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Abstract. The present study aims to investigate the studjoable-diffusive convection
on peristaltic flow under the assumption of longvelangth and low Reynolds number.
The mathematical modelling for a two-dimensionaiM| along with double diffusion in
nanofluids is considered. The motivation of thespre research work is to analyze the
effects of thermal radiation on a peristaltic fldlrough a porous medium in a non-
uniform channel. The heat flux of the linear appmmetion employs the thermal
radiation of the flow problem. The governing eqaas are analytically solved by using
Homotopy Perturbation Sumudu Transformation mettht®dISTM) with the help of the
symbolic software Mathematica. The results of tekeity, pressure rise, temperature,
solutal (species) concentration and nanoparticlerwe fraction profiles are graphically
shown.
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1. Introduction

Peristalsis pumping is a uniqgue mechanism and kmelNvn to physiologists as a natural
mechanism of pumping materials. Peristaltic transp® a form of fluid material
transportinducedby a progressive wave of area either by contraciioexpansion along
the length of a distensible tube. This natural piheenon is known as peristaltic flow.
Peristaltic pump is first coined by Latham [1] i86b and further research work on
Peristaltic flow was extended by Shapiro et al.da¢l Jaffrin et al. [3] many theoretical
and experimental studies have been discusseddovatious type of fluid flow channel
in Peristalsis motion. Peristaltic flow occurs widé various physiological functions
such as blood flow in small vessels of the humacutator system, semen transport in
vas deferens, movement of ovum in the fallopiareidile transport from gall bladder to
duodenum, ingesting food via the esophagus, chymeement in the gastrointestinal
tract, vasomotion of blood vessels such as veiagjllaries and vertebral arteries,
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transport of urine from the kidney to the bladdeansport of hygienic fluids, transfer of
corrosive fluids, transport of toxic fluids in theclear power industry.

Phenomenon of Peristaltic transport in non-unifoluats may be of considerable
interest, it is noted that many physiological pesbt are known to be of non-uniform
cross-section. Gupta et.al [4] and Srivastava []dlave considered peristaltic transport
in non-uniform channels. It is seen in many phymiaal structures that the ducts are
either in uniform or non-uniform cross sectionisltwell known that the human body is
made up of several non-uniform ducts, for exampiephatic vessels, intestine, ducts
efferent’s of the reproductive tract. Some otherkgaare done on theoretical studies of
peristaltic transport of physiological fluids inssels of non-uniform cross section [6-8].

Double diffusion is the phenomenon in which masd heat transfers occur
concurrently with complicity of the fluid motion.gRearch on peristaltic flow of double-
diffusive convection is an innovative concept. Dleutdiffusion has important
applications in chemical engineering, geophysiacsgaoography, solid-state physics,
astrophysics and also many engineering applicatikesatural gas storage tanks, solar
ponds, metal solidification processes and cryseiufacturing. Peristaltic pumping with
double diffusive convection in nanofluid was stubliby [9-12].They show double
diffusive effect with other nanofluid models.

Effects of thermal radiation and heat generatigdgition on hydromagnetic
peristaltic flow is of considerable significancer fmany scientific and engineering
applications viz. heating and freezing of chambdossil fuel combustion energy
processes, evaporation from massive open watervoise propulsion devices for
aircraft, missiles, satellites and space vehicles €he research work on peristaltic
motion with the influence of thermal radiation eported in References [13-15].They
show the effect of some other physical parameéterHiartmann number, thermophoresis
and Brownian parameters.

In all abovementioned investigations reveal tha tble of thermal radiation
effects on double diffusive convection of nanoflindhon-uniform cross-section has not
yet been studied in literature. The motivationtod present research work is to analyse
the effects of thermal radiation on a peristalkisv through a porous medium in a non-
uniform channel. Double diffusive convection probke have so many practical
applications in oceanography, geophysics, biolagyg astrophysics. Heat transfer rate is
controlling by applying the radiation. The basivgming equations are highly nonlinear,
which are solved by using Homotopy perturbation &dun transformation method
(HPSTM) [16-20] and analysis of the embedded patarseon velocity, pressure rise,
energy, solutal (species) concentration, and natiolgavolume fraction is shown in the
form of graphs.

