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Abstract

In the present investigation, the effect of multi-slip condition on peristaltic flow through
asymmetric channel with Joule heating effect is considered. We also considered the incom-
pressible non-Newtonian Casson nanofluid model for blood, which is electrically conduct-
ing. Second law of thermodynamics is used to examine the entropy generation. Multi-slip
condition is used at the boundary of the wall and the analysis is also restricted under the low
Reynolds number and long wavelength assumption. The governing equations were trans-
formed into a non-dimensional form by using suitable terms. The reduced non-dimensional
highly nonlinear partial differential equations are solved by using the Homotopy Perturba-
tion Sumudu transformation method (HPSTM). The influence of different physical parame-
ters on dimensionless velocity, pressure gradient, temperature, concentration and nanoparti-
cle is graphically presented. From the results, one can understand that the Joule heating effect
controls the heat transfer in the system and as the magnetic parameter is increased, there will be
decay in the velocity of fluid. The outcomes of the present investigation can be applicable in
examining the chyme motion in the gastrointestinal tract and controlling the blood flow dur-
ing surgery. Present study shows an excellent agreement with the previously available stud-
ies in the limiting case.

Keywords Entropy generation - Casson nanofluid - Peristaltic blood flow - Joule heating -
Multi-slip condition

1 Introduction
A continuous wave of contraction or expansion flowing through the channel or tube

causes peristalsis. Pumping mechanism of peristalsis is involved in several biological
organs in physiology and the mechanism of peristaltic transport has been exploited for
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industrial applications also. The phenomenon of peristaltic pumping was first initiated by
Latham [1] in 1966. Shapiro et al. [2] and Jaffrin et al. [3] continued the research work
on peristaltic flow. Makinde et al. [4] studied the effect of MHD peristaltic slip flow of
Casson fluid and heat transfer in channel filled with a porous medium. Hayat et al. [5]
examined simultaneous effects of slip and heat transfer on peristaltic flow. The effect of
magnetic field in peristaltic transport of blood flow for couple stress and Eyring-Powell
fluid model in a non-uniform channel using homotopy analysis method is studied by
Asha et al. [6-8].

The entropy analysis is a method of determining the thermodynamic irreversibility of
a flow stream. The quality of energy declines when entropy formation occurs. As a result,
lowering the entropy generation can increase the systems performance. Entropy generation
concept was first presented by Bejan [9]. Much energy-related equipment, such as mod-
ern refrigerating machines, electrical power generating machines from geothermal energy
and surface heat, are subject to entropy formation. Irreversibility in system through differ-
ent geometries is examined by many researchers. Rashidi et al. [10] studied the entropy
generation analysis on the Magnetohydrodynamic blood flow in peristaltic wave motion.
Furthermore, the work is extended by Asha et al. [11]. They investigated the effects of
entropy analysis with nonlinear thermal radiation for magneto-micropolar fluid in a tapered
channel. Whenever strong magnetic field is applied, Joule heating effect cannot be avoided.
In most of the medical therapies, Joule heating controls the blood flow and reduces the
body pain. Asha et al. [12] studied the effect of Joule heating with MHD in peristaltic
blood flow. Study of entropy generation and Joule heating effects were helpful to design
the thermofluidic micropumps for the purpose of diagnosis that was investigated by Ranjit
etal. [13].

