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Abstract

This article analyzes the flow of single-walled carbon nanotubes (SWCNTs) suspended water-based ionic solution driven by
combined effects of electroosmosis and peristalsis mechanisms. The analysis is performed in the presence of the transverse
magnetic field, thermal radiation, mixed convection, and the slip boundary condition imposed on the channel walls. Pois-
son—Boltzmann ionic distribution is linearized by employing the Debye—Hiickel approximation. The scaling analysis of the
problem is rendered subject to the lubrication approach. The resulting nonlinear system of equations is executed to obtain
approximate solutions using regular perturbation techniques and the graphical results are computed for various flow proper-
ties. Pumping and trapping phenomena are also discussed under the effects of pertinent parameters. Computed results show
that a reduction in EDL thickness intensifies the fluid velocity as well as temperature. Improvement in thermal conductivity
of base fluid is noticed with increasing SWCNTSs volume fraction. It is further examined that axial velocity magnifies with

Helmholtz—Smoluchowski velocity.
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Introduction

Electroosmosis [1] is a mechanism of electrokinetics which
means the osmosis (i.e., the movement of molecules/liquids
from less concentrated solution to a more concentrated solu-
tion) under the influence of the electric field. Electrokinetics
is the new branch of mechanics that deals with the rela-
tion between the motion of aqueous solutions/particles and
electroosmotic/electrophoretic forces. Electroosmosis [2]
has recently been receiving vital interest in diverse appli-
cations in chemical analysis, medical diagnostics, mate-
rial synthesis, drug delivery, environmental detection, and
monitoring. It is also applicable to various phenomena like
the movement of ions and aqueous solution in micro- and
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nanochannels, thermomigration and thermodiffusion in
aqueous solutions, etc.

Peristaltic transport [3, 4] is a natural transport mecha-
nism that deals with the physiological transport phenom-
ena utilizing successive muscle contraction and relaxation.
Peristaltic propulsion of compressible Jeffrey fluid through
a porous channel under the effect of magnetic field is stud-
ied by Saleem et al. [5]. Bhatti et al. [6] utilized the Jeffrey
fluid model to study the intra-uterine flow of the fluid with
suspended nanoparticles by considering the compliant wall
boundary conditions. Ellahi et al. [7] performed an investi-
gation on the peristaltic flow of water-based aluminum oxide
nanofluid through a symmetric channel in the presence of
thermal radiation and analyzed the process of entropy gener-
ation through the fluid flow. The impact magnetic zinc oxide
nanoparticles on the flow of blood through tapered arter-
ies using the Jefferey fluid model is investigated by Zhang
et al. [8]. They also performed the analysis on the entropy
generation during the fluid flow. Saleem et al.[9] studied the
peristaltic pumping of Casson nanofluid through a duct hav-
ing the elliptical cross section. The combined study of elec-
troosmosis and peristalsis [10, 11] develops a new branch
of the biomicrofluidics where the physiological flows can be
analyzed under the effects of external electric fields. Inspired
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by the biomicrofluidics applications of peristalsis and elec-
troosmosis, many mathematical models [12-23] have been
developed to investigate the peristaltic transport phenom-
ena modulated by the electroosmosis. Electroosmosis flow
driven by peristaltic pumping with entropy generation has
been analyzed Ranjit and Shit [12]; Sisko fluid has been
done by Akram et al. [13]; electrothermal transport of nano-
fluids has been studied by Tripathi et al. [14]; transportation
of ionic liquid in porous microchannel has been examined
by Ranjit et al.[15], heat and mass transfer analysis in two-
phase flow has been computed by Bhatti et al.[16]; William-
son ionic nanoliquids in the presence of thermal radiation
have been presented by Prakash and Tripathi [17]; of ionic
nanoliquids in biomicrofluidics channel has been investi-
gated by Prakash et al. [18]; non-Newtonian Jeffrey fluid
in asymmetric has been studied by the Tripathi et al.[19];
heat transfer analysis in blood flow has been investigated
by Prakash et al.[20]; thermal analysis of Casson fluids has
been added by Reddy et al.[21]; thermal analysis of Sut-
terby nanofluids has been presented by Akram et al. [22];
entropy generation in porous media has been analyzed by
Noreen and Qurat [23]. After a depth reviewed of the litera-
ture on electroosmosis modulated peristaltic pumping, it is
concluded that flow, pumping, and thermal characteristics
are strongly magnified by the electroosmosis mechanism.
Many biomicrofluidics devices can be engineered based on
their findings. However, no such investigation is available in
the literature which deals with the Single-walled nanotubes
(SWCNTs) suspended nanofluids flow driven by the com-
bined effects of electroosmosis and peristalsis.
Single-walled nanotube (SWCNT) is a CNT that exhibits
electric properties that are different from multi-walled car-
bon nanotube (MWNT). SWCNT has various applications
in polymers [24], high-performance supercapacitors [25],
catalysts [26], gas-discharge tubes in telecom networks [27],
energy conversion [28], drug delivery [29], sensors [30],
etc. Motivated by the wide applications of the SWCNT in
various fields of science and engineering, some interesting
mathematical models [31-39] have been developed to study
the peristaltic transport of SWCNT suspended nanofluids
with permeable walls [31]; MHD slip flow over stretching
surface [32]; induced magnetic field and heat flux [33]; vari-
able viscosity and wall properties [34]; velocity and thermal
slips in the mixed convection [35]; micropolar fluid in a
rotating fluid [36]; curved channel with variable viscosity
[37]; radiative nanofluid flow with double stratification [38].
Raza et al. [39] examined the effect of the induced magnetic
field and different types of carbon nanotubes on heat transfer
characteristics of saltwater transported by using a peristaltic
pump through a permeable channel. In all the mathematical
models, it is concluded that the temperature of the nanofluid
diminishes with increasing the nanoparticle volume frac-
tion of SWCNTs. It is also noted that velocity and pressure
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distribution are also highly affected by the SWCNTSs. Never-
theless, the above studies have not considered the electroos-
mosis mechanism which is most demandable in the field of
biomicrofluidics devices for drug delivery systems.

