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Abstract
The effect of wall slip conditions, porous media, and heat transfer on peristaltic inflow of MHD Newtonian fluid with suspended
particles in a catheterized tube has been studied with long-wavelength and low-Reynolds number approximations. The analytical
solution has been derived for velocity and temperature. The amplitude ratio, particle concentration, catheter size, and the
dimensionless flow rate were used to discuss the pressure gradient. The solutions for velocity and temperature derived in the
analysis have been computed numerically and investigated. The tube surface is maintained at a fixed temperature. The variations
of physical variables with the pertinent parameters were discussed graphically. The mathematical model presented corresponds to
the flow in the annular space between two concentric tubes. It has been deduced that the thermal energy is reduced with particles’
concentration and with slip condition through the catheterized tube. The flow accelerates with the magnetic field and slip
condition at the wall, whereas it decreases at the catheter. The catheter size has a different effect on both pressure drop and
friction force.
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1 Introduction

The peristaltic flows of fluids through conduits have
attracted great attention due to their tremendous applica-
tions in physiological and medical engineering sciences,
some of which, urine flow from kidney to bladder, motion
of ova in the fallopian tubes, transport of food through
esophagus, and through any other glandular duct. In
manufacturing firms, these flows occur in blood pumping

machines, in hygienic fluid transport, and in the transport
of erosive fluids. It is clear the peristaltic transport of two
immiscible viscous fluids in circular tube which has been
investigated by Ramachandra and Usha [1]. Takabatake
et al. [2] have investigated peristaltic pumping in circular
tubes with numerical study of fluid transport and its effi-
ciency. Abdelmaboud et al. [3] investigated the peristaltic
motion via a conduit of finite length with varying the fluid
viscosity. They later discussed the peristaltically induced
motion of a couple stress fluid with rotation and concluded
that the couple stress strongly reduces the pressure gradient
[4]. Abdelsalam and Bhatti [5] investigated the effect of
peristaltic blood flow along with ion slip and Hall effects
on a nanofluid and came to a conclusion that both the
temperature and concentration profiles are reduced under
the effect of chemical reaction. For more work concerning
peristalsis in different flow fields, the reader may be re-
ferred to refs. [6–10] and to the references therein. The
theory of fluid suspension is very important in various
situations such as sedimentation, dust filtration, ignition,
argentine ash flow, ecological pollution, fluidization, and
atmospheric collapse. Lately, the attention has developed
in applying the theory of particle-fluid suspension to in-
clude biological flows such as the transport of blood
through arterioles and veins [11, 12].
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Ever since the pristine work of Latham [13] and Shapiro
et al. [14] had come into sight, plentiful amount of applica-
tions about the peristaltic flows have developed. The study of
slip flow via porous media has attracted much interest recent-
ly. It is widely known that transport through a porous media
has important feasible implementations especially in seismic
fluid dynamics. For instance, coast sand, sedimentary rocks,
lumber, human bellows, gallstones, and in small blood arteries
are some forms of natural porous media. In clinical pathology,
the allocation of cholesterol and blood agglomeration that
clogs the arteries in the hollow organs is analogous to a porous
medium. Many researchers carried out several investigations
through porous media such as that work that studies the effect
of compliant walls on peristaltic motion through a 2D channel
which was investigated by Abd Elnaby and Haroun [15].
Muthu et al. [16] discussed the peristalsis of a micropolar fluid
and elastic properties of walls in circular cylindrical conduits.
El Shehawey et al. [17] investigated the peristaltic fluid flow
through a porous medium. Srinivas et al. [18] discussed the
influence of slip conditions and porous medium on a peristal-
tic fluid flow. Hayat et al. [19] studied the magnetohydrody-
namic (MHD) peristaltic flow of a non-Newtonian fluid
through a channel of porous medium with compliant walls.
In addition, slip flow was experimentally investigated by
Derek et al. [20]. Hron et al. [21] obtained the analytical so-
lutions of a generalized fluid flow taking into account that the
slip conditions at the walls affect the flow. The boundary con-
ditions of Newtonian fluid on peristaltic motion have been
considered by Kwang and Fang [22]. For more work
concerning slip boundary conditions in different flow fields,
the reader may be referred to refs. [23–29] and to the refer-
ences therein.

The MHD fluid flow in a tube with peristaltic motion has
caught great attention in connection with specific problems that
constitutes the motion of conductive organic fluids through glan-
dular ducts, motion of the blood via pump machines, etc. And

with the need for heretical research that runs through the opera-
tion of MHD peristaltic motion, some researchers, such as Sud
et al. [30], discussed the influence of magnetic field on blood
flow where it was observed that the effect of proper moving
magnetic field accelerates the blood flow. Ebaid [31], on the
other hand, investigated the impact of wall slip along with mag-
netic field on the peristalsis of a Newtonian fluid via and asym-
metric conduit. The interaction of peristaltic motion with heat
transfer plays a very important role as well in our life.
Radhakrishnamacharya et al. [32] studied the effect of heat trans-
fer and wall effects on the transport of an incompressible viscous
fluid through a channel. Nadeem and Akbar [33] analyzed the
effect thermal conductivity and variable viscosity along with
magnetohydrodynamic peristaltic transport of a Newtonian in-
compressible fluid in a uniform conduit. Kothandapani and
Srinivas [34] discussed the elasticity effect of flexible walls and
thermal conductivity on the peristalsis of amagnetohydrodynam-
ic fluid flow via a permeable medium. Radhakrishnamacharya
andSrinisvasulu [35] showed the effect ofwall properties accom-
panied with thermal conduction on the peristaltic motion. Taneja
and Jain [36] investigated the impact ofMHD on free convective
flow with the existence of a heat source not depending on the
temperature for an incompressible fluid via vertical wavy and
parallel flat walls. For more applications about incorporating
magnetic fields and heat transfer in different types of flows, the
reader may be referred to refs. [37–46].

