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Abstract

Main theme of present investigation is to model and analyze the peristaltic activity of Car-
raeu-Yasuda nanofluid saturating porous space in a curved channel. Unlike the traditional
approach, the porous medium effects are characterized by employing modified Darcy’s law
for Carreau-Yasuda fluid. To our knowledge this is first attempt in this direction for Carreau-
Yasuda fluid. Heat and mass transfer are further considered. Simultaneous effects of heat
and mass transfer are examined in presence of mixed convection, viscous dissipation and
thermal radiation. The compliant characteristics for channel walls are taken into account.
The resulting complex mathematical system has been discussed for small Reynolds num-
ber and large wavelength concepts. Numerical approximation to solutions are thus plotted in
graphs and the physical description is presented. It is concluded that larger porosity in a
medium cause an enhancement in fluid velocity and reduction in concentration.

1 Introduction

Nanomaterials are known to posses increase in heat transfer processes like waste heat recovery,
automobile radiators, thermal management, heat exchangers and refrigeration. The colloidal
suspension of nanometer sized particles (metallic or non-metallic) in traditional fluids give
rise to nanofluids. Such fluids with an improvement in thermal conductivity and thermal dif-
fusivity enhance the heat transfer of conventional fluids. Further involvement of nanofluids in
heat transfer process reduces the capital costs and upgrade the energy conversion and effi-
ciency. The preparation of nanofluids is due to addition of materials like metals, non-metals,
carbides and hybrid etc into water, oil or glycols. Out of existing models of nanofluids the
Buongiorno [1] model emphasizes that heat transfer is mainly due to thermophoresis and
Brownian diffusion. Since then extensive literature is available on the topic (see refs. [2-11]).
Occurrence of peristalsis (involuntary contractions and relaxations) is of fundamental
importance in human physiology and modern industry. The physiologists are familiar with
peristalsis since its involvement in digestive and reproductive tract of human beings. However
research on the topic is initiated by Latham [12] and Shapiro et al. [13]. At present pumping
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machinery functions through principle of peristalsis. Some examples here include roller, finger
and hose pumps, domestic waste management pumps, dialysis machines, oxygenation and so
forth. Up till now the discussion on peristalsis for planer channel in existing literature is exten-
sive (see refs. [14-18]). It is important to note that most of the physical systems and human
arteries are naturally curved in shape. However perhaps due to complex mathematical descrip-
tion, the curved channel flows are less focused by the researchers (see refs. [19-23]). Further
CY- fluid receives special attention since it interpolates between zero-shear-rate viscosity
(Newtonian behavior) and the infinite-shear rate viscosity (non-Newtonian behavior). The
involvement of two parameters () exhibits the degree of shear-thinning and the size and cur-
vature of medium between Newtonian and shear-thinning behavior of CY- fluid. No doubt
the literature available on peristalsis of Carreau-Yasuda fluid is countable (see refs. [24-26]).

Many applications in geophysical and industrial engineering involve conjugate phenome-
non of the heat and mass transfer which occurs as a consequence of buoyancy effects. The
simultaneous effects of heat and mass transfer are found handy in the improvement of energy
transport technologies, metallurgy, power generation, production of polymers and ceramics,
food drying, oil recovery, food processing, fog dispersion, the distribution of temperature and
moisture in the field of agriculture and so-forth. Some relevant studies can be consulted via
refs. [27-33]. The combination of heat and mass transfer effects in porous media found its util-
ity in engineering and geophysical area such as in geothermal reservoirs, drying of porous sol-
ids, thermal insulation, catalytic reactors, nuclear reactor coolers and underground energy
transport. Few attempts in this direction can be mentioned by the studies [34, 35].

The flow execution in natural and artificial environmental systems (like petroleum reser-
voirs, composites manufacture process, water flow on the ground, chemical reactors, filters,
circulation of capillaries) is through the porous space. The qualitative description of flow satu-
rated in porous space dates back to the experimental work of Darcy [36]. Darcy’s observations
are then exploited to obtain several mathematical models for fluid flow comprising porous
media. Up till now no effort has been made to explore the peristaltic fluid flow in curved chan-
nel with porous medium followed by modified Darcy’s law. The problem in hand is one such
attempt. Flow stream is developed for Carreau-Yasuda nanofluid in a curved channel. Effec-
tiveness of buoyancy is executed through mixed convection. Further thermal radiation and vis-
cous dissipation effects are also present. The graphical interpretation is made through
numerical solutions. The physical significance of involved parameters is pointed out in the last
section. In addition nomenclature of the involved parameters has been provided in Table 1.