All the above investigations are carried out in the no-slip boundary conditions. In most
of the situations, no-slip boundary conditions are inadequate. Specifically, non-Newtonian
nanofluids show wall slip due to velocity and contraction. Fluids with slip boundary con-
ditions find application in polymer technology such as internal cavities and polishing of
heart valves. Navier [14] was the first to discuss the slip boundary condition, where at the
boundary, the velocity is proportional to the shear stress. Investigation of slip effects on
peristalsis was studied by Hayat et al. [15], Srinivas et al. [16] and Akbar et al. [17]. A
pumping mechanism of peristalsis with multi-slip boundary constraints is so important that
the authors were encouraged to look into the effect of multi-slip and Joule heating on the
peristalsis mechanism of Casson nanofluid in an asymmetric channel. In the past few years,
it is observed that the interest of using and developing the numerical and analytical tech-
niques are increased. Such methods can help to overcome the non-linearity and complex-
ity that appear in the non-Newtonian fluids. Mathematical model on peristaltic flow with
non-Newtonian fluid requires highly non-linear partial differential equations. To obtain
the exact solutions for such problems is difficult. In the present paper, we have used the
Homotopy perturbation Sumudu transformation method (HPSTM) which is a combination
of Homotopy perturbation method and Sumudu transformation method (STM). Weerakoon
[18] investigated the application of Sumudu transform method by solving the linear partial
differential equations, whereas Belagacem [19] and his team solved the integral equations
using STM. Furthermore, investigator [20, 21] used STM for solving differential equations
and they compare the obtained results with existing results. From previous investigation, it
is observed that no work has been done using the HPSTM for solving non-linear PDE with
boundary conditions. Thus, the present article shows the application of HPSTM for solving
the PDE and compare the obtained results with existing results. Embedded parameters on
velocity, pressure gradient, energy and nanoparticle concentration are shown graphically.
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2 Mathematical analysis

The propagation of peristaltic waves on the walls of a two-dimensional asymmetric
channel of width d; + d, have been considered and shown in Scheme 1. The variation in
channel width as well as the amplitude and phase of the waves causes asymmetry in the
channel. Casson nanofluid is placed into the channel. Due to propagation of the peristal-
tic, waves flow is generated. Peristaltic walls are given in mathematical form [4]:

~ . 207 A
H =d + alcos[f(é’ — c/t)], (1)
~ A 207~ ~
H,=-d,+ blcos[7(§ —ch+ d)]. 2)
In the above expression, a,, 131 , 211 s 212 and (,5 satisfies the condition.
N Cma A2
4,2 +5,2+2a,bcos < <d1+d2> . 3)
The rheology of a Casson fluid is expressed as follows:
7= (Hp+ \;—ZVTI)Zeij when IT > I1,
7= Mg+ \/Z_‘T 2e; when IT < Ilc,where 7; is the stress tensor of the fluid with
C
(i, j) components, IT = e; e, e; is formation rate of (i, /™ component, py 1s the yield

stress of the fluid, y; is the dynamic plastic viscosity of the viscous fluid and Il is the
critical value of the product based on viscous fluid.
Vector form of the velocity field V is given as follows:

V= (0(65).9(e5)

where U <Z? , 3?,?) and V(f , ?,?) are the velocity components.

The basic governing equations are defined as follows [10]:

Scheme 1 Schematic diagram of »
the channel
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where U’ and V' are the velocity components along the {- and $- direction respectively, Pr
is the fluid density, g is the gravitational acceleration, o is the electrical conductivity of
the fluid, By is the applied magnetic field, k, is the volume expansion coefficient, ® is the
constant heat addition/absorption, gy is the volumetric thermal expansion coefficient, pc, is
the density of the particles, T is the temperature of the fluid, f is the nanoparticle concen-
tration, Dy is the Brownian diffusion coefficient, D; is the thermophoretic diffusion coef-
ficient and T, is the fluid mean temperature.

We introduce the transformation between the wave frame (5 , j)) and laboratory frame
(¢,y) in order to facilitate the analytical solutions u# and v that are the velocity compo-
nents in the wave frame (¢, $).

In order to make analytical solutions easier, introducing transformation between the
wave frame and the laboratory frame.