Since the discovery of the real reasons of diseases in the
human body has greatly depended upon the use of endoscope
theory, the catheter has played an important role in the modifica-
tion of pressure gradient and in the exploration of small hollow
ducts such as small intestines and stomach. It has turned into an
essential tool for examining and curing of many cardiovascular
diseases in modern medicine. Vajravelu et al. [47] studied the
peristaltic motion with heat conduction through a vertical porous
annulus with lubrication approach. Mekheimer and
Abdelmaboud [48] investigated the impact of magnetic field

Fig. 1 Geometry of the problem
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and heat transfer on the peristalsis of a Newtonian fluid through
an annulus as an application of endoscope. For more similar
work incorporating particulate suspension through annular re-
gions, the reader is referred to refs. [49, 50] and to the references
therein. With the above discussion in mind, the purpose of the
present work is to provide such an attempt for studying theMHD
Newtonian fluid through porous catheterized tube. The

characteristics of the flow are featured by the presented graphs.
The paper has been organized as follows. In Section 1, the prob-
lem ismodeled and the non-dimensional governing equations are
formulated. Section 2 includes the solution of the problem under
a low-Reynolds number and long-wavelength approximations.
Numerical results and discussion are presented in Section 3. The
conclusions have been summarized in Section 4.

Fig. 2 Velocity profiles at different values of z for (a) Kn = 0 and (b) Kn = 0.1 at (ε = 0.2,M = 2, k = 5, ϕ = 0.2, Q = 0.2)

Fig. 3 Velocity profiles at different flow rates for (a) Kn = 0 and (b) Kn = 0.1 at (ε = 0.2, M = 2, k = 5, ϕ = 0.2, Q = 0.2)
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2 Mathematical Formulation

Suppose the flow of a viscous Newtonian fluid through a 2D
symmetrical circular tube of radius a . The walls of the tube
are considered flexible and are taken as a stretched membrane
on which traveling sinusoidal waves of moderate amplitude is
imposed (Fig. 1). A rigid catheter of radius a1 is symmetrically
implemented. The flow is caused by the imposed sinusoidal
wave on the compliant wall of tube. The wave shape can be
written as

H z
0
; t

0
� �

¼ aþ bsin
2π
λ

z
0
−cwt

0
� �� �

; ð1Þ

where b (0 ≤ b ≤ (a-a1)) is the wave amplitude, λ (≤ is the
length of the considered tube L) is the wavelength, cw is the
wave speed of propagation, t′ is the time, and z′ is the axial
coordinate. The momentum, continuity, and energy equations
for both the fluid and particle phases are applied on the math-
ematical model as expressed in [36, 44]. Neglecting the inertia
forces of the particles, the governing equations can be written as
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Radial momentum (fluid)
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Mass equation (fluid)

1
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Fig. 4 Velocity profiles at different concentrations for (a) Kn = 0 and (b) Kn = 0.1 at (ε = 0.2,M = 2, k = 5, ϕ = 0.2, Q = 0.2)

Fig. 5 Velocity profiles at different values of Kn at (ε = 0.2,M = 2, k = 5,
ϕ = 0.2, Q = 0.2)
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Axial momentum (particle)
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Mass equation (particle)
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The energy equation can be expressed as
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Fig. 6 Velocity profiles at different values of M for (a) Kn = 0 and (b) Kn = 0.1 at (ε = 0.2, C = 0.2, k = 5, ϕ = 0.2, Q = 0.2)

Fig. 7 Velocity profiles at different porous media for (a) Kn = 0 and (b) Kn = 0.1 at (ε = 0.2, C = 0.2, M = 2, ϕ = 0.2, Q = 0.2)
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where u′ and v′ are the velocity components, μ is the coeffi-
cient of dynamic viscosity, T is the temperature, K is the ther-
mal conductivity, cp is the specific heat at constant pressure,
and z′ is the axial coordinate.

The boundary conditions that must be satisfied by the fluid
on the wall of the catheter are the slip conditions suggested by
Kwang and Fang [22] and can be written as

u
0
w ¼ �A

∂u0
w

∂r0
−1; at r

0 ¼ a1and r0

¼ aþ b sin
2π
λ

z0cwt0ð Þ
� �

; ð9Þ

v
0
w ¼ � ∂η

∂t0
; at r0 ¼ aþ b sin

2π
λ

z0cwt0ð Þ
� �

; ð10Þ

where u
0
w and v

0
w are the fluid or particle velocities in the

streamwise and radial directions, respectively.