Considering the gaps in the literature and motivated by
the vital role of SWCNTSs suspended nanofluids flow driven
by the combined effects of electroosmosis and peristalsis,
the main goal here is to formulate a new mathematical model
to study the effects of electric and magnetic fields on peri-
staltic pumping of SWCNTs nanofluids in the microchannel
and investigate the heat transfer characteristics of nanofluid
flowing through the electroosmotic peristaltic pump. Con-
sidering the more realistic microchannel, velocity slip and
thermal slip boundary conditions have been employed to find
out the solution. The perturbation method is used to obtain
a series solution up to a more accurate approximate solu-
tion. Numerical computations have been made for graphical
results and a detailed discussion has also been presented for
the physical interpretation of the model. Finally, concluding
remarks of computed results have been given. The findings
of the present model can be applicable in biomicrofluidics
applications like drug delivery systems and diagnosis of the
diseases. Furthermore, biomicrofluidic pumps eliminate the
requirements of mechanical parts utilized to propagate the
peristaltic waves which remove the possibility of the fric-
tional forces caused by rollers on the channel walls and also
reduces the costs of such pumps. So it can be concluded that
electroosmotic pumps and more efficient with an additional
advantage of consuming less energy.

Mathematical formulation

Here, the flow of electrically conducting water-based ionic
nanoliquid with the suspension of SWCNT driven by com-
bined peristalsis and electroosmosis through a symmetric
channel is examined. Ionic nanoliquid is assumed to be z:z
symmetric, i.e., valence of cations and anions is the same.
Electroosmotic forces are generated by the application of the
external electric field across the EDL in the axial direction.
The consequences of mixed convection and viscous dissi-
pation are also accounted. The impact of thermal radiation
incorporating the radiative heat flux term specified by Ros-
seland approximation is analyzed. A constant magnetic field
of strength B, is applied in the transverse direction

B=(0, B,, 0),

The peristaltic flow is engendered by propagating sinusoi-
dal wave trains with wavelength 4 and constant speed ¢ along
the walls of the channel in the axial direction. The math-
ematical formulation is carried out in Cartesian coordinates
(X, y,1). The velocity components in the axial direction x and
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transverse direction y are denoted by u and v respectively.
The geometry of the considered problem is given in Fig. 1.
The mathematical model for flow regime is expressed as

y= A7) = xd xasin (Z (- o)), M

where d designates half-width of the channel and a is the
amplitude of sinusoidal waves.

Governing equations

Constitutive equations for current flow problem subject to
considered flow conditions are formulated as [14]:

ou , Jv
—=+—==0, )
dx dy

% _ou  _ou op 2 2 _
pnf<g—'f +ug—f + vZ—f) = —6—1_7 +;4nf<a—'; + 6_124> - aBgu
¢ X X X N
y ox dy 3)

+ peEY + (py)nfg (T - 70)’

Here, g, is the radiative heat flux which is characterized
by Rosseland approximation, assuming that heat flux is
dominant in y direction only, as [39, 41]:

—  —160"

g = 79T

3ks 09y’ 7

in above relations, p, (PY)yp 6, Pup Pe Ex Ey, T, pye and
o, specify the pressure, the effective thermal expansion
of nanoliquid, electric conductivity, effective density of
nanoliquid, charge number density, electrokinetic body
forces in x and y directions, stress tensor, the effective vis-
cosity of nanoliquid, and effective thermal diffusivity of
nanoliquid, respectively. The effective thermal conductivity
of CNT suspension is described by Xue model. The effec-
tive properties of SWCNT-water nanofluid are given as [40]:

_ _ Hp
Pot = (1 = ®)py, + Cpgwents Hap = m,
knf
(pcP)nf == (D)(pcp)b + CD(pcp)swCNT’ App = )
(pcp)nf
ks kg +k;
(1= @) + 20 oy (gt
o = ki k kswent+ks \ |
| — @)+ 20— 1<WNT )
( )+ kSWCNT_kb n 2kb
(8)

with p, being the density of water, pgwcent the density of
single-wall carbon nanotubes, k;, and kgwcnt the thermal
conductivity of water and SWCNTs, respectively, and @ the
volume fraction of SWCNTs.