2 Problems development

The mathematical modeling for an incompressible Carreau-Yasuda nanofluid in a channel
configured in a circle of inner radius R* and separation 2d is made in this section. The pres-
ence of porous medium between the curved walls of the channel is considered. The gravita-
tional effects are taken into account. Here 7 signifies the radial-direction whereas X denotes
the axial direction. The dynamics of fluid inside the channel boundaries is developed through
the propagation of peristaltic waves along the channel walls (see Fig 1). Moreover relative to
arterial like flow peristalsis the influential aspect of compliance in terms of wall’s stiffness, elas-
ticity and damping is not ignored. The relative positions of the curved channel walls in radial
direction can be visualized through the following expression:

—~
—
~—

_ - 2 _
F=4ii(%,7) = + d+ﬁsin%()’cfct) ,
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Table 1.

PARAMETERS WITH UNITS

V velocity (m/s)

v,u radial and axial velocity components (m/s)
X, axial coordinate (m)

r radial coordinate (m)

t time (s)

¢ speed of wave (m/s)

d half channel width (m)

o, density of nanoparticles (kgm~3)

+ij displacement of walls (m)

o dynamic viscosity (kg/ms)

v kinematic viscosity (m?s™")

orfluid density (kgm™3)

¢, Specific heat (m? s72)

k; thermal conductivity (WK™' m™")

S Extra stress tensor (kg/ms?)
S;(i=1,2,j=1,2) stress components
p pressure (N/m?)

B¢ concentration expansion coefficient
g gravitational acceleration (ms™2)

a, n fluid parameters

Brthermal expansion coefficient (1/K)
R* inner radius of curved channel (m)
T, Ctemperature (K) & concentration
To, T1 temperatures at the walls (K)
Co, Cy concentration at the walls

Dg Brownian diffusion coefficient (m?/s)
D Thermophoretic diffusion coefficient (m?/s)
R., R, porosity components (kg/m? s?)
A wavelength (m)
doi:10.1371/journal.pone.0170029.t001

Fig 1. Geometry of the problem.
doi:10.1371/journal.pone.0170029.9001

o* Stefan-Boltzmann constant (Wm/K*)
a amplitude of wave (m)

B material fluid parameters

¥ mean absorption coefficient (1/m)

T» mean fluid temperature (K)

* elastic tension (kg/s?)

d’ viscous damping coefficient (kg/m?/s)
m; mass per unit area (kg/m?)
DIMENSIONLESS PARAMETERS

 stream function

6, ¢ dimensionless temperature & concentration
Z heat transfer rate

Qr, Gr Grashof numbers

e amplitude ratio parameter

Rd radiation parameter

Br Brinkman number

Re Reynold number

& wave number

We Weissenberg number

Sc Schmidt number

7 ratio of heat capacity

Pr Prandtl number

k curvature parameter

Ec Eckert number

E;, E, Ej elasticity parameters

Nt, thermophoresis diffusion coefficient
Nb Brownian diffusion coefficients

B viscosity ratio

a, nfluid parameters

Ty, Co Peristaltic waves
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where ¢, a, A denote the peristaltic wave speed, amplitude and length, # and £ the time and
displacements of channel walls.

The problem under consideration can be put in mathematical form via conservation princi-
ples of mass, momentum, energy and nanoparticle volume fraction respectively. Thus follow-
ing the procedure of [3, 4, 6] one obtains

Continuity equation

ov R Ou v

o iR IR @)
7-component of momentum equation:
dv @ op 1 0 -
_——— = —_—— e r R* S,,
pf[dt f+R*] or trrmar (T RIS 3
R3S, S,
a X1 XX Jr R;,

TTIR 0% F+R

x-component of momentum equation:

d_ﬁ_’_i —- R @_;'_ 1 ﬁ{(?_’_R*)?S }+ R 83‘25
Pridgi TF+R| T T FARO% (r+R)OF TR R ()
+gpfﬁT(T - T, + (pp - pf)gﬁc(c - G) +R..
Energy equation:
T t(pc), D
(pc), B—J =k V2T +1(pc),Dy(VC.VT) + Hpe),Dr (VT.VT)

! (5)

0 —160*T3@ 4oL
or 3 Or o

Nanoparticles mass transfer equation:

c

2 DT 2
5 = Dy(VPC) + L (V). (6)

m

The Cauchy stress tensor 7 and extra stress tensor S for Carreau-Yasuda fluid model are [25]:

T=—pl+S, (7)

