Keywords: Radiation; MHD; Porous medium; Hall cur-
rent; Second-order velocity slip; Thermal slip; Homoge-
neous/heterogeneous reactions

*Corresponding Author: M. Gnaneswara Reddy: Department of
Mathematics, Acharya Nagarjuna University Campus, Ongole - 523
001, India, E-mail: mgrmaths@gmail.com

1 Introduction

Peristalsis is the one kind of physiological fluid motion
induced by a periodic continuous wave of proceeds ax-
ially over the length of distensible duct containing lig-
uid. The occurrence of peristalsis has many physiologists
recognized as the subject of bio-medical engineering and
scientific research over the recent years due to wide ap-
plications include in female fallopian tube, micro blood
vessels, smart heart lung machine, cardiopulmonary by-
pass surgery, blood hemolysis, transport of spermatozoa
in lymphatic ductus, movement of ovum in vessels. The
fluid transport on peristalsis is originated by Latham [1].
Shapiro et al. [2] studied the phenomenon of Peristaltic
motion with approximations of long wavelengths at small
Reynolds number. A mathematical model for the peri-
staltic flow in a tube was presented by Raju and De-
vanathan [3]. They obtained the expression for the stream
function as a power series. The interaction of two dimen-
sional peristaltic transport in a couple stress fluid has
analyzed by Mekhemer [4]. They revealed that the pres-
sure rise enhanced with boosting values of amplitude ra-
tio. Mishra and Ramachandra Rao [5] have addressed the
flow analysis in an irregular channel through the peri-
stalsis by considering the suppositions of low Reynolds
number along the large wave length. The peristaltic flow
in Newtonian fluid and Non-Newtonain fluid over var-
ious aspects has been extensive studied many of the
investigators [6-15].

The interaction of magnetohydrodynamic (MHD) peri-
staltic transport flow through a channel is of great im-
portance with certain movement of physiological conduc-
tive fluids problems such as blood pumping machines,
MHD peristaltic compressor, and magnetic drug process
in cancer treatment, bio-magnetic substance in hemody-
namics. The influence of applied magnetic field on blood
flow was examined by Sud et al. [16]. Effect of Lorentz
force on peristaltic couple stress fluid in a non-uniform
channel has investigated by Mekheimer [17]. He noted
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that the pressure rise declines for higher values of cou-
ple stress parameter. Hayat et al. [18] investigated the
blood flow of Johnson—-Segalman fluid in the presence of
magnetic field. The solution for the axial velocity evalu-
ated in terms of Weissenberg number. The interaction of
magnetohydrodynamics and Joule heating on Peristaltic
blood flow in a nanofluid have presented by Gnaneswara
Reddy and Vanugopal Reddy [19]. The hydromagnetic two
dimensional peristaltic motion of a Jeffrey fluid in an
irregular channel have been examined by Gnaneswara
Reddy and coauthors [20, 21]. They are utilizing the low
Reynolds number and small long wavelength supposi-
tions for the dimensionless governing equations. They
found that the axial velocity reduces in the core part of
the channel while the reverse behavior in near the walls.
Peristaltic transport through the effects of magnetic field
and porous medium with heat transfer are investigated
many investigators [22-24]. The impacts of Hall current in
Newtonian/non-Newtonian fluids are focused recent stud-
ies by the peristalsis [25-29].