Poisson equation is utilized to characterize electric poten-
tial ¢ generated across EDL as [17]:

o ox oy ay 0y

)
T T 2 2
CEU LA LU AN (L S 1 I T T
ot ox dy 0x ay
where
L= grad<x7). 6)
Fig.1 Geometry of the problem
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Vi =-=, ©)

where p, denotes the electric charge number density given
by:

Pe = ez(n+ — n_), (10)

where e specifies electric charge, n* and n~ are anions and
cations having bulk concentration, n, and z the charge bal-
ance of ionic species.

The distribution of ions within the fluid is described by
employing Nernst—Planck equation

ont  _ont  _ont ot o*n*
— tu—+v—-= — +—
dy ox dy

— u
ot ox

Dze( 0 <_¢0(p> 0 <_i()(p>>
t—|\=\n=)+t=\r =)
kgT \ 0x 0x dy dy

with the assumption that the EDL is not intersecting the center-
line and ionic distribution is steady in order to obtain the sta-
ble Boltzmann distribution of cations and anions. In the above
equation, D defines the ionic diffusivity, 7 the mean tempera-
ture of the ionic solution and kg is Boltzmann constant.

Following transformation are used to transform the labo-
ratory frame (X, y, t) to wave frame (%, ¥, ?)

an

12)

In order to facilitate this analysis, the following dimen-
sionless quantities are introduced:

T R S R
A]’ y d, p Mbc, c’ c’ no’
H HC T-T
p= oo % s d g T Mo ) 0D
d kb A T, (py)s
ezQ eokg TE, 2nye?2d?
Q= ~ 0 U= ) - )
kT ezpyc ok T
d — * —3 d’T,
Re = b€ ,‘P:E,Rdz 160 TO,G_Pbng 0
ﬂb Cd 3k*ﬂb6‘p MbC
2 oB%d?
Ec=-—, Br=EcPr, M* = —°
e, Ty Hp

(13)
In which Pr represents the Prandtl number, 6 the wave
number, 6 the dimensionless temperature, U the Helm-
holtz—Smoluchowski velocity, k the Debye length parame-
ter which is inversely related to EDL thickness, Re the Reyn-
olds number, Rd the radiation parameter, Gr the Grashof
number, Ec the Eckert number, Br the Brinkman number
and M is the Hartmann number.
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Current problem can be simplified to a notable extent by
introducing stream function as:
¥ oY
= =—5—,
ox’ ox s
Substituting Egs. (12), (13) and (14) in Egs. (2)—(5) and
Eqgns. (9)-(11) and adopting long wavelength and low Reyn-
olds number approximation, we get following reduced sys-
tem of the equations:

1 oy Loy P

e Mg UG YOG =0 )
5] 9’ ,0 %

@ _ ;25 v -M*= Ld U— + GrlL9, (16)
ox  (1-d)*° 0y? dy 0y?

A+prra) Y B (2w T 0 1
(A+Pr )a—y2 + 1_op \ a2 =0, a7
Pp o fn —n*

5=r(5") as
0*n* .0

—”2 22 =, (19)
dy 0y ay

Equation (19) is solved subject to the suitable boundary
conditions and the resulting solution is expressed as:

nt =¢ev?, (20)

Poisson—Boltzmann paradigm is obtained by combining

Egs. (18) and (20)

0? .

79 _ k*sinh(). 21
0y?

Simplification of the above equation can be done by
applying the Debye—Hiickel approximation principle which
uses an assumption of lower zeta potential across EDL as:
%

— =Ko 22
Sy =Ko (22)

Direct integration of Eq. (22) is performed subject to

boundary conditions given below

Jdp
ay y=0

@lyp =1 0, (23)

and the resulting electric potential function is given as:

_ cosh(ky)

~ cosh(kh)’ 24)
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Using Eq. (24) in Egs. (15)-(17), we get

ot 9? inh
L0V _4pd¥ g | 6%,
(1= ®)>> oy 0y? cosh(kh) dy
(25)
920 Br [Py
A+PrRd)— + ———(—= ] =0, 26
Arbr )0y2 (1-®)>° ( oy* ) 20

The associated boundary slip conditions are:

62
y=0"2=0 ay =0 @7
dy
oy % 0y )
=F,—=-1-——————— aty=h=1+e¢esin(2xx),
ay (1= @) 0y y (
(28)
00 00
5y =08 gy = 0 aty (29)