S =u(f)A,, (8)

in which A, represents the first Rivlin-Erickson tensor and the apparent viscosity u(7) can be
obtained through the following relation:

u(9) = po + (ty — w)[1 + (T, 9)

where § = /2t7(D?) and D = ! [gradV + gradV"]. The involvement of zero and infinite
shear-rate viscosities g, and g, and the Carreau-Yasuda fluid parameters a, n and I" provide
an edge to this fluid model to the associated characteristics of these five quantities. Firstly in the
range of high shear rate the dominance of viscous effects can be defined by pg and p, along the
channel walls. On the other hand the shear thinning/thickening behavior can be predicted
through the parameters a, n and I'". Actually the functioning of asymptotic viscosities (4, and
Uoo) 18 responsible for fluid regulation in the non-Newtonian arrangement. Moreover in
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R*
PR

R*
PR

Carreau-Yasuda fluid model the specific values of parameters can form the numerous concen-
trated polymer solutions such as a = 2 and y, = 0. Fixed value of Yasuda parameter a = 2 repre-
sents the Carreau model. The value of Yasuda parameter is fixed in this problem at a = 1. Also

(R YO 1 o
V= <F+R*> o Trrroar RN

The quantities appearing in above equations represent the velocity V = (v(7, %, ),
u(7,x,t),0) in radial and axial directions respectively, the material derivative in curved channel

% =L+ v 2+ %2, the heat capacity to fluid’s material ratio t = %, the kinematic viscosity
of fluid v, the specific heat c,, the pressure p, the fluid density ps the nanoparticle density p,, the
gravitational acceleration g, the thermal expansion coefficient 7, the concentration expansion
coefficient B¢, the temperatures at the lower and upper channel walls Ty, T, the concentrations
at the lower and upper channel walls Cy, C;, the Brownian diffusion parameter Dg, the thermo-
phoresis diffusion parameter D, the Stefan-Boltzmann constant ¢*, the mean absorption coeffi-
cient I, the mean temperature of fluid T, the temperature and concentration of fluid T'and C,
the Darcy resistance in porous medium R = (R_, R, 0). The pressure drop and velocity are
related by Darcy’s law. However for Carreau-Yasuda fluid the relation is followed by newly
developed modified Darcy’s law preserving following filtration forms:

_ =<

V= [t —mlL+ (DT V, (10)

where the permeability and porosity of porous medium are represented by K and ¢ respec-
tively. The above generalized form is capable of recovering the results of Darcy law for large a
(a — 00) or by assuming n = 1. Since flow resistance containing porous space can be explained
in terms of pressure gradient, thus Eq (10) can be written as:

—¢ )

R === [+ (= L+ (T V. (11)

S,.and S, of S in Carreau-Yasuda fluid can be obtained

The extra stress components S JR
using Eq (8). It is remarkable to mention that the Rosseland approximation corresponding to
radiative heat flux is utilized in Eq (5) to obtain the relevant radiation term. In considered
problem, the no-slip condition, prescribed surface temperature and concentration values at

the channel boundaries and the compliant properties of wall can be put in the following forms:

0, at 7 =47, (12)

N}
|

_T*a_g+m 8—3+d’6_2—__ d_ﬂ+ uv + 1 g{(7+R*)2S }+
oz Moxor " “orox)" T Prlar TR T Frr)OF A
8§5¢5¢ B B
Ox +gpfﬁT(T —T,) + (pp - pf)gﬁc(c —C,)+R, atr=d=p,
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where ¥, m,, d’ exhibit the coefficients of elastic tension in the membrane, mass per unit area
and viscous damping respectively.

Consideration of non-dimensional quantities and stream function (7, %, £) by the defini-
tions below will lead to required set of equations as follows:

¥ X 7 ot i R
= — ==, ==, t:—7 :T,k:T7
v S R R w13 i
T-T, C-C d pd> a
0 = 0’ ¢= 0’ Sij__slj’p p—v 6—27
T, - T, C -G uc chu d
Gr — pfgﬁTd2<T1_To>’ Qr:(cl_cﬂ)(pp M)gﬁcd7
cu cu
d (16)
Re = P pp_ G =C) (T mT) kg
H v T, k,
¢ 160" T} d D
Ec = —— Br=EFEcPr, Rd= 0 5= s
‘ ¢,(T, = T,)’ TE e 3k*pc, T
*;13 a:& a3d = - K
E = _‘53 2:””15 , BEy=—s, u E’ V—K, Da =—,
A’ uc A uh c c d*¢
oy ok oy

"o VT r¥kox

in which the non-dimensional quantities above are the definitions of following physical
parameters: 6 the wave number, e the amplitude ratio parameter, Re the Reynolds number, Pr
the Prandtl number, E;, E,, E; the elasticity parameters, Rd the radiation parameter, Gr the
local temperature Grashof number, Qr the local nanoparticles Grashof number, Ec the Eckert
number, Br the Brinkman number, Nt, Nb the thermophoresis and Brownian motion parame-
ters respectively, Sc the Schmidt number and Da the Darcy number.