For the dealing the bio-physiological problems of pol-
ishing of artificial heart valves, fluid motion within hu-
man body flow problems, thin film, and flow on inter-
nal neuronal cavities, rarefied fluid in the presence of slip
boundary conditions in the consideration is quite essen-
tial in the peristalsis. Chu and Fang [30] have analyzed the
slip flow in peristalsis. Effects of wall slip conditions and
MHD on the peristaltic motion in a non-uniform channel
have presented Ebaid [31]. Ali et al. [32] have examined
the velocity slip on the peristaltic MHD fluid flow. Tripathi
et al. [33] have investigated the effect of slip restriction
on peristaltic transport in a viscoelastic fluid. Mekheimer
et al. [34] have discussed velocity slip effect on 2D MHD
peristaltic motion in a wall filled a porous medium. It
concludes that as increase the partial slip parameter re-
sults the inner fluid velocity strengthened. Gnaneswara
Reddy [35] have discussed the analysis of partial slip and
MHD peristaltic flow filled a porous medium with heat
and mass transfer. It is revealed that both axial velocity
and fluid temperature enhances with an increase in the
velocity slip parameter. The study of thermal radiation in
the blood flows plays an emerging role in cancer therapy,
laser surgery, medicine cryosurgery processes in the hu-
man body, prediction of blood flow with high temperature.
Ramesh [36] have discussed the analysis of pulsatile mo-
tion on the couple stress fluid in an non-uniform channel
with convective conditions and partial slip. He concluded
that axial velocity near the walls of the channel is boosted
for higher velocity slip. Sinha and Shit [37] have investi-
gated the combined effects of thermal radiation and MHD
heat transfer blood flow through a capillary. Gnaneswara
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Reddy [38] have reported the impacts of chemical reac-
tion and thermal radiation on hydromagnetic convective
boundary layer slip flow. Hayat et al. [39] have addressed
the influences of thermal radiation on peristaltic rotation
flow in Jeffrey fluid. Exact solutions for velocity, dimen-
sionless temperature are obtained with the considerations
of small Reynolds number and large wavelength. They
found that the dimensionless temperature function is a di-
minishing function for the thermal radiation parameter.

With the above discussed analysis, the current arti-
cle being motivated to investigate the characteristics of
the peristaltic third order hydromagnetic flow and heat
transfer in an irregular channel filled a porous medium
with homogeneous-heterogeneous reactions by consider-
ing the effects of hall current and thermal radiation. The
present analysis is also revoked the second order veloc-
ity and thermal slips. The final dimensionless governing
equations are highly non-linear and coupled. Thus it is
very conflict to find its exact solution of velocity and tem-
perature. The numerical solution is obtained with the help
of NDsolve in Mathematica package. The computed nu-
merical results are displayed graphically and analyzed to
the effects of the sundry relevant dimensionless flow quan-
tities. The present study has a useful application in ther-
mal therapy in cancer treatment. The rest of the paper is
summarized is as follows. The mathematical modeling of
the problem is described in Section 2. Section 3 displays
the numerical solution of the final controlled nonlinear
coupled ODEs. The numerical results and discussion an-
alyzed in detail with the aid of plots and tables in Section
4. Finally, the important findings of the current study re-
ported in Sectionb5.

2 Modeling of the Problem

A two-dimensional electrical conducting of an incom-
pressible third order peristaltic transport flow in an irregu-
lar channel (asymmetric channel) of width d; + d, filled a
homogeneous porous medium is considered. The channel
of propagating irregular sinusoidal wave trains unvarying
speed c through flexible walls. The thermal radiation, Hall
current, second order velocity slip and energy slip condi-
tions are taken in to consideration in the present study. The
co-ordinate system and somatic proposed model is pre-
sented in Fig. 1. A uniform magnetic field imposed in oppo-
site direction to the flow. It is consider a simple model for
the relationship reaction between bulk (or homogeneous)
and surface (or heterogeneous) which incriminate the two
chemical species A and B (see [40, 41]). The homogeneous



DE GRUYTER

(or bulk) reaction can be given as

A+B — 3B, rate= kcaﬁl2

and the heterogeneous (or surface) reaction is given by

A — B, rate=ksa

where a and S are the species concentrations A and B re-
spectively and k. and ks are the rates of the constants. It is
further considered that both process reactions are isother-
mal.

Fig. 1: Physical model of the problem.

The irregular channel of the walls of the flow is defined
by

H; (X,t)=dy +a; cos {277[ (X—ct)} , 6))

H3 (X, t) = —d; - a cos [27” (X—Cf)+¢] , (@

in which aq, b, are the amplitudes of the waves, d; + d»
is the width of the channel, A is the wave length, ¢ is the
phase difference which varies in the range 0 < ¢ < 7.
The governing equation of flow, energy and both reac-
tions for the fluid are
9+ o, 3)

oU oU _ oU] op 0 oU
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where U and V are the velocity components in the labora-
tory frame (X, Y), p is the pressure, o is the electrical con-
ductivity of the fluid, K" is the thermal conductivity, v is
the kinematic viscosity, K is the permeability of the porous
medium, py is the density of the fluid, cp is the specific
heat at constant pressure, Sxx, Sxy, Syy are the compo-
nents of extra stress tensor, T is the temperature, C is the
concentration, Ty, Tg and C;, Cp are the temperature and
concentration at walls respectively, and g is the radiative
heat flux, m is the Hall parameter,

By utilizing the Rosseland approximation for the ther-
mal radiation, the heat flux for the radiation is given as

_ _160'T§ oT

T3 oy ®

in which ¢” and k" are the Stefan-Boltzmann constant and
the mean absorption coefficient respectively.