Here, y and 5 designate the dimensionless velocity slip
parameter and thermal slip parameter respectively and F is
dimensionless flow rate given as

F=0-1, (30)

with Q being time mean flow rate.
The heat transfer rate can be computed as:

4 ohat
0x 0y .y (31

Solution procedure

The system of Egs. (25)—(29) resulting from mathematical
formulation and simplification of the problem is nonlinear
and cannot be solved for the exact solution. However, an
approximate analytical solution can be obtained by reducing
the nonlinearity of the above system by employing a regular
perturbation method. For this purpose, series expansion of
involved flow quantities about small Brinkman number are
considered as:

n
v = ZBrlu/i =y, +Bry, ...,
i=0

p=) Brp =p,+Bip, ..., (32)
i=0
n

=) Bro, =0, +Br0, ...
i=0

And truncating these series up to O(Br?) only. Plug-
ging above expressions in Eqgs. (25)—(26) and boundary

conditions (27)—(29), following systems of the zeroth and
first order are obtained:

Zeroth-order system

1 oty Ye 0%y, L UB sinh(ky) + GrL% -0,
(1—-®)>> oyt 0y? cosh(kh) dy
(33)
9Py _ 1 Py, —Mz% , cosh(ky) +GrLo,
ox  (1-@)> 0y3 dy cosh(kh)
(34)
0%6,
(A 4+ PrRd)—= =0, (35)
0y?
a2
wo=0, 0 _0, aty=0, (36)
0y>
oy, Y 02y/0 .
72 s PR a _q))zs P ,aty + esin (2xx),
37
% _0 aty=0, 0,+7°0 20, ay=h
y aty =0, onay—,ay—~ (38)
First-order system
o4 02 00
1 4] — M 4] ey el =0, 39)
(1 — ®)>5 ay* 0y? dy
9p, 1 Py 20V
L — - M>—L +GrLé,,
ox (1 _ @)2.5 ay3 ay rLu, (40)
920 Pwy\°
(A+PrRO)L 4 — 1 25( ";°> =0, 41)
oy* (1 -®)>> \ 9y
62
v =022 =0 ay=0 42)
dy
oy, 4 0’y .
v =0,—=———"—————, aty=h=1+esin(2xx),
1 dy (1— q))z.s 0y2 y
43)
P 0 aty=0. 0,442 20 ay=n
—_— = al =0, — =0, al = Nn.
3 y 11 3 y (44)

These zeroth- and first-order system of equations are
solved separately for an exact solution using mathemati-
cal software Mathematica and resulting solution for stream
function, temperature, and pressure gradient are given below
as:
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+ 964,y

1 4C2e™MVTYGrL ACCMVTYGIL  964,e™MVTY 964 eMVTY
v = —Br| 9643 — + +
M>3(A + Pr RA)T5/2 MS(A + Pr Rd)T5/2 M2T M2T

%
-MWGrk2L<c e2MW< k+M\/_) ( k + 2M\/?) + c2<k+Mﬁ) <k+ 2M\/_>>TUcosh [ky| Sech/k]
(A+Pr Rd)(k - 2Mﬁ) (k n 2Mﬁ> (k2 - m2T)’
96e-MWGrk2L<c2<k - ZMﬁ) (k - Mﬁ)3 +C,eMVTY <k + Mﬁ) (k +2M\T ))TUcosh [ky| Sechl/k]
A+ Per)(k - ZMﬁ) (k n 2Mﬁ> (k2 - m2T)’

96(C, + C,)GrLy? cosh [hk](~4K*MT*/2U + (C, = Cy) (K = MPT)” cosh k] ) (cosh [2/k] + sinh [2/k])

—+
M3(A + Pr ROT2 (K> — M2T)*(1 + cosh [2hk] + sinh [2Ak])?

326ty (2C,C, (K = MPT)" = KST2U? +2C,C, (K — MPT)” cosh [2/k] ) (cosh [2/k] + sinh [2/k])

M?(A +PrRd)T (k* - M2T)2(1 + cosh [2hk] + sinh [2kk])?
—MWGrk2L<C eZMW< —k+ M\/_> ( —k+ 2Mﬁ> + C2<k + Mﬁ>3<k + 2M\/7)>TUSech[hk] sinh [y]
(A +Pr Rd)(k - ZMﬁ) (k + 2M\/?) (& - m2r)*
96e—M\/T7Grk2L<C2<k - 2Mﬁ) (k - Mﬁ)3 +C,eMVTY <k + Mﬁ>3 (k + 2Mﬁ)>TUSech[hk] sinh [y]
(A +Pr Rd)(k - 2M\/?) <k + ZMﬁ) (& - m2T)*