T ¼ T 1; at r0 ¼ aþ b sin
2π
λ

z0cwt0ð Þ
� �

; isothermal conditionð Þ

ð11Þ

∂T
∂r0

¼ 0; at r0 ¼ a1 adiabatic conditionð Þ ð12Þ

Fig. 8 Velocity profiles at different catheter sizes for (a) Kn = 0 and (b) Kn = 0.1 at (k = 5, C = 0.2,M = 2, ϕ = 0.2, Q = 0.2)

Fig. 9 Velocity profiles at different amplitude ratios for (a) Kn = 0 and (b) Kn = 0.1 at (k = 5, C = 0.2,M = 2, ε = 0.2, Q = 0.2)
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where A is the mean free path (it ranges from 0.05 to 0.15 for
liquids), η z

0
; t

0� 	 ¼ bsin 2π
λ z

0−cwt
0� 	� 	

; r
0
is the radial coordi-

nate, u
0
f ; v

0
f

� �
and u

0
p; v

0
p

� �
denote the velocity components

of the fluid and particle phase along (z′, r') directions, respective-
ly. C is the volume fraction of particulate phase that is chosen to
be constant and whish was found to be a good approximation for
low concentration of small particles, p′ is the pressure, ρf and ρp
are the actual densities of the material comprising fluid and par-
ticle phases, respectively. S′ is the drag coefficient of interaction,
and μs(C) is the mixture viscosity.

The empirical formulae for the suspension viscosity (μs)
has been chosen for the present problem as [51]:

μS Cð Þ ¼ μo

1−mC
; ð13Þ

where m ¼ 0:07exp 2:49C þ 1107
T

� 	
exp −1:69Cð Þ
 �

, T is the
temperature of the mixture measured in absolute scale (K),
and μois the carrier fluid viscosity. The viscosity of the mix-
ture expressed by Eq. (13) is found to be reasonably precise up
to C = 0.59 (i.e., 59% particle concentration) [52].

The formulae for the drag coefficient of interaction S′ is
selected from Tam [53] as

S
0 ¼ 9

2

μo

a2o
D;where D

¼ 4þ 3 8 C−3 C2

 �1=2 þ 3 C

2−3 C½ �2
" #

; ð14Þ

with ao as the radius of a particle.

We introduce the following dimensionless variables r ¼ r
0

a ;

z ¼ z
0

λ ; u f ¼ u
0
f

cw
; v f ¼ λv

0
f

a cw
; up ¼ u

0
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0

λ ;P ¼ a2P
0

λcwμo
; k ¼ K

a2 ; θ ¼ T−Toð Þ
To

, and Kn ¼ A
a ;

such that Kn is knudsen number, θ is the dimensionless tem-
perature, and k is the dimensionless thermal conductivity.

Substituting the dimensionless parameters into the
governing Eqs. (2)–(12) yields the followings:

Fig. 10 Temperature profiles at different values of z for (a) Kn = 0 and (b) Kn = 0.1 at (k = 5, C = 0.2,M = 2, ε = 0.2, Q = 0.2, ϕ = 0.2)

Fig. 11 Variation of θ with the flow rate for (a) Kn = 0 and (b) Kn = 0.1 at (k = 5, C = 0.2, M = 2, ε = 0.2, ϕ = 0.2)
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The amplitude equation will be dimensionalized to become
h = 1 + ϕ sin(2πz).

The dimensionless parameters in the previous equations are

Re = ρfcwa/μo, δ = a/λ and ϕ = b
a, ε = a1/a, M ¼ ffiffiffiffiffiffiffiffiffiffi

σ=μo

p
βoa,

where Re is the Reynolds number, δ is the wave number, ϕ is
the amplitude ratio, ε is the catheter size, and M is the mag-
netic parameter, respectively.

With the aid of the long-wavelength approximation (i.e., δ
< < 1) as considered by Shapiro et al. [14], the equations de-
scribing the flow in the wave frame can be reduced to

Reduced radial momentum equation of particle

Fig. 12 Variation of θ with suspension for (a) Kn = 0 and (b) Kn = 0.1 at (k = 5, C = 0.2, M = 2, ε = 0.2, ϕ = 0.2)

Fig. 13 Temperature profiles at different values of Kn
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dp
dr

¼ 0; ð22Þ

Reduced radial momentum equation of fluid

1−Cð Þ dp
dr

¼ CS vp−v f
� 	

; ð23Þ

vp ¼ v f ¼ 0 at r ¼ ε;

vp ¼ v f ≠0 at r ¼ h:

Reduced axial momentum equation of fluid

1−Cð Þ dp
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r
∂
∂r

r
∂uf

∂r

� �
− M2 þ 1

k

� �
uf
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� 	

: ð24Þ

Reduced axial momentum equation of particle

C
dp
dz

¼ CS uf −up
� 	

: ð25Þ

Reduced energy equation

Fig. 14 Variation of θ with the magnetic field for (a) Kn = 0 and (b) Kn = 0.1 at (K = 5, C = 0.2, C = 0.2, ε = 0.2, ϕ = 0.2)