The extra stress tensor for third order fluid [42] is given
by

S =phAr +a1Ad; + A7 + B1As + By (ArA; + ArA)

+Bs (ff}l%) Ay, ©)

where p is the dynamic viscosity , 4;(i = 1, 2) are Rivlin
Ericksen tensors and a;(i = 1,2) and B;(i = 1,2, 3) are
material constants.
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Define the following dimensionless quantities:

X o Y g U Vv, _Ho,  H . ct
=Yoot c’V_c’hl_al’h 1’t_/\’
_a? _dr ,_dy
p_ATCp"S_T’d_dT’
a; a, pcdy o K
a=—-——,b= ,Re = ,M=,/=-Bod,K=—,
d d,’ u yBodi @
b Y p Mo 0 0P
Y- cd,’  Pr= I oy’ Tox’
c? T-To 160" T3
Ec 0=-—--, R= -2
¢ (T1 - To) 1-To 3k fiocy
Br=prEc,a=J,p-L 5- 4,
26 26 UC
a’kcad Dg
KZ—T,)’—DfA, (10)

By employ the above quantities and (8) and (9) in the gov-
erning transport equations with the assumptions of large
wave length and Re — 0, we have the following dimen-
sionless flow, energy and reaction equations

o2 (%Y 2P\’ 1 1\ 0%y
ay(ay”(ay) o (0 ) G -0
(11)
020, 0%y (0% P\’
(1+RPr)— Bra— (a +2I (Tyz> )
1 P
+Br1+m2 (Ha +R> (ay 1) =0 (12)
107 -K>fg* =0 (13)
Scoy2 ?
y o’ _
Scoy? +Kofg® = (14)

It is worthy mentioned that the coefficients of diffusion of
chemical species A and B will not be equal. These diffu-
sion coefficients are assumed to be equal in size and hence
D4 = Dg. Then the equation for reactions lead to the equa-
tion [43]:

frg=1 (15)
and thus the single equation for reactions as
O SeKaf (1 = 0 16)
oy?
and the associated boundary conditions are given by
v-1.5 Blaylf ,Bzay‘f --L6+y50 -0,
3—{/ = Ksf, aty = hy (x) = 1 + acos (271x), (17)
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_4 % I _p Y, 00
ll) 2’ ﬁl ayz ﬁz ay3 = 1’9 Yay =1,

f=1, aty=hz(x)=—d—bcos(2nx+qb), (18)

where gis the flux in the wave frame, Ha is the Hartmann
number, K is the permeability parameter, I' is the Deborah
number, m is the Hall parameter, Pr is the Prandtl number,
R is the radiation parameter, Br is the Brinkman number,
Scisthe Schmidt number, K, is the homogeneous reaction
parameter, Ks is the heterogeneous reaction parameter, 1
and 3, are the first and second order velocity slip parame-
ters, y is the thermal slip parameter.

The non-dimensional flow rates in wave frame and
fixed frame are related by

Q=q+1+d. (19)

It is also worth note that the irregular channel reduce to a
symmetric channel by settinga = b,d=1, ¢ = 0.

Also, the present problem reduced to the published
work of Ebaid [31] by taking ' =m =8, =R =y =0.