Thus utilization of above parameters and long wavelength approximation yield:

op
=0, (17)

—k O 1 0
r—|—k8_i (r+k)25[(’+k)25m]+(G’9+Q’¢)

41 %[1+We(1—ﬁ)("—1)(

)

>y 1 oy
Da Or ﬂ

“or Trekor

2

70 1 90 (a%p 1 oy ry 1 &#ﬂ

o e (G ) [ - pe e (-G

2 2
—|—Per<@) + PrNt(@> + PrNb(@%> =0,

or? or? Or Or
o 1 9o\ Nt (00 1 90
<W+—r+k5)+m(w+—r+kﬁ)—°’ (20)
n=1+esin2n(x —t), (21)
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o _
o 0 at r==£p, (22)
1
92{ } at =4, (23)
0
1
¢:{0} at r = 4, (24)
k oM o 5 _ 1 0 2
vk | Poe T B awe T 81‘634 " ko [(r+K)°s,.] -
1 0y Py 1 _
+(Gr0 + Qr¢) + 5.5, {1 + We(1 — B)(n — 1)<_W+ ko )T +n,

The equation of stream function can be obtained from Eqs (17) and (18) by eliminating
pressure. Thus one gets

g [ = Ll 07,0+ (r R G0+ an)] (26)
o1 oy Py 1 oy
+E[EE{1+WE(1 —ﬂ)(ﬂ—l)(—w+r+k5>}:| :O7 (27)
where
(1 J=Bn-1) Py 1 W\
S”‘(ar?Jrr—i-kar)[lerea(Br?Jrr—i—kar)]' (28)

Here f = ‘L—j and We = I depict the viscosity ratio parameter and Weissenberg number
respectively. It can be verified that for n =1 or We = 0 the results of the viscous nanofluid with

porous medium can be recorded as a special case of present problem. Heat transfer rate Z at
the channel boundary can be obtained through the involvement of temperature as follows:

7= n|o0

T ox|or| (29)

r=n

3 Numerical method

The above mentioned problem results in the non-linear coupled system of equations whose
explicit solution seems difficult to attain. However with the intense algorithmic advancement
many built-in solution softwares are available at present. Mathematica is one of these. The
exact as well as numerical approximation to solution expressions can be obtained efficiently
through mathematica. Mathematica built-in routine NDSolve provides level of numerical
computation with its systematic algorithm selection, automatic error tracking and precision
arithmetics. Here we solve the above system numerically to skip the complexity of solutions
and to obtain the graphical results directly. Thus the graphical description of pertinent param-
eters towards axial velocity u, temperature 6, concentration ¢ and heat transfer coefficient Z
has been made in this section. Particularly the development of u, 0, ¢ and Z with the varying
values of heat and mass transfer Grashof numbers Gr and Qr, thermophoresis and Brownian

PLOS ONE | DOI:10.1371/journal.pone.0170029 February 2, 2017 7/15



@° PLOS | ONE

Numerical simulation for peristalsis of Carreau-Yasuda nanofluid with porous space

motion parameters Nt and Nb, wall compliant parameters E;, E,, E3, Darcy number Da, viscos-
ity ratio parameter S, fluid parameter n, curvature parameter k, Prandtl number Pr, Brinkman
number Br, radiation parameter Rd, Weissenberg number We will be emphasized via physical
basis.