+

6Grk>LT*U?Sech[hk]* sinh [2ky]|
(A+Pr Rd)<2k - Mﬁ) <2k n Mﬁ) (k2 - M2T)’
+MMVT(_(F + i) (K2 = MPT) + hieTU) — eMWy<k2<—1 +TU + FM(x/? —My)) +M2T(1 + FM(—ﬁ+My)))
+eMVTCh+ y>y<M2T<1 + FM(ﬁ n My)) - k2(1 _TU+ FM(ﬁ n My) )) + 2eMVTCh+ VpTUSech[Ak]
(mMVT cosh [1MVT| + (=1 + hdPy) sinh [BMV/T| ) sinh [ko] + kU@ (T = piy ) 4+ VT
(=T + Wy) + MV (=MTY2 = Ry + MPTy) = VI 2y (—iy 4 MT(VT + My ) ) tanh (kD))

/(206 = ) ("MV/T cosh [1MVT| + (=1 + m?y) sinh [ VT] ) ),

(VT (MVTO 20 ((F 4 1) (K2 = MPT) - WPTU)

+
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dp
o

Slme—lh"“ﬁ (=1/(A+PrROT? (2 + M2T)* )BrSech[k? ( CZGHkL - 8C, C,e™VTGriL

+ C2MMVIGHOL, — 2C2MVT GO LM/T +2C2™VIGrnk LMVT - 3C2Grk L

M2T +24C, Coe®™VTGHA LMPT = 3C2™MVTGHALMAT + 4C, Cye®™VTGri2 kLM T
+6C2XMVIGHI LMAT/? — 6C2™MVIGHIIA LMPT?2 — 4AA42™MVTIOMAT? 1 3C2Gri

LM*T? = 24C, C,e™MVIGHRLMAT? 4 3C2eM™MVTGHRLMAT? — 12C, C,e™MVTGri2 k4 LM T

— 4A4PMVTRE )4 pr RAT? — 6C22MVIGHIRLMS TS/ 4 6C2™MVIGIR LM T2 + 12444
AMVTIAMOTS _ CIGILMOT? +8C, C,™VTGILMOT® — C2e™MVTGILMOT + 12C, Coe®™VT
GH2IRLMOT® + 12A44e™MVT 116 pr RAT? + 2C22MVIGHLM T2 = 2C2 2 ™MVT GrL 717/

— 124A4MVTRMBT — 4C, Co®™VIGH2LMET* — 12446™MVTI2MS Pr RAT* + 4AA4™MVTpf1075
+4A4e™MVT10 pr RATS — 16C,™MVTGHALMATY2U + 16C,M™MVIGHALMATS2U + 42™MVTGridL
T202 = 4™MVTGHS LT3 U2 = 2PMVIGHAISLMA T3 U2 + 2eMVT Gk LMAT* U2 — 2C2Grk® LM
VTn = 2C2™MVIGHO LM Ty + 2C2™MVIGHO LM Ty + 2C2e™VTGrk LMATy + 8C, C,
AMVIGHI LM Ty + 6C2Grk LM T2y + 6C2eX™MVTGr LM3 T3/ — 6C2eX™MVTGri LM T3/

1 — 6C2MMVTGHA LMP T2y — 24C, Coe®™VT Gk LMA T — 6 C2 G LM TS/ — 6C2eXMVT Gy
KLM3T5 2y + 6C§e2hMﬁGrk2LM5 752y + 6Cfe4hMﬁGrk2LM5 T3/%y +24C, CzeZhMﬁGrhkzLMﬁ 73

0+ 2C2GrLMT T2y 4+ 2C2PMVTGr LM T2 — 2C2AMVIGHLMT 172y — 2C2 e ™MVTGrLM 17/

— 8C, Cy™MVTGHIMS Ty — 8C,e™MVTGHS LM T2 Un - 8C, ™VTGrOLMAT? Uy + 8C,e™ VT Grit
LM*T3 Uy + 8C, ™MVIGHA LMA T3 Uy — 42™MVTGkS LM T3 Uy + 42™MVTGrikS LM T4 U

—16(Cy + Cy)XMVIGHA LMAT2 (—I2 + MET) U(h + ) cosh [hkI(C2GrL( — M2T) (1 — 2MV/ Ty
122MVT AT 4 n)) - 4C26hMﬁGrL<2k4M2T2U(2M T+ k2 - M2Tn) +C MV (2 4 p27)’
(<24 FPMPT + 200M°Tn) ) + VT (MPT? (<42 + MPT) (44A4M2 (K% = MPT)” + 444M% Pr Rd

(K = MPT)? = G LTU) + 8C, ™MVIGH LM T2 U (2MVT = o0 + MPTy ) + CRGRL (¥ = MPT)
(—2M VT4 )+ 2MVT (1+20vTn))) ) cosh2nk] - 8C,e™VTGrkS LM2TU sinh [2hk]

— 8C,MVTGHS LMATU sinh [2hk] — 8C,e™MVTGr3LMAT3 U sinh [2hk] — 8C, SMVTGrid LM T3