2. Mathematical analysis

Here we have considered the two-dimensional péicsttow of non-uniform channel
with the sinusoidal waves of small amplitudes pgates the speed of the channel walls.
cis the constant speed of the channel (Figure 1).
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Figure 1. Geometry of a peristaltic transport through a naiferm channel

The geometric model of the channel is defined as

h'(X,t):a+dsin[27ﬂ(>_(—ct_)} (1)

whered=a, +KX is the channel half widtHG is the constant wave speedl is the

wavelength t is the time andd represents the amplitude of the wave.The velocity

components) andV along theX andY directions respectively, in the fixed frame,
the velocity fieldV is taken as

V=U(XY, D) VX.Y,D)0 )
The radiative heat flux}, can be written as

. 60*T1'3 o1’

;= ——- 3)
g 3k oy
In the above equatiork is the Rosseland mean absorption coefficient @hdienotes
the Stefan-Boltzmann constant. Considering the fh@ddlow temperature is very small,
therefore the term is a linear function of tempanat

The basic governing equations describing the wdtiistflow patterns for the
nanofluid are as follows:
nL v
ox oy

0, 4
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where ()¢ is the heat capacity of the fluid)rc is the Dufour diffusivity,k, is the
thermal conductivity of the fluidiec) is the effective heat capacity of the nanoparticle
material, g is the gravity,¢' is the solutal (species) concentratitg,is permeability
constant of the porous medium, amdis electrically conductivity of the fluid.

Furthermore,o, is the effective densitigis thermophoresis diffusion coefficierig; is

the solutal diffusivity,C, is the specific heat at constant pressurés the thermal

diffusion ratio, G is the concentration susceptibilit;; is the Soret diffusivity, andT, is
the mean fluid temperature.

The connection between the wave frame and labgr&time are introduced through
u=U'-c, y=y, V=V, x=x-ct. (10)
Introducing the following non dimensional variables
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where dis the dimensionless wave numbels the dimensionless temperatuggs the
. . . __s0y 0y
nanopatrticle volume fraction, and the stream fuamctaken a¥ = —5a—x andu —W .
By using Equation (11), Equations (4) to (10) canitten as
op_0d°u
— +Gr,8+Gr.¢-GCr_y, 12
op
oy
3
a—l’[/+G +Gr 99 -Gr, a—y:O, (14)
o "oy “oy ay
2 2 2
90 NoPr299% 4, prd? it P{M) +rd2%= ¢ (15)
dy* oy 9y oy* oy oy
9° 0°0
W-F Ner — 6y2 =0, (16)
oy, Nt 0%
—~7=0. 17
ayz Nb a3y (17)

The corresponding dimensionless boundary conditears be written in the following
form

77



Asha S. K and Namrata Kallolikar

62
Y=0, =0, =0, y=0 a y=0

(4 (18)
w=t, %=1 9=1 y=0 a y=h= +2%4p sir{—t )

oy a,

where T is the wave frame it is related to the dimensissléme mean flow rat® in
the laboratory frame as follows

. h
O=f'+ 1= j%‘”dy, (19)

0
— Q f* —_ q . . . . .
where®@=— and =— are the dimensionless time mean flow rate in adfix

and wave frames respectively.

The coupled partial differential Equations (14) 9) with the boundary
conditions (18) are solved by using Homotopy péetion Sumudu transformation
method (HPSTM) and the analysis of the present odetti solution is mentioned in the
below section.

3. Method of solution
The governing equations (12) to (17) are evaludtgdHPSTM. This method is an
analytical technique, which can be used to caleufa¢ nonlinear problem that contains
large and small physical parameters (solution iminbd in terms of convergent series
solutions).