U= y=9%9=v,{=¢(-ct 9
Introducing non-dimensional variables
S N PR AU S /R /i i5_d
C—A,y—al,l—A,V L,é—ﬂ’p ,uCﬂ’ ¢’ _Aal:
a — é—' ’l; — ?\_I o= ky 0= ?—/T\O C= f—j’:? Nt = (p0), D (T =Ty)
d,’ d,’ (po)’ T1 =T, hh’ (po)uT,
(pe)n o *(0,=Ty)by ®d,?
Pr=—,Gr= ,Qy= —=—,
kO W D= ETy > (10)
Nb = 26T ped*GIbe 0Bl
(poyn cu ’ kf(?l—?o) ’
"2
Br = PrEc,Ec = —~—.
(PC),;(TI_T()>
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where 6 is the dimensionless wave number and the stream function is taken
asP= 6% =%
o’ ay”

The non-dimensional governing equations are as follows:

()1? 0%u
0= 1+-=)—+Gro+ Q0rC,
o < ﬁ)ay ré + Qr (11)
op
PN =0, (12)
1\ d%u 20 oC
l+— )= +Gr=+0r— =0,
< ﬂ) y3 "oy Qrt?y (13)
2
96 | nppr29€ | nipe( 20 +Q0Pr+BrM2u2=O, (14)
9y dy dy ay
a2c Nt 0’0 _
Y 92 (a5)

where Gr is Grashoff number, local nanoparticle Grashoff number Qr, Hartman number M,
p Casson fluid parameter, volume flow rate Q,, Brinkman number Br, Nt the thermophore-
sis parameter, Nb is Brownian motion parameter, and Pr is the Prandtl number.

The corresponding dimensionless boundary conditions is as follows:

- g’% :—ﬁ1<1 + ;)‘22"2’ Lat h, = 1+ acos2x?), (16)
w=_§,‘;—‘§=ﬂ,<1+%)%’2’—1ath2=—d—bcos(2n§+¢), (17)
9—;/%:1, aty=hy, (18)

C—y1%=1, aty = hy, 19)

9+y% =0,aty=h,, (20)
C+y1%=0aty=h2. 21

Here, f,, y and y, represent the velocity slip parameter, thermal slip parameter and con-
centration slip parameter, respectively. The respective dimensionless time mean flows ©®
and F in the laboratory and wave frames are related through the following expression
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F=0-1-d.

3 Method of solution

The partial differential Egs. (7) to (8) are solved by Homotopy Perturbation Sumudu trans-
formation method (HPSTM), which is an analytical technique. It is used to calculate non-
linear problem which comprises large and small physical parameters (convergent series is
obtained after solving).

We get an approximate analytical solution by applying the HPSTM to the governing
equations [22]. We get the following equation after applying the Sumudu transformation,
inverse Sumudu transformation to the governing equations on both sides:

L+ bp+2B(+ )b
p+p(B+1)
L-bp-26B+Db 2
y+b—
BB+~ p

uy) =

(22)

2
P \» 99 aC
<ﬁ+ 1>v {S[Gray +Qr0y }]

2

va y
0y)=———+by+Q,Pr—
O a-y y 0 )

-1

a0 oC 0%0 23)
— s Vs [Nb Pr== == + Nt Pr— + BrM*u*| |,
dy dy 0y?

714 _ Nt 9%0
co =2 v e (s 558 @

Applying HPM and using He’s polynomial [23], we compare the coefficients of like
powers of p to get the required series solution.
The volume flow rate is given by the following:

hy
0= / (u+ Ddy. (25)
hy

Integrating Eq. (20) and after manipulating, we get pressure gradient. The coefficient of
heat transfer is given by [20], as follows:

Z= (1) 0, 2o

4 Entropy generation

In the presence of the joule heating effect, the rate of entropy formation is given as follows:
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k. N2 p N2 D , ) oB2u’
HE) 2 HEE)E o
T; dy Cy \ oy T, \ oy dy T,
Total entropy generation Ny is given by as per Bejan [9], as follows:

2 2
(08 AN?(aC aC\ [ 96 J
v (5) @) (5) () (%) ra- @

where A is the temperature difference parameter, Q is the concentration difference param-
eter, I is the ratio of temperature to concentration parameters and « is defined as follows:

hi =%
A="1—"0 (29)
Jo
T, -T
Q=-L_"0 (30)
TO

P
AR

~ A~ 31

ke(Ty = Tp) Gh

a= %_ (32)
ky

5 Discussion

We solved the nonlinear partial differential equations employing Homotopy Perturbation
Sumudu transformation method (HPSTM). In this study, we utilised the symbolic software
Mathematica. For velocity, pressure gradient, temperature, nanoparticle concentration is
solved using Mathematica and plotted with Origin. The obtained results are compared with
perturbation technique solved by Srinivas and Kothandapani [24] in the absence of Brown-
ian motion and thermophoresis effects as shown in Table 1. It is found that there is greater
improvement in the results obtained by the present method.

Table 1 Comparison of the numerical values of the heat transfer coefficient at the upper wall Z = (h1 )Xey
between the work of Srinivas and Kothandapani [24] and special case of present study when We = 0,
a=0.5,0=0.6¢= f, d=15,p=0.5,Pr=1.0,E=3.0and f = 0.0 in absence of Brownian motion and

thermophoresis effects

X Srinivas and Kothandapani [24] Present work
0.1 1.8449 1.82289
0.2 1.8352 1.83566
0.3 1.9738 1.97343
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5.1 Velocity distribution

Figures 1, 2, 3, 4 show the influence of various parameters on velocity. We can observe the
effects of local nanoparticle Grashoff number Qr, Hartman number M, slip parameter f,
and Casson fluid parameter f, respectively, on the velocity profile. As local nanoparticle
Grashoff number Qr increases, the velocity profile also increases. It is due to the fact that
nanoparticle collision increases, as we increase Qr in the system which leads to rise in
velocity, which is shown in Fig. 1. Figure 2 shows the effect of the magnetic field param-
eter M on velocity u. It is observed that velocity profile decreases as we enhance the values
of M. When M is applied in a transverse direction, it behaves as a hindering force on the
fluid flow, causing velocity u to decrease. Figure 3 shows the effect of slip parameter g, on
velocity profile u. We can observe that velocity increases as slip parameter f, increases.
This effect is helpful to determine the actual energy transfer between the channel and the
fluid. Therefore, an increase in f, causes non-uniform velocity distribution inside the chan-
nel and resistance is reduced due to slip; hence, velocity increases. In Fig. 4, as the Casson
fluid parameter f increases, velocity profile increases.

5.2 Pressure gradient

The effects of physical parameters such as Casson fluid parameter f, volume flow rate Q,
Hartman number M, Brinkman number Br and slip condition f; on pressure gradient for
upper and lower wall are shown in Figs. 5, 6, 7, 8, 9. Similar effects can be observed for the
physical parameter # Q and M that is pressure gradient decreases for these parameters. This
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Fig. 1 Variation of w on Qr when Nb =0.1, Pr=1,Nt=0.1,=05,Br=0.1, $j=1,Gr=1, Qp=2, M =
0.1

@ Springer



Effect of Joule heating and entropy generation on multi-slip...

281

-0.70

-0.75
20.80 2
-0.85 a

-0.90 3

-0.95| /'

-1.00

-1.0 -0.5 0.0
y

0.5

1.0

Fig.2 Variation of u on M when Nb =0.1,Pr=1,Nt=0.1,=0.5,Br=0.1,4,=1,Gr=1,Q;=2,0r=1

-0.65
0.70 RO
-0.75 5,

-0.80 )

-0.85 y

-0.90

-0.95

-1.00

—B,=0.8
- - -B,=0.9

-1.0 -0.5 0.0
y

0.5

1.0

Fig.3 Variation of u on #; when Nb =0.1,Pr=1,Nt=0.1,/=0.5,Br=0.1,0r=1,Gr=1,0y=2,M=0.1

@ Springer



282 A. Kotnurkar, N. Kallolikar

-0.65 - —p=0.5
1 - - -p=0.6
-0.70 BT R p=0.7
P - ~ < - ‘ .
-0.75 - RS S~
S NI
/ N
. AN
Co .
-0.80 - S ‘\ N
> s A
4 N\
0.85 s v
N \R
-, \
. <
-0.90 -+ fl s,
A y
R/ &
-0.95 4 ¢ $
Y
-1.00 T T . T r T
-1.0 -0.5 0.0 0.5 1.0
y