U sinh [2hk] — 8Cod™VTGrkS LM TS/ U sinh [2k] + 8C, ™ VT GekS LM T/ U sinh [24k]
+8C,™MVTGH3 LM T2 U sinh [2hk] — 8C, ™ VT Grk3 LMS T7/2 U sinh [2hk] + 262™MVT GekT LM T3 U?
7 sinh [2k] — 2e2™MVT GRS LMAT* U2 sinh [2hk]> n (4ehMﬁ M (MZT(—l + FM( VT - My) + AMVT
(1 + FM(ﬁ+My))) - k2<—1 FTU+ FM(\/?— My) + thMﬁ(l “TU+ FM<ﬁ+My))> +kU
(—(1 n eZhMﬁ)MT3/2 " (—1 ¥ eZhMﬁ)kzy - (—1 n eZhMﬁ)MzTy) tanh [hk]) )/

(2 = 27 (AM/T cosh [AMV/T| + (=1 + mMy) sinh [ VT] ) )),
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Fig.2 a—e Velocity profile u(y) for different values of the k, M, Gr, U and y
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Table 1 Thermophysical properties of pure water and single-wall car-
bon nanotubes (see Ref. [33])

Physical properties H,0 SWCNT
c, M kg™ K™ 4179.0 425
plkg m™> 997.1 2600
k/W mK™! 0.613 6600

7 x 1075/K™! 21.0 1.9

o 1 16C,ChieMPy  2C3eMVTkdy,

ZC%ethﬁk%

Results and discussion

Figures 2a—e are plotted to examine the variations in velocity
profile with change the magnitude of various parameters. It
has been observed that the velocity of the ionic aqueous solu-
tion is larger than the velocity profile of SWCNTs + water
ionic nanofluid. This result also supports the physical prop-
erties, i.e., thermal conductivity of carbon nanotubes which
tends to dissipate heat more rapidly as compared to pure
water. As a result, fluid particles have less kinetic energy in
the case of SWCNTSs + water nanofluid and hence velocity
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Fig. 3 a—f Temperature profile O(y) for different values of the k, Rd, U, Br, @, and

profile decreases. Thermophysical properties of the physical
parameters such as specific heat capacity, density, thermal
conductivity, and thermal expansion coefficient for SWC-
NTs and water are listed in Table 1. Keeping in view that
the relative permittivity of the water is 80 and applying the
electric field strength of up to 1kVem™!, the magnitude of
Helmholtz—Smoluchowski velocity is approximately equal
to 2 cm™'. Further, with the bulk ionic concentration ranging
from 1 pM to 1 mM, the range of Debye length parameter k

@ Springer

is found to be from O(1)-O(100). The nanoparticle volume
fraction is chosen to be 0.2 vol%; however, the effect of
varying nanoparticle volume fraction from 0.1 to 0.3 vol%
is also presented. The Prandtl number for water typically
varies from 1.7 to 13.7.

Figure 2a reveals an enhancement in velocity for larger
Debye length parameter k. Physically conveying, a rise in
k tends to decay in EDL thickness which mainly strength-
ens electroosmotic forces responsible for electroosmotic
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Fig.4 Stream lines for

SWCNT +H,0 forak=2,b
k=22andck=24

velocity in the direction of peristaltic pumping. As a result,
fluid is accelerated by increasing the Debey length param-
eter. Figure 2b demonstrates that raise in Hartmann number
produces a decrease in the velocity field. It is well-known
that increasing values of Hartmann number (M) results in
the generation of strong Lorentz force which are opposing
forces in nature. These forces resist the acceleration of fluid
particles and hence velocity decreases. Figure 2c illustrates
the response of velocity profile toward different values of
Helmbholtz—Smoluchowski (HS) velocity parameter. It is the
velocity generated by the acceleration of ionic species due to
electroosmotic forces. It can be seen through resulting sketch
that velocity is maximum for a negative value of U and it is
minimum for the positive value of U. This behavior of veloc-
ity can be well-justified by the fact that U=—1 corresponds
to an assisting electric field, i.e., electric field in direction
of peristaltic pumping, U=0 means no electric field and
U=1 corresponds to opposing electric body forces. It can be
analyzed from Fig. 2d that velocity increases via larger Gra-
shof number Gr. As Grashof number is associated with the

temperature difference generated within the fluid medium
and a way to quantify the strength of buoyancy forces over
viscous forces. A rise in Grashof number physically means
that buoyancy forces are dominant over viscous forces which
tend to enhance velocity profile. The impact of the velocity
slip parameter on axial velocity is shown in Fig. 2e. It is
found that velocity is decreasing function of slip velocity
experienced by the fluid at channel walls.