In this section, we apply the HPSTM to the govegnaguations to obtain an
approximate analytical solution. By applying thenfuu transform, inverse Sumudu
transform on both sides of the governing equatioaget,

u(y) =ay+ ygp ‘1[v s[Gr,8-Gr.¢ +Gr, y]] (20)
— 2 1,3 6¢
Y(y)=ay -s {u S{Gr oy —+Gr, oy +Gr, ayﬂ (21)
a(y) = ay—slluzs[ NbPr 050y, N Prazf 0 Pr(%] H (22)
1+Rd oy dy 1+Rd dy* 1+Rd| oy
4l 0°0
p(y)=ay-s {u S{NCT Vﬂ (23)
t 0°6
ny)=ay-s {u S{%WH (24)

Now applying HPM,
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Zpum ay+y {VZS[G 2. PH Gcmp”“M +G, ZP"Q,H (25)
;pmﬁm(y)=61y-8‘1[uzsL+—F£§pmH%(y)+Tf meMgn(y) Zp (( ))Zﬂ, (26)

c -1 2 N C m
Z:;) P y(y)=ay-s {u S{N—;Z:O P HH (27)
i PTA(y) = ay-S‘{UZS{NCTi p”‘H%ﬂ’ (28)

id“z/fm(y)=af-s‘{uz{GrTid“H%(y)+Grci|d“M5“(y)+Gr;idgﬂ, 29)

where \H M, ,C, ,H M _,H ,H ,H M, C; are He's polynomials. So
Im 2m 2m 3m 4m 5m m m
He's polynomials are given by

H,UyU,U, -1 am{ (ipu H . (30)
p=0

Comparing the coefficient of like powers of p iruation 25 to 29, we get the required
approximations and we get the solution as follows
3 3 3 3 4
Nb Pr
u= ay+y@—Gr aL—Gr aL+Gr aL+Gr y_  Nb Gr.a’ y
0X 6 6 6 6 I+Rd o€

4
+ NP GrTaZL‘F ....... (31)
1+Rd 96
2 2
0= ay- NbPr y” _ Nt Prazy_ Nb? P¥ a3l NbNt PF_,y°
1+Rd 2 1+Rd 2 (&+Rdf¥ ®Rd 6
2
i Pr[_ i Prazj Yo (32)
1+Rd 1+ Rd 1+ Rd 2
Nt Pr Nt? Pr > NoNt PP ,y° Nt*PF 3
y=ay+ g yz - a° 2Y _ 3y _ 3y’

a =z
1+RiC 2 No@Rl) 2 #RISC 6 (#Rd§

, (33)
Nt2 Pr (_ Nb Praz_ Nt Prazj f

No(1+Rd)\ 1+Rd +Rd 2
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(34)
_ N NbNt Pr® a3£+ N Nt Pr(_ NbPr 2 Nt Prazszer
(1+ Rd)? 6 (1+Rd)\ 1+Rd H+ Rd 2 T
3 3 4
Y =ay’ —GrTaﬁ—GrCaL +Gr.aX +Gr, NDPr 2 ¥,
6 6 6 1+Rd 24
NtPr ,y* (39)
Gr, a2y 4 ..
1+Rd 24
The volume flow rate is given by
h
Q= j udly. (36)
0
Integrating equation (36) and after manipulatinggeg
% _ 2Q—a+GrTal+GrCa}—GrFa—1— Nb PrGrTa2 1
0x 9 9 9 1+Rd 192 (37)
Nt Pr , 1
- Gra”—.
1+ Rd 192
The volume flow rate in fixed frame is given by
h
Q=[(u+1ydy, (38)
0
Q=qg+h. (39)
Averaging volume flow rate
1 1
Q=[Qdt = [(q+h)dt. (40)
0 0
This implies
Q=q+1=1+Q-h. (41)

From equation (37) and (41) the pressure gradéeexpressed in terms of averaged flow
rate as

%P 2Q-1+ h)—a+GrTa1+Grca}—GrFa—1—

0X 9 9 9 (42)
NbPrGrTaz 1 Nt PrGrTaz 1 .
1+ Rd 192 1+Rd 192

The pressure rise across one waveleridip) is computed using
1

Ap= I %dx. (43)