Fig.4 Variation of uon f when Nb =0.1,Pr=1,Nt=0.1,0r=0.1,Br=0.1,4,=05,Gr=1,Q,=2,M

0P/0X

0.0 0.2 0.4 0.6 0.8 1.0 1.2
y

Fig.5 Variation ofg—gonﬂwhen Nb=0.1,Pr=1,Nt=0.1,0=0.1,y=0.1,y,=0.1, Br=0.1, 8, = 1, Gr
=01,0,=01,M=0.1,d=0.1,¢=15,0r=0.5

@ Springer



Effect of Joule heating and entropy generation on multi-slip... 283

——Q=0.10
%0 - - -Q=0.11

oP/0X

0
0.0 0.2 0.4 0.6 0.8 1.0 1.2

y

Fig.6 Variation of 2 onQwhen Nb=0.1,Pr=1,Nt=0.1,$=0.5,y=0.1,y,=0.1, Br=0.1, 8, = 1, Gr
=0.1,0,=0.1,M=0.1,d=0.1,¢=1.5,0r=0.5

OP/0x

0.2 0.4 0.6 0.8 1.0 1.2
y

Fig.7 Variation of £ on M when Nb = 0.1, Pr=1,Nt=0.1,=050=01,vy=01,y, =0.1, Br=
0.1,p,=1,Gr=0.1,0,=0.1,d=0.1,¢=15,0r=05

@ Springer



284 A. Kotnurkar, N. Kallolikar

30

OP/0x

0.2 0.4 0.6 0.8 1.0 1.2
y

Fig.8 Variation ofj—p on Brwhen Nb =0.1,Pr=1,Nt=0.1,p=05,0=0.1,y=0.1,y, =01, , = 1,
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fact is due to the inverse relation with viscosity of the fluid, which increases the motion of
the fluid particles and velocity of the fluid increases, which reduces the pressure gradient
in system. Pressure gradient increases as Brinkman number Br and slip condition f, rise,
which can be observed in Figs. 8, 9.

5.3 Temperature profile

Through Figs. 10, 11, 12, 13, 14, we can observe the effect of Casson fluid parameter g,
Prandtl number Pr Hartman number M, thermal slip parameter y and Brinkman number
Br, respectively, on . Figure 10 represents that as Casson fluid parameter f§ increases, tem-
perature profile decreases. Physically, rising values of § develop the viscous forces. These
viscous forces have propensity to reduce the thermal boundary layers. Figure 11 shows the
effect of Prandtl number Pr on temperature profile . The prandtl number is inversely pro-
portional to the thermal conductivity of the system, and higher Prandtl number has lesser
thermal diffusivity; hence, weaker thermal conductivity reduced the temperature profile at
the wall. Figure 12 shows the effect of Hartman number M on temperature profile . By
enhancing magnetic parameter M, the temperature profile § decreases. This is due to the
fact that Lorentz force opposes the flow of fluid which produces more heat and there is
an increase in temperature. From Fig. 13, we can observe that 6 rises when thermal slip
parameter y increases. The contact between wall and fluid increases, which enhances the
heat transfer rate, and as a result, temperature raises consequently. Figure 14 indicates that
the temperature 6 rises as Brinkman number Br increases. Brinkman number is actually
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caused by viscous dissipation which corresponds to the higher temperature diffusivity. It
is reasonable to say that rise in temperature is produced by the stress-reversal process that
develops with increasing Br.