Fig. 15 Variation of θ with the porous media for (a) Kn = 0 and (b) Kn = 0.1 at (M = 2, C = 0.2, C = 0.2, ε = 0.2, ϕ = 0.2)
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The non-dimensional slip and temperature conditions
are

u f ¼ �Kn
∂u f

∂r
−1at r ¼ ε; ð27Þ

u f ¼ �Kn
∂u f

∂r
−1 at r ¼ h ¼ 1þ ϕsin 2πzð Þ; ð28Þ

θ f ¼ θ1 ¼ 1; at r ¼ h ¼ 1þ ϕsin 2πzð Þ ; ð29Þ

∂ θ
∂ r

¼ 0; at r ¼ ε: ð30Þ

The expressions for the velocity distributions, uf and
up, can be obtained by solving Eqs. (24) and (25) sub-
ject to the boundary conditions (27) and (28) as fol-
lows:

uf ¼
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k

� � þ n1br1 þ m1br2;ψ f ¼ ∫
h

ε
r:uf dr ð31Þ

up ¼ uf −
1

S
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; ð32Þ

Fig. 16 Variation of θ with the Brinkman number for (a) Kn = 0 and (b) Kn = 0.1 at (M = 2, C = 0.2, C = 0.2, ε = 0.2, ϕ = 0.2, k = 5)

Fig. 17 Variation of θ with the catheter size for (a) Kn = 0 and (b) Kn = 0.1 at (M = 2, C = 0.2, Q = 0.2, ϕ = 0.2, k = 5)
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where n1,m1, d, Xz, β are given by
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such that
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g:r
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∂bh1
∂h

; q4 ¼
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; q6 ¼
∂bε1
∂ε
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k
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;

such that I0 is the modified Bessel function at zero order of
the first kind, and K0 is the modified Bessel function at zero
order of the second kind.

It is worth noting that Eq. (31) represents the same formula
obtained by Medhavi [54] with neglecting the effect of mag-
netic field, porous media, and slip condition from the current
flow field.

The expression of the temperature profile θ obtained as a
solution of Eq. (26) with introducing the temperature

Fig. 18 Variation of θ with the amplitude ratio for (a) Kn = 0 and (b) Kn = 0.1 at (M = 2, C = 0.2, Q = 0.2, ε = 0.2, k = 5)

Fig. 19 Variation of ΔP with the flow rate at different values of
suspended paricle concentration at (ϕ = 0, ε = 0.2)

Fig. 20 Variation of ΔP with the flow rate at different values of
amplitude ratio at (C = 0.2, ε = 0.2)
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conditions (29) and (30), the pressure drop, and the friction
force are given by:

θ ¼ C1 þ C2ln rð Þ− 1−Cð Þμ Br Tp; ð34Þ

ΔP ¼ 2μ 1−Cð Þ Q−1−
ϕ2

2

� �
I1 þ I2

� �
; ð35Þ

F ¼ 2μ 1−Cð Þ Q−1−
ϕ2

2

� �
I2 þ I3

� �
; ð36Þ

I1 ¼ 4 ∫
1

0

dz

h2−ε2
� 	

χ zð Þ ; I2 ¼ 4 ∫
1

0

dz

1−
ε2

h2

� �
χ zð Þ

; I3 ¼ 4 ∫
1

0

h2dz

1−
ε2

h2

� �
χ zð Þ

:

where

Tp ¼ a
h
b

g4r3

36
þ g8r7

162:49
þ g6r5

16:25

� �
þ 1
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Fig. 21 Variation of ΔP with the amplitude ratio at different values of
flow rate at (C = 0.2, ε = 0.2) Fig. 22 Variation ofΔP with the particle concentration at different values

of catheter size at (Q = 0.2, ϕ = 0.2)
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where

a ¼ m1ð Þ2; b ¼ n1
m1

� �2

; Pr ¼ μocp=k;E ¼ c2=cpTo;Br ¼ E Pr:

in which Pr is the Prandtl number, E is the Eckert number, and
Br is the Brinkman number.

3 Numerical Results and Discussion

The impact of the diverse parameters including the particle
concentration, C, the catheter size, ε, and the amplitude ratio,
ϕ, is going to be discussed in this section. The analytical
outcomes derived in the study are considered at a reference
temperature of 298 K. The parameters values are selected as a
(tube radius) = 1.25 cm; C = 0, 0.2, 0.4, and 0.59; ϕ = 0, 0.2,
0.4, and 0.6; ε = 0, 0.1, 0.2, 0.3, 0.4, 0.5, and 0.6; ao (radius of
a particle) = 0.1 cm and Q = 0, 0.4, 0.6, 0.8, and 1.0. The
present study includes different cases for C = 0 (absence of

concentration) and C ≠ 0 (presence of concentration). On the
other hand, the variation of amplitude ratio is taken into con-
sideration. Also, the results of the thermal study have been
investigated under different values of flow rate (Q = 0, 0.2,
0.4), catheter size (ε = 0.1, 0.2, 0.3), amplitude ratio (ϕ = 0,
0.2, 0.4), and fluid suspension (C = 0, 0.2, 0.4, 0.59).