0
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We get,
= 1 1 1
Ap=2(Q-1+h)-a+ GrTa§+GrCa§—GrFa§—

(44)
NbPr . . 1 NtPr. . 1

ra rra‘—.
1+Rd 192 +Rd 192

4. Discussion

Using HPSTM we have solved the nonlinear partifieciéntial equations. We have used
symbolic software Mathematica in the present waitkiough the codes of the software
Mathematica we have obtained the solutions of HPS®Mvelocity, pressure rise,
temperature, volume fraction of nanoparticles avidtal (species) concentration profiles
and graphical results are plotted in Origin Softwalrhis section constitutes the analysis
of different values of physical parameters on vigjp@ressure rise, temperature, solutal
concentration, and nanopatrticle volume fraction.

4.1. Velocity distribution
The effects of thermal Grashof numb@r, , Solutal Grashof numbdsr. , and

nanoparticle Grashof numbdsr. on velocity profile are representing through the
Figures 2 to 4. Opposite behavior can be obsemvdibih Gr; and Gr. . The opposite
behavior can be seen in the case of solutal GrasiwiberGr,. . As thermal Grashof
number Gr; satisfies the relative influence of thermal buayariorce and viscous
hydrodynamic force. Due to which increasing therrti@d@ Grashof numbefr; the

magnitude of the velocity decreases, For higheueslof solutal Grashof number
Gr. the velocity profile increases. Figure 4 shows éfiflect of nanoparticle Grashof

numberGr, on velocity profile. It is observed that the vetgcprofile decreases with
increasing th&r .

4.2. Pressurerise
Figures 5-7 are plotted to the different physicatameters they are thermal Grashof
numberr, , Solutal Grashof numbesi, and nanoparticle Grashof numhbr on pressure

rise ap against flow rateQ. We observed that Figure 5 shows the pressurefoise
different values of nanoparticle thermal Grashahbercr, . We noticed that the pressure
rise increases with a higher value of Grashof numbe Figures 6 and 7 shows the
pressure rise for different values of nanopartiblermal solute Grashof number. and
Grashof numbesr. . the pressure rise decreases with an increaselumals Grashof
number Gr. and nanoparticle Grashof numifer. . Physically, it is valid because
concentration of nanoparticles in the fluid incesgsvhich cause decreasing the pressure.
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4.3. Temperaturedistribution

Figures 8-10 depicted for different values of Brémm motion parameteNb ,
thermophoresis parameter and the thermal radigdoameteiRd. From Figures 13 and
14, it is observed that there is enhancement ipéeature profile for different values of
Brownian motion parametero and thermophoresis parameter. The increase of
Brownian motion parametew cause the random motion of fluid particles thatdpie
more heat, so there is temperature rises in thermysvhich can be seen in Figure 8,
whereas, in Figure 9, the temperature profile iases as the fluid particles are moved
away from the cold surface to hot surface by ingireathe thermophoresis parametir

In Figure 10, the opposite behaviour can be sden,i$, the decay in the temperature
profile with an increase of thermal radiatiBd. It is due to fact that the thermal radiation
is inversely proportional with thermal conductioargmeteiK,, therefore maximum heat
is radiated away from the system, which leads dmeton in the heat conduction of the
fluid.

4.4, Solutal (species) concentration distribution

The solutal (species) concentration profile is eixaah by the profile ofNb, Nt, N .
Effects Nband Ntare discussed using Figures 11 and 12. From thesdigures, we
can observe that the solutal (species) concentratiofile has the similar behaviour on
both NbandNt, and solutal (species) concentration decreasésanitncreasing o,
we can observe this in figure 13.