Figure 3a—f are plotted to visualize the impact of vari-
ous embedded parameters on temperature distribution. Fig-
ure 3a reveals an enhancement in temperature toward rising
values of Debye length parameter k. The resulting graph
displays growth in temperature as k increases. This behavior
is valid physically since for larger k, the kinetic energy of
fluid particles enhances, and an improvement in temperature
is noticed. It is also noticed that in the presence of SWC-
NTs, ionic solution of water possesses a lower temperature.
As the suspension of carbon nanotubes causes an enhance-
ment in thermal conductivity of water therefore heat is being
removed rapidly from the system. Due to such tremendous
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Fig.5 Stream lines for

SWCNT +H,0 foraM=02,b
M=0.7andc M=1.2

property of carbon nanotube suspensions, they are widely
used as a coolant in the industrial domain. The decaying
trend in temperature distribution via radiation parameter is
demonstrated in Fig. 3b. Figure 3c indicates that temperature
drops for positive HS velocity parameter but it grows for a
negative value. The reason behind this response is that an
assisting electric field, i.e., for U= -1, accelerates the fluid
particles and more heat is generated. Consequently, the tem-
perature rises. However, for U= 1, the electric field opposes
fluid flow and a reduction in kinetic energy of fluid particles
occurs which tends to reduce the temperature. The evolution
of temperature distribution is noticed for increasing Brink-
man number through Fig. 3d. Since Brinkman number is
associated with viscous dissipation which is the process
of heat generation via shear stress; therefore, more heat is
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produced as Br is increased. Consequently, the temperature
rises. The impression of SWCNTs volume fraction on @ is
shown in Fig. 3e. The temperature profile declines when
the quantity of CNTs in the base fluid increases. With the
addition of more carbon nanotubes, the thermal conductiv-
ity of base fluid enhances; therefore, heat is dissipated from
the system more rapidly. Variation in temperature of fluid
for various values of temperature slip parameter is revealed
through Fig. 3f. It is noted that temperature enhances when
the thermal slip parameter (#) is increased.

Streamline is one of the key flow characteristics of fluid
dynamics. It is important to examine the streamline patterns
under the effects of the physical parameters that affect the
flow characteristics. It has a great significance in flow visual-
ization. A key attribute of peristaltic flow is associated with
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Fig.6 Stream lines for
SWCNT+H,0foraU=-2,b

U=0andc U=2

the circulation of streamline termed as trapping which results
in the formation of the trapped volume of fluids is called
a bolus. This trapped bolus is carried along the peristaltic
waves. This phenomenon is very useful in the transportation
of fluid in a proper manner within the body. Figures 4-7
are drawn to analyze the trapping phenomenon subject to
variation in various sundry parameters for SWCNTSs + water
nanofluid. Figure 4a—c captures the impact of the Debye
length parameter (k) on trapping. It can be noticed that the
size of the trapping bolus is enlarged for growing values of
k due to the mobilization of ionic species through the fluid
medium. Figure 5a—c indicates that there is a reduction in
the size of trapping bolus as Hartmann number increases. It
is mainly due to the retardation offered by the Lorentz forces
o the fluid flow which controls the velocity of the fluid. Fig-
ure 6a—c reveals that when an electric field is applied in the
direction of peristaltic propulsion then a large number of
streamlines are observed and trapped bolus are also formed
in this case. However, when the external electric field is
removed, trapping bolus is disappeared from the streamline

patterns. Also, it can be witnessed through Fig. 6¢ that when
an opposing electric field is applied, trapping phenomenon
again occurs but, in this case, the number of streamlines is
smaller as compared to previous cases. Possibly it can be due
to a reduction in the fluid velocity because in this case, elec-
troosmotic velocity is occurring in the opposite direction of
peristaltic pumping. Variation in trapping phenomenon for
larger Grashof number (Gr) is reported through Fig. 7a—c. It
is depicted that the size of the trapping bolus expands for a
larger value of Gr. This behavior of circulatory flow pattern
is well-justified as larger Grashof number corresponds to
dominance of buoyancy forces over opposing viscous forces
which in turn facilitates the flow pattern and the occurrence
of the circulating streamlines.

Figure 8a—e provide insight into the response of pres-
sure gradient for development in various pertinent param-
eters. Figure 8a characterizes the influence of the Debye
length parameter (k) on the pressure gradient. With a rise
in k, pressure gradient declines. It is also observed that the
pressure gradient is higher for pure water as compared with
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Fig.7 Stream lines for

SWCNT +H,0 fora Gr=6, b
Gr=7and ¢ Gr=8

SWCNTs + water nanofluid. For larger &, the motion of ions
in the diffuse layer is boosted therefore pressure decreases in
the direction of peristaltic pumping. In response to the rise in
Grashof number, pressure gradient increases as manifested
through Fig. 8b. It is clarified from Fig. 8c that pressure
gradient increases in the forward direction when the elec-
tric field supports the peristaltic transport. However, for the
case of no electric field and the opposing electric field, the
assisting pressure gradient tends to drops because in case of
no electric field pressure gradient is only generated due to
peristaltic pumping and the net assisting pressure gradient
is lower when compared with the case of forwarding electric
field. In the case of the opposing electric field, the negative
electroosmotic velocity generates the retarding pressure gra-
dient in the opposite direction of peristaltic pumping which
causes a reduction in net assisting pressure gradient. Varia-
tion in pressure gradient via a larger Hartmann number (M)
is explored through Fig. 8d. It is obvious that the pressure
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gradient drops when the magnitude of M increases. The
pressure gradient profile is improved when slip forces expe-
rienced by the fluid at channel walls (see Fig. 8e).