Figure 2 shows the axial velocity profiles at different loca-
tions at z = 0.75. It is seen that the velocity increases due to the
reduced flow area, whereas at z = 0.25, the velocity decreases
due to the enlarged cross section.

Figure 3 represents the velocity profiles of the fluid at
different flow rates. It is observed that with the absence of
catheter, the velocity profiles are identical with increase in
the central velocity with the flow rate. It is also seen that
the tube wall velocity increases with an increase in the flow
rate in the case of catheterized tube (Kn = 0.1), alternative-
ly, a deceleration in the behavior of the catheter wall ve-
locity with r is noticed.

Fig. 24 Variation of F with the flow rate at different values of amplitude
ratio at (C = 0.2, ε = 0.2)

Fig. 25 Variation of F with the amplitude ratio at different values of flow
rate at (C = 0.2, ε = 0.2)

Fig. 26 Variation of F with the suspended particle concentration at
different values of catheter size at (Q = 0.2, ϕ = 0.2)

Fig. 23 Variation of F with the flow rate at different values of suspended
paricle concentration at (ϕ = 0.2, ε = 0.2)
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The effects of particles’ concentration on the velocity dis-
tribution at ϕ = 0.2, ε = 0.2, and Q = 0.2 are seen in Fig. 4. For
both non-slip condition and slip condition, it is noticed that
different suspensions have no effect on the velocity
distribution.

Figure 5 represents the velocity profiles of the fluid with
slip condition at different Knudsen number. It is observed that
slip conditions on the tube wall enhances the near-wall veloc-
ity, while slip conditions at the catheter reduces the near-wall
velocity.

Figure 6 shows the velocity profiles of the fluid at different
values of the magnetic parameter. It is noticed that the mag-
netic parameter on the tube wall enhances the near-wall ve-
locity, while the near-wall velocity of the catheter decreases
with magnetic parameter.

Figure 7 represents the effect of porous medium on the
velocity distributions for ϕ = 0.2, ε = 0.2, and Q = 0.2. It is

observed the effect of porosity is insignificant on the ve-
locity distribution.

Figure 8 elucidates the behavior of velocity profile that is
plotted versus different values of the amplitude ratio, with the
slip parameter. It is observed that in either cases (no-slip or slip
conditions), the flow accelerates with the catheter.

The effect of amplitude ratio (ϕ) on the velocity distribu-
tion is shown in Fig. 9 where it is seen that the velocity de-
creases with an increase in ϕ.

Figure 10 shows the relation between the temperature and
the radius at different locations where it is seen that at both the
expansion (z = 0.25) and the contraction (z = 0.75), the tem-
perature increases.

Since the flow rate plays an important role in enhancing the
temperature (θ), it is observed from Fig. 11 that with increas-
ing the flow rate, the thermal energy increases with/without
slipping.

Fig. 27 Streamlines with Knudsen number at (Q = 0.2, ϕ = 0.4, C = 0.2, ε = 0.2)

Fig. 28 Streamlines with flow rate at (Kn = 0.1, ϕ = 0.4, C = 0.2, ε = 0.2)
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It is seen that temperature (θ) decreases with an increase in
the suspension (C), as shown in Fig. 12, for both slip and non-
slip flows.

Figure 13 shows the relation between the temperature and
the slip parameter at the wall and catheter where it is seen that
the temperature decreases when Knudsen number increases.

Figure 14 elucidates that the temperature increases with the
increase in the magnetic parameter (M) since the enhanced
thermal energy accompanies the magnetic field.

It is observed that there is no variation in the temperature
distribution under the effect of porous medium parameter as
seen in Fig. 15.

For both slip and non-slip conditions, it is observed that the
temperature is seen to increase with Brinkman number (Br) as
observed in Fig. 16. Also, the temperature is seen to increase
with the presence of catheter as described in Fig. 17. The
effect of amplitude ratio (ϕ) on the temperature distribution
is shown in Fig. 18 where it is noticed that the temperature
increases when (ϕ) increases.

For any given set of parameters, a linear relationship be-
tween the pressure difference and the flow is shown in
Figs. 19, 20, and 21. The pressure drop (Δp) increases with
flow rate (Q) for other parameters given which in turn implies
that an increase in the flow rate reduces the pressure rise
(-Δp); thus, the maximum flow rate is achieved at zero pres-
sure rise and the maximum pressure occurs at zero flow rate. It
is seen that Δp increases with particle concentration for any
given flow rate in both catheterized and uncatheterized tubes
as shown in Fig. 19. One also observes that the pressure drop
decreases indefinitely with increasing the amplitude ratio for
any given set of other parameters as analyzed in Fig. 20.
Figure 21 shows thatΔp assumes higher magnitudes for larg-
er flow rate with small values of the amplitude ratio, but the
property reverses for large values of ϕ. It is further shown in
Fig. 22 that ε has a decreasing effect on Δp.

It is seen fom Fig. 23 that the friction force at the tube wall
(F) is seen to increase with the particle concentration (C) for
any given values of Q, ϕ, and ε. Figure 24 shows that F
decreases indefinitely with increasing amplitude ratio (ϕ).
The flow characteristic F is also seen to increase with increas-
ing the flow rate and with increasing the catheter size as seen
in Figs. 25 and 26. The streamlines are further presented in
Figs. 27, 28, and 29 for various value of the pertinent param-
eters. Our investigation represents a general model to the cases
studied by the authors in refs. [48–50].