Table 1: Comparison of temperature.

y Ha Ebaid[31] GnaneswaraReddy [35] Present results
0.0 0.5 0.6129 0.6128 0.613001
1.0 0.9126 0.9127 0.912690

0.5 0.5 0.5218 0.5219 0.521906
1.0 0.7315 0.7316 0.731608

1.0 0.5 0.3216 0.3217 0.321609
1.0 0.4120 0.4120 0.412002

3 Results and discussion

The exact solutions of dimensionless governing flow equa-
tions are difficult due to highly non-linear and cou-
pled. Hence we can find the numerical solution of non-
dimensional equations (11), (12) and (16) along the bound-
ary conditions (17) and (18) with the aid of NDsolve in com-
putational package Mathematica. To check the accuracy of
present numerical results with special case those of ear-
lier published work by plots and Table 1. Figs. 2 and 3 dis-
played two distinct values of Ha on the comparison of ax-
ial velocity and fluid temperature withI' =m = 8; = , =
R =y = 0. From these figures we can conclude that our nu-
merical results are in nice agreement with the published
literature of Ebaid [31]. A comparison of temperature dis-
tribution on the basis of our current study with those of
Ebaid [31] and Gnaneswara Reddy [35] have been shown



DE GRUYTER

M. Gnaneswara Reddy, Velocity and thermal slip effects on MHD third order blood flow =— 171

Table 2: The computational values of skin friction and heat transfer coefficients for the distinct sundry parameters at upper wall h; of the

channel.
Ha K m r B B2 R Br y Cr Nu
0.5 -1.760794 -0.464241
1.0 -1.815366 -0.553458
2.0 -2.033031 -0.914399
1.0 -1.796849 -0.523663
2.0 -1.760794 -0.464241
1.0 -1.741478 -0.430919
2.0 -1.723221 -0.397673
0.5 -2.208634 -0.322706
1.0 -2.536795 0.040043
0.1 -1.521579 -0.441977
0.2 -1.296173 -0.422687
0.1 -1.571117 -0.451633
0.2 -1.380642 -0.440300
1.0 -1.760794 -0.399706
2.0 -1.760794 -0.348079
0.5 -1.760797 -0.754647
1.0 -1.760797 -1.238656
0.2 -1.760794 -0.450660
0.5 -1.760797 -0.417170
in Table. It is found that an excellent agreement present 1.2 . . . . . .
results with these published results.
N J
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Fig. 3: Comparison of temperature distribution for two distinct val-
2 : : r : : : ues of Ha.
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Fig. 2: Comparison of axial velocity for two distinct values of Ha.

The variations of Hartmann number Ha(ratio of
electromagnetic force to the viscous force), porosity
parameterK, Hall parameterm, Deborah number T, first or-
der velocity slip parameter 1, second order velocity slip
parameter f,0n axial velocity (u) are depicted in Figs. 4—
9. From Fig. 4 revealed that the axial velocity declines in
the middle of the irregular channel (due to Lorentz force)
with ascending the values of Hawhile the reverse effect

on the near walls of the channel. An enhancing value of
Hartmann number strengths the magnetic field gives op-
posite force to decline the axial velocity. The variations is
little more in the core part of the channel as comparing the
walls. These physical expectations are coincide with Hayat
et al. [27]. Fig. 5 sketched to explore the influence of poros-
ity parameter on velocity. An increasing porosity param-
eter leads to maximum velocity in the central part of the
channel. It is clear that larger porosity parameter K raises
the permeability of the medium and which gives small re-
sistance to the flow and enhance of the axial velocity. It is
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Fig. 9: Impact of second order velocity slip parameter 8, on velocity.

Fig. 6: Impact of Hall parameter m on velocity.
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fly)

Fig. 19: Impact of heterogeneous reaction parameter Ks on concen-
tration.

Fig. 20: Impact of Schmidt number Sc on concentration.

noticed from Fig. 6 that the velocity boosts for increasing
values of Hall parameter m. The velocity of flow enhances
in the upper wall of the irregular channel while the oppo-
site trend for the lower wall of the channel (see Fig. 7). Fur-
ther, the velocity of non-Newtonian fluid (I # 0) is larger
with the comparison with Newtonian fluid (I" = 0) in the
half part of the channel (near the upper wall). It is found
from Fig. 8 that an enhancing of 8, the velocity boosts near
the walls of the channel where as the reverse effect in the
central part of the channel. This behavior match well that
obtained by Ebaid [31]. From Fig. 9 observed that the veloc-
ity is opposite behavior near the channel walls with maxi-
mum values of 3,.