5.4 Nanoparticle concentration profile

Figures 15, 16, 17 are plotted to show the effects of concentration slip parameter y;, ther-
mophoresis parameter Nt and Brownian motion parameter Nb on nanoparticle concentra-
tion C. Figure 15 shows the effect of concentration slip parameter y;, and it is noticed that
concentration of nanoparticles decay as slip parameter y, rises. Similar observation can be
seen in case of thermophoresis parameter N¢. That is, as Nt increases the concentration
of nanoparticles decreases. The nanoparticles transfer from lower region to higher region
during the transfer. A remarkable concentration distribution occurs, which results in the
decrease of nanoparticle concentration in system, which can be observed in Fig. 16. Oppo-
site behaviour can be seen in Brownian motion parameter Nb in Fig. 17. For larger values
of Brownian motion parameter Nb, collision of the nanoparticles in the system increases,
which results in the increase of concentration of the nanoparticles.
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Fig. 15 Variation of C on yy when Nb = 0.1, Pr=1,Nt=15,$=0.1,y=0.1, Br=0.2, , = 0.1, Q) =
0.1,M=0.5
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02,Br=1,p,=01,0,=01,M=1,Gr=1,0r=0.1,A=0.3

5.5 Entropy generation

Figures 18, 19, 20 represent the effects of Joule heating parameter J temperature ratio
parameter A and thermal slip parameter y on entropy generation number Ns. We can
observe that temperature ratio parameter A and Joule heating parameter have the same
effects on entropy generation number Ns, i.e., increasing the values of A and J causes
more entropy generation, which is shown in Figs. 18, 19. Joule heating effects involve
the electric field caused by the internal heating in the presence of potential gradient.
Thus, increment of Joule heating parameter accelerates the entropy generation signif-
icantly. Figure 20 depicts the behaviour of slip parameter on entropy generation. It is
observed that the rise in slip parameter at the wall diminishes the entropy generation in
the system.

6 Conclusions
In this article, we studied the effect of multi-slip condition on Peristaltic flow through
asymmetric channel with Joule heating and entropy generation. The non-dimensional non-

linear equations are solved by the HPSTM. The main observations are summarised below:

e Behaviour of f is similar on velocity, pressure gradient and temperature profiles.

@ Springer



292

A. Kotnurkar, N. Kallolikar

Similar behaviour can be observed on velocity, pressure gradient and temperature pro-
files on varying M.

Opposite behaviour can be seen in Nb and Nt on nanoparticle concentration profile.
Entropy generation presents increasing behaviour for A and J.

v decreases the entropy generation.

Acknowledgements Author Asha S. K is thankful to the Karnatak University, Dharwad for their financial
support under Seed grant for research programme [KU/PMEB/2021/77 dated 25/06/2021].

Declarations

Con

Re

—_

had

10.

11.

12.

13.

14.

15.

18.

flict of interest The authors declare no competing interests.

ferences

Latham, T.W.: Fluid motion in peristaltic pump. M.S. Thesis, Cambridge (1966).

Shapiro, A.H., Jaffrin, M.Y., Weinberg, S.L.: Peristaltic pumping with long wavelength at low Reynolds
number. J. Fluid Mech. 17, 799-825 (1969)

Jaffrin, M.Y., Shapiro, A.H.: Peristaltic pumping. Annu. Rev. Fluid Mech. 3, 13-36 (1971)

Makinde, O.D., Gnaneswara, M.R.: MHD peristaltic slip flow of Casson fluid and heat transfer in
channel filled with a porous medium. Sci. Iran. 26, 2342-2355 (2019)

Hayat, T., Hina, S., Ali, N.: Simultaneous effects of slip and heat transfer on peristaltic flow. Commun.
Nonlinear Sci. Numer. Simul. 15, 1526-1537 (2010)

Asha, S.K., Sunita, G.: Effect of couple stress in peristaltic transport of blood flow by homotopy analy-
sis method. AJST 12, 6958-6964 (2017)

Asha, S.K., Sunitha, G.: Mixed convection peristaltic flow of a Eyring-Powell nanofluid with magnetic
field in a non-uniform channel. JAMS. 2(8), 332-334 (2018)

Asha, S.K., Sunitha, G.: Peristaltic transport of Eyring-Powell nanofluid in a non-uniform channel.
Jordan J. Math. Stat. 12(3), 431-453 (2019)

Bejan, A.: Entropy generation minimzation: The method of thermodynamic optimization of finite size
system and finite. Time Processes. Boca Raton, FL: CRS Press (1995).