Variations in heat transfer rate via various involved
parameters are displayed through bar graphs in Fig. 9.

In Fig. 9, blue-colored bars represent the variation in heat
transfer rate for Prandtl number and it is found that the mag-
nitude of heat transfer rate decays for larger Prandtl number.
It is quite obvious as the Prandtl number is the measure of
momentum diffusivity over thermal diffusivity and larger
Prandtl number tends to slow down the thermal diffusion
process. As a result, a reduction in the magnitude of heat
transfer coefficient od observed. In Fig. 9, orange-colored
bars manifests the alteration in heat transfer for Brinkmann
number. A rise in Br corresponds to enhance the strength of
the viscous dissipative forces which heats the fluid. Conse-
quently, the heat transfer rate grows significantly. Further, it
is noticed that the heat transfer coefficient decays via a larger
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radiation parameter. As the absorption power of the fluid
is inversely related to the radiation parameter, increasing
Rd produces a decay in temperature of the fluid, which in
turn decreases the magnitude of the heat transfer coefficient.
Figure 9 shows that electroosmotic phenomenon boosts the
heat transfer rate when it is established in such a way that it
assists the peristaltic pumping. However, a decline is noticed
in the case of the opposing electric field.

0.5 1.0

A comparison of velocity and temperature has been per-
formed between the investigation performed by N.S. Akbar
[40] and limiting case of current problem and presented in
Tables 2 and 3, respectively. A close agreement between the
solution is given in Tables 2 and 3.
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Fig.9 Heat transfer coefficient
for SWCNTs-water nanofluid 40

35

30

25

20

m Pr 18.1558
= Br 27.2879
20.8907
ik 21.9946
mU 21.8303

Table 2 Comparison of velocity profile of current investigation and
the results obtained by N.S. Akbar[40]

Y u(y) Current results when Br=0,
n=0,y=0and U=0

u(y) with Ref.[40],
when Pr=0; =0

-13 —1.00000000 0.0000000

-0.8 —0.63172606 —-0.63172605
-0.3 —0.41884861 —0.41884862
0.2 —0.37340986 —0.37340986
0.7 —0.51919276 —0.51919277
1.0 —0.71329191 —0.71329190
1.3 —1.00000000 —1.00000000

Table 3 Comparison of temperature profile of current investigation
and the results obtained by N.S. Akbar[40]

y 0(y) Current results when 6(y) with Ref.[40],
Pr=0; Br=0 when Pr=0; Br=0

-1.3 0.0000000 0.0000000

-0.8 0.19230769 0.19230767

-0.3 0.38461538 0.38461535

0.2 0.57692308

0.7 0.76923077

1.0 0.88461538 0.88461535

1.3 1.00000000 1.00000000
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3
15.5401 13.531
32.7454 38.203
20.0287 19.235
222157 22.4902
21.6445 21.5022
Conclusions

In this model, a theoretical study on electroosmotically
modulated peristaltic pumping of SWCNTSs + water ionic
nanofluids subject to the influence of thermal radiation and
the transverse magnetic field is investigated. Fluid flow is
analyzed in the presence of buoyancy forces, and the impact
of heat dissipation due to viscous forces is also considered.
The slip boundary conditions for velocity and the tempera-
ture are implemented across the channel walls. The com-
plexity of the nonlinear and coupled set of equations is
reduced by adopting the regular perturbation technique and
an approximate solution of the problem is obtained. Based
on the numerical computations and discussion, the key out-
comes of the present analysis are:

e Anincrease in the Debye length parameter tends to raise
velocity and diminish the pressure in the forward direc-
tion.

e Trapping bolus size expands with increasing the magni-
tude of the Debye length parameter.

e Temperature increases with adding the electric field and
diminishes with opposing the electric field.

e Flow and pumping characteristics improve with adding
the electric field and reduces with opposing the electric
field.
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e Development in the velocity slip parameter decelerates
axial flow and elevates the pressure gradient.

e The addition of SWCNTSs in base fluid tends to decay
the temperature profile due to enhancement in thermal
conductance of the base fluid.

e Trapping phenomena are strongly affected by adding and
opposing the electric field.

e The thermal slip parameter produces an enhancement in
temperature distribution.

The findings of the present model can be applicable in
biomicrofluidics applications like controlled drug delivery
systems during cancer therapy to target and diagnose the dis-
eased cell. Also this model can be used to enhance the effi-
ciency of various cooling systems and solar heat collectors.
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