4 Conclusions

This study investigates the combined effect of slip condition
and heat transfer on particulate-fluid suspension with peristal-
tic transport in a catheterized tube under the influence of a
magnetic field and porosity. The analytical solution has been
developed and used for extracting, the velocity, and tempera-
ture of fluid via uniform tube under a long-wave length and
low-Reynolds number approximations. The features of the
flow characteristics are presented using graphs for both slip-
ping and no slipping cases. The main points obtained from the
present study are as follows:

1- Unlike the velocity behavior at the contracted flow field,
it decreases at the expanded part.

2- The flow rate enhances the velocity at the wall and re-
duces the velocity at the catheter.

3- The particle concentration and porous media have insig-
nificant effect on the velocity.

4- The flow accelerates with the magnetic field and slip con-
dition at the wall, whereas it decreases at the catheter.

5- The temperature decreases at the contracted region, while
increases at the expanded one.

Fig. 29 Streamlines with flow rate at (Kn = 0.1, Q = 0.2, C = 0.2, ε = 0.2)
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6- The flow rate, magnetic field, and the presence of catheter
enhance the thermal energy of the fluid.

7- The particle concentration and slip condition reduce the
thermal energy, whereas the porosity has no effect on the
temperature.

8- The Brinkman number enhances the temperature.
9- The catheter size has a different effect on both pressure

drop and friction force.
10- This model is more general than other models, where the

study of Mekheimer and Abdelmaboud [50] was recov-
ered by neglecting the heat transfere (transfer not
transfere), slip boundary conditions, and porous media
("porosity parameter" instead of "porous media"). Also,
the results of Medhavi’s study [54] are recovered by
neglecting the effects of slip condition, porous media,
heat transfer, and the magnetic field in our study.

Compliance with Ethical Standards

Conflict of Interest None.

Research Involving Humans and Animals Statement None.

Informed Consent None.

Funding Statement None.

References

1. Rao, A. R., & Usha, S. (1995). Peristaltic transport of two immis-
cible viscous fluid in a circular tube. Journal of Fluid Mechanics,
298, 271–285.

2. Takabatake, S., Ayukawa, K., & Mori, A. (1988). Peristaltic
pumping in circular tubes: a numerical study of fluid transport
and its efficiency. Journal of Fluid Mechanics, 193, 267–283.

3. Abd Elmaboud, Y., Mekheimer, K. S., & Abdelsalam, S. I. (2014).
A study of nonlinear variable viscosity in finite-length tube with
peristalsis. Applied Bionics and Biomechanics, 11(4), 197–206.

4. Abd Elmaboud, Y., Abdelsalam, S. I., & Mekheimer, K. H. S.
(2018). Couple stress fluid flow in a rotating channel with peristal-
sis. Journal of Hydrodynamics, Series B, 30(2), 307–316.

5. Abdelsalam, S. I., & Bhatti, M. M. (2018). The study of non-
Newtonian nanofluid with Hall and ion slip effects on peristaltically
induced motion in a non-uniform channel. RSC Advances, 8, 7904–
7915.

6. Elkoumy, S. R., Barakat, E. I., & Abdelsalam, S. I. (2013). Hall and
transverse magnetic field effects on peristaltic flow of a Maxwell
fluid through a porous medium. Global Journal of Pure and
Applied Mathematics, 9(2), 187–203.

7. Mekheimer, K. S., Elkomy, S. R., & Abdelsalam, S. I. (2013).
Simultaneous effects of magnetic field and space porosity on com-
pressible Maxwell fluid transport induced by a surface acoustic
wave in a microchannel. Chinese Physics B, 22(12), 124702–
121–10.

8. Elkoumy, S. R., Barakat, E. I., & Abdelsalam, S. I. (2012). Hall and
porous boundaries effects on peristaltic transport through porous
medium of a Maxwell model. Transport in Porous Media, 94(3),
643–658.

9. Ellahi, R., Bhatti, M. M., & Khalique, C. M. (2017). Three-
dimensional flow analysis of Carreau fluid model induced by peri-
staltic wave in the presence of magnetic field. Journal of Molecular
Liquids, 241, 1059–1068.

10. Ellahi, R., Raza, M., & Akbar, N. S. (2017). Study of peristaltic
flow of nanofluid with entropy generation in a porous medium.
Journal Porous Media, 20(5), 461–478.

11. Abdelsalam, S. I., & Vafai, K. (2017). Particulate suspension effect
on peristaltically induced unsteady pulsatile flow in a narrow artery:
blood flow model. Mathematical Biosciences, 283, 91–105.

12. Eldesoky, I. M., Abdelsalam, S. I., Abumandour, R. M., Kamel, M.
H., & Vafai, K. (2017). Peristaltic transport of a compressible liquid
with suspended particles in a planar channel. Journal of Applied
Mathematics and Mechanics, 38(1), 137–154.