4.5. Nanoparticle volumefraction distribution

The nanoparticle concentration visualizations Far influences olNb, Nt on peristaltic
flow in the presence of nanofluids has been showfigures 14 and 15. The nanoparticle
volume fraction of fluid increases with increase Brownian motion parameteNb .
Because in the case of nanofluids temperaturdhiision is large, which can lead to the
distribution of the system which is shown in figu4? However, the opposite behaviour
is seen in the case of thermophoresis parameteefitp.

u

*

1
-

Figure 2: Velocity profile for different values &br;
WhenGr, = 6.5,Gr. = 6.5, Nt=0.5,Nb=0.5, Pr=1,Rd=0.1
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Figure 3: Velocity profile for different values oGr,
Gr, =6.5,Gr. = 6.5, Nt=0.5, Nb=0.5, Pr=1, Rd=0.1
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Figure4: Velocity profile for different values o6Gr
Gr, =6.5,Gr. = 6.5, Nt= 0.5, Nb=0.5, Pr=1, Rd=0.1
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Figure5: Pressure rise for various values@f;
when Gr. = 0.8, Gr. = 0.8, Nt=0.6, Nb=0.6, Pr=7.0,Rd = 0.5
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Figure 6: Pressure rise for various values@®f,
when Gr; = 0.8, Gr. = 0.8, Nt= 0.6, Nb= 0.6, Pr= 7.0, Rd = 0.5
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Figure 7: Pressure rise for various values@®f-
when Gr; = 0.8, Gr, = 0.8, Nt= 0.6, Nb=0.6, Pr= 7.0, Rd = 0.5
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Figure 8: Temperature profile for different values bdib
WhenNt= 0.5, Pr=1, andRd = 0.9
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Figure 9: Temperature profile for different values bit
When Nb=0.3,Pr=1, andRd = 0.9
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Figure 10: Temperature profile for different values B
When Nb=0.3,Pr=1, andNt=0.5
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Figure 11: Solutal (species) concentration profile for difierealues ofNb
When N, =0.8, Nt=0.1, Pr=7.0,andRd = 0.1
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Figure 12: Solutal (species) concentration profile for difierealues ofNt
When N, =0.8, Nb=0.1, Pr=7.0,andRd = 0.1
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Figure 13: Solutal (species) concentration profile for differealues ofN;
When Nt=0.6, Nb= 0.1, Pr=7.0,andRd = 0.1
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Figure 14: Nanoparticle volume fraction profile for differevalues of Nb
When Nt=0.5, Pr=7.0, andRd = 0.1
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Figure 15: Nanoparticle volume fraction profile for differevalues of Nt
When Nb=0.1, Pr=7.0, andRd = 0.1

5. Conclusion
This research work investigates the double diffusia peristaltic flow of nanofluid in

the presence of porous mediumand thermal radidtioough nonuniform channel. The
results of the present method are in excellenteamgeat with the HAM [10]. However, it
is worth mentioning that the HPSTM finds the salatiwithout any initial guess or
auxiliary linear operator and avoids the roundesfors, and it is capable of reducing the

volume of the computational work as compared toHA while still maintaining the
high accuracy of the numerical result and the szleiction amounts to an improvement
of the performance of the approach.

The important observations are listed below.

The present work has potential in biomedical, and industrial
applications.

The behaviour of relaxation to retardation time wafocity and pressure rise are
opposite.

Opposite behaviours on temperature profile isaéie NbandRd .

Behaviour ofGr. and Gr on pressure rise is too similar, that is, incredsedl .

eaglimg,

and N, slightly enhanced the temperature of the wafise.

Opposite behaviour oBr; and Gr,. on velocity profile and pressure rise profile.
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» The behaviour ofar; and Gr, on pressure rise are similar.

« The similar behaviour dilb, Nt, N, on solutal (species) concentration profile.
Here, solutal concentration profile enhanced withhér values oNb, Nt, Ner -

» Opposite behaviour oNt and Nb on nanoparticle volume fraction profile.

Nomenclature
t' time (seconds)
p' pressure in fixed frame (Pa)

h, right wall

h, left wall

Rd Reynolds number

u',V velocity components (m/s)
PrPrandtl number

T' temperature (K)

@' nanoparticle volume fraction

Dg Brownian diffusion coefficient (m2/s)
Gry nanoparticle Grashof number
T, fluid mean temperature (K)

Gr; thermal Grashof number
F' solutal species concentration
N Soret parameter

Nb Brownian motion parameter
Gr,. solutal Grashof number
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