Figs. 10-17 are sketched to explore the characteristics
of relevant dynamical parameters on the temperature field
0 (y).The fluid temperature boosts to the magnifying val-
ues of Ha. Further, the temperature is more strengthen in
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hydro-magnetic case as compared to the viscous dynam-
ical flow (Ha = 0) and which is evident from Fig. 10. It
is revealed that the dimensionless temperature function
diminishes for enhancing values of K. The energy loss is
little for the higher permeability of the porous medium.
This is due to fact that heat created through friction be-
tween porosity medium and fluid to the motion of the fluid.
This fact can be observed from Fig. 11. It can be seen from
Fig. 12 that the temperature profiles diminishes wit h an
increase inm. The impact of Deborah number I' on fluid
temperature having opposite trend the near the walls (see
Fig. 13). The impact of thermal slip parameter 8 on the tem-
perature is presented in Fig. 14. The fluid temperature di-
minishes when the larger values off3. Further, the temper-
ature is more in the case no thermal slip as compare to
the thermal slip. From Fig. 15 that, the temperature field
0 (y) increases with an increase in the Brickman number
Br. Brickman number is the product of Eckert number and
Prandtl number (Br = Pr Ec). An increase in the dissipa-
tion which gives more energy produces and thus strength-
ens the fluid temperature. It is observed form Fig. 16, that
larger values of thermal radiation parameter R will be re-
duce the temperature distribution 8 (y). It can also see that
the variation in the presence of radiation is small on the
fluid temperature. The similar trend exists in Gnaneswara
Reddy et al. [20] for the dimensionless radiation number R.
Enhance in fluid temperature when thermal slip parame-
ter y increase and it can found in Fig. 17. Also, the varia-
tions on temperature is more in one wall of the channel
than the other wall with higher of y.

The dimensionless concentration profile diminishes
to the higher homogeneous reaction parameter K; in the
region y € [-1.995,1.1502] (see Fig. 18). It can be re-
vealed from Fig. 19 that an increase in heterogeneous re-
action parameter Ks boosts the concentration field f (y)
through the channel. From Fig. 20 conclude that the di-
mensionless concentration decays with enhancing values
of the Schmidt number Sc.

The numerical values of the skin-friction, heat trans-
fer coefficients for the distinct emerging numbers at up-
per wall h; of the channel have been displayed in Table 2.
From Table 2 that the skin-friction coefficient is a dimin-
ishing function forK, m, B1, B, while the opposite behav-
ior for Ha, I'. The heat transfer coefficient reduces for the
boosting values of K, m, I, 81, B2, R, y where as it is en-
hanced for Ha, Br. Furthermore, the impact of Hartmann
number and porous parameter have opposite effect on fric-
tion factor and rate of heat transfer where as the velocity
slip parameters have similar trend on these coefficients.
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4 Conclusions

Thermal radiation, Hall current and MHD homogeneous-
heterogeneous reactions on the third order peristaltic flow
over an asymmetric channel filled a porous medium with
velocity and thermal slip is discussed. The key points of
present study are:

1. An increasing porosity parameter K leads to maxi-
mum velocity in the core part of the channel while it
decreases with grow values of Ha.

2. Axial velocity boosts for enhancing values of m.

3. Anenhancing of $; the velocity boosts near the walls
of the channel where as the reverse effect in the mid-
dle of the channel.

4, Fluid temperature is reduced with enhancing values
of radiation parameter R.

5. The dimensionless temperature diminishes when
the larger values of f3.

6. Dimensionless concentration magnifies heteroge-
neous reaction parameter Ks.

7. Skin-friction coefficient is a diminishing function for
K, m, B1, B, while the opposite behavior for Ha, I'.

Nomenclature

ai, by amplitudes of the waves

A;(i=1,2) RivlinEricksen tensors

d, +d; Width of the channel

A Wave length

o) Phase difference

q Flux in the wave frame

Ha Hartmann number

K Porosity parameter

K> the strength of homogeneous reaction
r Deborah number

m Hall parameter

Pr Prandtl number

R Radiation parameter

Br Brinkman number

Sc Schmidt number

Ky Homogeneous reaction parameter
Ks Heterogeneous reaction parameter
B First order velocity slip parameter

B2 Second order velocity slip parameter
u dynamic viscosity

y Thermal slip parameter
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