13. Latham, T.W.. (1966) Fluid motions in peristaltic pump.MSThesis,
MIT, Cambridge, Massachussetts

14. Shapiro, A.H., Jaffrin, M.Y., Weinberg, S.L.. (1969) Peristaltic
pumping with long wavelength at low Reynolds number. .

15. Abd Elnaby, M. A., & Haroun, M. H. (2008). Influence of compli-
ant wall properties on peristaltic motion in two-dimensional chan-
nel. Communications in Nonlinear Science and Numerical
Simulation, 13, 738–752.

16. Muthu, P., Rathish Kumar, B. V., & Chandra, P. (2003). Peristaltic
motion of micropolar fluid in circular cylindrical tubes with elastic
wall properties. ANZIAM Journal, 45, 232–245.

17. El Shehawey, E. F., Mekheimer, K. S., Kaldas, S. F., & Afifi, N. A.
S. (1999). Peristaltic transport through a porous medium. Journal of
Biomathematics, 14, 16–38.

18. Srinivas, S., Gayathri, R., & Kothandapani, M. (2009). The influ-
ence of slip conditions, wall properties and heat transfer on MHD
peristaltic transport. Computer Physics Communications, 180,
2115–2122.

19. Hayat, T., Javad, M., & Ali, N. (2008). MHD peristaltic channel
flow of a Jeffrey fluid with complaint walls and porous medium.
Transport in Porous Media, 74, 243–259.

20. Derek, C., Tretheway, D. C., &Meinhart, C. D. (2002). Slip flow on
peristaltic transport. Physics of Fluids, 14, 23–43.

21. Hron, J., Le Roux, C., Málek, J., & Rajagopal, K. R. (2008). Flows
of incompressible fluids subject to Navier’s slip on the boundary.
Computers & Mathematcs with Applications, 56(8), 2128–2143.

22. Kwang-Hua, W. C., & Fang, J. (2000). Peristaltic transport in a slip
flow. European Physical Journal, 16, 511–513.

23. El-Shehawy, E. F., El-Dabe, N. T., & Eldesoky, I. M. (2006). Slip
effects on the peristaltic flow of a non-NewtonianMaxwellian fluid.
Acta Mechanica, 186(1–4), 141–159.

24. Eldesoky, I. M. (2012). Slip effects on the unsteady MHD pulsatile
blood flow through porous medium in an artery under the effect of
body acceleration. International Journal of Mathematics and
Mathematical Sciences, 2012, 26.

25. Kamel, M. H., Eldesoky, I. M., Maher, B. M., & Abumandour, R.
M. (2015). Slip effects on peristaltic transport of a particle-fluid
suspension in a planar channel. Applied Bionics and
Biomechanics, 2015, 14.

26. Eldesoky, I. M., Kamel, M. H., & Abumandour, R. M. (2010).
Numerical study of slip effect of unsteady MHD pulsatile flow
through porous medium in an artery using generalized differential
quadrature method (comparative study). World Journal of
Engineering and Technology, 2(02), 131–142.

27. Eldesoky, I. M. Unsteady MHD pulsatile blood flow through po-
rous medium in stenotic channel with slip at permeable walls sub-
jected to time dependent velocity (injection/suction). Walailak
Journal of Science and Technology (WJST), 2014, 11(11), 901–922.

28. Eldesoky, I. M. (2013). Effect of relaxation time on MHD pulsatile
flow of blood through porous medium in an artery under the effect
of periodic body acceleration. Journal of Biological Systems, 21(2),
1350011(1–1350011(135001117.

738 BioNanoSci. (2019) 9:723–739



29. Eldesoky, I. M., Abumandour, R. M., & Abdelwahab, E. T. (2019).
Analysis for various effects of relaxation time and wall properties
on compressible Maxwellian peristaltic slip flow. Zeitschrift für
Naturforschung A, 74(4). https://doi.org/10.1515/zna-2018-0479.

30. Sud, V. K., Sekhon, G. S., & Mishra, R. K. (1977). Effect of a
moving magnetic field on blood flow. Mathematical Biosciences,
39, 373–385.

31. Ebaid, A. (2008). MHD and wall slip conditions on the peristaltic
transport of a Newtonian fluid in an asymmetric channel. Physics
Letters A, 372, 4479–4493.

32. Radhakrishnamacharya, G., Srinivasulu, C. H., &Mecanique, C. R.
(2007). Interaction of peristalsis with heat transfer for the motion of
a viscous incompressible Newtonian fluid in a channel with wall
effects. CR Mechanique, 335, 348–369.

33. Nadeem, S. N., & Akbar, S. (2009). MHD peristaltic flow of an
incompressible Newtonian fluid in a uniform channel with variable
viscosity in the presence of heat transfer analysis. Communications
in Nonlinear Science and Numerical Simulation, 14, 3836–3844.

34. Kothandapani, M., & Srinivas, S. (2008). On the influence of wall
properties in the MHD peristaltic transport with heat transfer and
porous medium. Physics Letters A, 372(25), 4586–4591.

35. Radhakrishnamacharya, G., & Srinisvasulu, C. H. (2007). Influence
of wall properties on peristaltic transport with heat transfer. CR
Mechanique, 335, 369–373.