Rashidi, M.M., Bhatti, M.M., Munawwar, A.A., Ali, M.E.S.: Entropy generation on MHD blood flow
of nanofluid due to peristaltic waves. Entropy 18, 1-10 (2016)

Asha, S.K., Deepa, C.K.: Entropy generation for peristaltic blood flow of a magneto-micropolar fluid
with thermal radiation in a tapered asymmetric channel. Results Eng. 3, 100024 (2019).

Asha, S.K., Sunitha, G.: Effect of Joule heating and MHD on peristaltic blood flow of Eyring-Powell
nanofluid in a non-uniform channel. J. Taibah Univ. Sci. 13(1), 155-168 (2019)

Ranjit, N.K., Shit, G.C., Tripathi, D.: Entropy generation and Joule heating of two layered electroos-
motic flow in the peristaltically induced micro-channel. Int. J. Mech. Sci. 153-154, 430-444 (2019)
Navier, C.L.M.: Sur les lois du mouvement des fluids. Comptes Rendus des Seances de I’Academie des
Sciences 6, 389440 (1827)

Hayat, T., Javed, M., Asghar, S.: Slip effects in peristalsis. Numer. Methods Partial Differ. Equ. 27,
1003-1015 (2009)

Srinivas, S., Gayathri, R., Kothandapani, M.: The influence of slip conditions, wall properties and heat
transfer on MHD peristaltic transport. Comput. Phys. Commun. 180, 2115-2122 (2009)

Akbar, N.S., Hayat, T., Nadeem, S., Hendi, A.A.: Effects of slip and heat transfer on the peristaltic
flow of a third order fluid in an inclined asymmetric channel. Int. J. Heat Mass Transf. 54, 1654-1664
(2011)

Weerakoon, S.: Application of Sumudu transform to partial differential equations. Int. J. Math. Educ.
Sci. Technol. 25, 277-283 (1994)

Springer



Effect of Joule heating and entropy generation on multi-slip... 293

19.

20.

21.

22.

23.

24.

Belgacem, F.B.M., Karaballi, A.A., Kalla, L.S.: Analytical investigations of the sumudu transform and
applications to integral production equations. Math. Probl. Engr. 3, 103-111 (2003)

Watugala, G.K.: Sumudu transform — a new integral transform to solve differential equations and con-
trol engineering problems. Int. J. Math. Educ. Sci. Technol. 24(1), 35-43 (1993)

Eltayeb, H., Kiligman, A.: A note on the Sumudu transforms and differential equations. Appl. Math.
Sci. 4, 1089-1098 (2010)

Sushila, Jagdev, S., Shishodia, Y.S.: A modified analytical technique for Jeffery—-Hamel flow using
sumudu transform. J. Assoc. Arab Univ. Basic Appl. Sci. 16, 11-15 (2014).

Junesang, C., Devendra, K., Jagdev, S., Ram, S.: Analytical techniques for system of time fractional
nonlinear differential equation. J. Korean Math. Soc. 54, 1209-1229 (2017)

Srinivas, S., Kothandapani, M.: Peristaltic transport in an asymmetric channel with heat transfer — a
note. Int. Commun. Heat Mass Transf. 35, 514-522 (2008)

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

@ Springer



	Effect of Joule heating and entropy generation on multi-slip condition of peristaltic flow of Casson nanofluid in an asymmetric channel
	Abstract
	1 Introduction
	2 Mathematical analysis
	3 Method of solution
	4 Entropy generation
	5 Discussion
	5.1 Velocity distribution
	5.2 Pressure gradient
	5.3 Temperature profile
	5.4 Nanoparticle concentration profile
	5.5 Entropy generation

	6 Conclusions
	Acknowledgements 
	References