36. Taneja, R., & Jain, N. C. (2004). MHD flow with slip effects and
temperature dependent heat source in a viscous incompressible flu-
id confined between a long vertical wavy wall and a parallel flat
wall. Defence Science Journal, 20(4), 327–340.

37. Abdelsalam, S.I., Bhatti, M.M.. (2018) The impact of impinging
TiO2 nanoparticles in Prandtl nanofluid along with endoscopic and
variable magnetic field effects on peristaltic blood flow.
Multidiscipline Modeling in Materials and Structures 14(3), pp.
530–548.

38. Abdelsalam, S. I., & Vafai, K. (2017). Combined effects of mag-
netic field and rheological properties on the peristaltic flow of a
compressible fluid in a microfluidic channel. European Journal of
Mechanics - B/Fluids, 65, 398–411.

39. Hayat, T., Sajjad, R., Muhammad, T., Alsaedi, A., & Ellahi, R.
(2017). On MHD nonlinear stretching flow of Powell-Eyring
nanomaterial. Research in Physics, 7, 535–543.

40. Bhatti, M. M., Zeeshan, A., Ellahi, R., & Ljaz, N. (2017). Heat and
mass transfer of two-phase flow with electric double layer effects
induced due to peristaltic propulsion in the presence of transverse
magnetic field. Journal of Molecular Liquids, 230, 237–246.

41. Bhatti, M. M., Zeeshan, A., Ellahi, R., & Shit, G. C. (2018).
Mathematical modeling of heat and mass transfer effects on
MHD peristaltic propulsion of two-phase flow through a Darcy-
Brinkman-Forchheimer porous medium. Advanced Powder
Technology, 29(5), 1189–1197.

42. Abdelsalam, S. I., & Bhatti, M. M. (2019). New insight into AuNP
applications in tumor treatment and cosmetics through wavy annuli
at the nanoscale. Scientific Reports, 9(1), 1–14 Article 260.

43. Souayeh, B., Ben-Cheikh, N., & Ben-Beya, B. (2016). Effect of
thermal conductivity ratio on flow features and convective heat
transfer. Particulate Science and Technology, 35(5), 565–574.
https://doi.org/10.1080/02726351.2016.1180337.

44. Souayeh, B., Ben-Cheikh, N., & Ben-Beya, B. (2018). Numerical
simulation of three-dimensional natural convection in a cubic en-
closure induced by an isothermally-heated circular cylinder at dif-
ferent inclinations. International Journal of Thermal Sciences, 110,
325–339.

45. Hammami, F., Ben-Cheikh, N., Ben-Beya, B., & Souayeh, B.
(2017). Combined effects of the velocity and the aspect ratios on
the bifurcation phenomena in a two-sided lid-driven cavity flow.
International Journal of Numerical Methods for Heat & Fluid
Flow, 28(4), 943–962.

46. Hammami, F., Souayeh, B., Ben-Cheikh, N., & Ben-Beya, B.
(2017). Computational analysis of fluid flow due to a two-sided
lid driven cavity with a circular cylinder. Computers & Fluids,
156, 317–328.

47. Vajravelu, K., Radhakrishnamacharya, G., & Radhakrishnamurthy,
V. (2007). Peristaltic flow and heat transfer in a vertical porous
annulus with long wave approximation. International Journal of
Non-Linear Mechanics, 42, 754–759.

48. Mekheimer, K. S., & Abdelmaboud, Y. (2008). The influence of
heat transfer and magnetic field on peristaltic transport of a
Newtonian fluid in a vertical annulus application of an endoscope.
Physics Letters A, 372, 1657–1665.

49. Mekheimer, K. S., Abdelmaboud, Y., & Abdellateef, A. I. (2008).
Peristaltic transport of a particle–fluid suspension through a uni-
form and non-uniform annulus. Applied Bionics and
Biomechanics, 5, 47–57.

50. Mekheimer, K. S., & Abdelmaboud, Y. (2013). Particulate suspen-
sion flow induced by sinusoidal peristaltic waves through eccectric
cyl inders : Thread annular. Internat ional Journal of
Biomathematics, 06, 1350026 [25 pages].

51. Drew, D. A. (1979). Stability of stokes layer of a dusty gas. Physics
of Fluids, 19, 2081–2084.

52. Charm, S. E., & Kurkland, G. S. (1974). Blood flow and
microcirculation. New York: Wiley.

53. Tam, C. K. W. (1969). The drag on a cloud of spherical particles in
low Reynolds number flow. Journal of Fluid Mechanics, 38, 537–
546.

54. Medhavi, A. (2010). Peristaltic pumping of a particulate fluid sus-
pension in a catheterized tube. European Journal of Science and
Technology, 5, 77–93.

Publisher’s Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

BioNanoSci. (2019) 9:723–739 739

https://doi.org/10.1515/zna-2018-0479
https://doi.org/10.1080/02726351.2016.1180337

	Joint Effect of Magnetic Field and Heat Transfer on Particulate Fluid Suspension in a Catheterized Wavy Tube
	Abstract
	Introduction
	Mathematical Formulation
	Numerical Results and Discussion
	Conclusions
	References