3.1 Velocity distribution

Developments in velocity distribution as a result of variation in different embedding parame-
ters are sketched in this subsection via Fig 2(a)-2(i). The axial velocity is noticed an increasing
function of mixed convection parameters (Grashof numbers). It is due to viscosity drop (see
Fig 2(a)). Mixed convection is proficient to provide energy dissipation in nuclear reactor tech-
nology and electronic cooling processes where forced convection fails to achieve required tar-
get. The dual response of We on velocity is captured in Fig 2(b). The porosity shows an
increase in velocity since adding more pores causes flow easier in a medium. Thus increasing
behavior of u is drawn through Fig 2(c). Clinically pores in walls of blood capillaries allow
exchange of water, oxygen and many other nutrients between the blood and the tissues. Grow-
ing values of wall elastic parameters produce velocity development where damping effects
oppositely (see Fig 2(d)). The results are found well matched with study [25]. The thermophor-
esis (Nt) lowers speed of nanoparticles that in turn lowers fluid velocity (see Fig 2(e)). On the
other hand viscosity gets weak with Brownian diffusion (Nb) and so activation of u is observed
with Nb (see Fig 2(f)). The results are compared with numerical studies [3, 6] for asymmetric
and symmetric channels. The results of (Fig 2(g) & 2(h)) show dual response of S and n on u. It
is seen that non-symmetric velocity rises near positive side of channel and it reduces near neg-
ative side. The decline in velocity with an increase in k is depicted in Fig 2(i). Due to curved
flow configuration the velocity preserves non-symmetric behavior. Also u becomes flatten as
straight channel is obtained (k — 00).

3.2 Temperature distribution

The physical description of embedded parameters on temperature 6 is made in this subsection
(see Fig 3(a)-3(h)). Impression of Br towards 0 (see Fig 3(a)). Radiation indicates heat decay
and thus decreasing response with an increase in Rd towards 0 is noticed from Fig 3(c). An
increase in Nt and Nb activates energy production and thus temperature rises (see (Fig 3(c) &
3(d)). Verification of results can be made with the study [6]. Increasing porosity (Da) causes
rise in temperature since addition of pores causes growth in velocity and hence temperature of
nanofluid (see Fig 3(e)). Since thermal conductivity decreases with an increase in Pr therefore
decay in 0 is noticed from Fig 3(f). The curvature tends to reduce the temperature when one
moves from curved to planer channel (small to large k). Additionally greater impact is seen in
case of curved channel (see Fig 3(g)). The wall elastic parameters E; and E, produce tempera-
ture development while temperature decays for E; (see Fig 3(h)). Similar results have been
reported by Hayat et al. [6, 16] via perturbation and numerical approaches respectively.

3.3 Nanoparticle volume fraction distribution

Fig 4(a)-4(e) communicate the development in nanoparticle volume fraction distribution ¢.
Decrease in ¢ is noticed with Nt. Hence there is diffusion enhancement with Nt (see Fig 4(a)).
The density of nanoparticles enhances with growth of Brownian diffusion. Increase in ¢ is cap-
tured for larger Nb in Fig 4(b). The characteristics of wall compliant parameters on ¢ are
found opposite from u and O i.e., an increase in E; and E, correspond decline in ¢ where E;
causes promotion of ¢ [6, 16, 25]. Such results are anticipated since elasticity causes deforma-
tion of nutrients easier in case of blood veins and arteries where alternate effect of damping is
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recorded clinically (see Fig 4(c)). The decay of ¢ is noticed from Fig 4(d) for larger Da. Higher
Da allow more pores in the medium which are responsible for diffusion of fluid and reduction
of ¢. The flow stream is converted to straight regime as we increase the value of curvature.
From Fig 4(e) it is noticed that the volume fraction reduces when we move from curved to
planer regimes (small to large k).
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Fig 3. Temperature 0 variation with x=0.2, x=0.1, ¢ =0.1.

doi:10.1371/journal.pone.0170029.9003

3.4 Heat transfer rate

The variation in absolute heat transfer rate Z under the influence of involved parameters is
prepared in this subsection via Fig 5(a)-5(e). In favour of peristaltic waves along the channel

boundaries the dual response of graphs towards Z is captured. The thermophoresis and

Brownian diffusions (Nt, Nb) enhance the heat transfer rate (see (Fig 5(a) & 5(b)). The drawn
results of Fig 5(c) indicate dominance of Z with higher values of Da. The results captured in

(Fig 5(d) & 5(f)) have opposite responses of Rd and Br towards Z i.e., decline of Z is observed
with rise in Rd whereas Z enhances for an increase in Br.
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Fig 4. Nanoparticle mass transfer ¢ variation with x=0.2, t=0.1,¢=0.1.
doi:10.1371/journal.pone.0170029.g004

4 Conclusions

Mixed convection flow bounded in curved channel with compliant boundaries is developed
for Carreau-Yasuda nanofluid. The observation is made for porous medium using modified
Darcy’s law specifically. Such conditions are applicable in blood vessels where small pores
allow exchange of water, ions, gases, lymph transport and other small molecules. An increase
in porosity signifies disease states where endothelial barrier breaks down and allow large mole-
cules like protein out of the vessel. In addition the thermal radiation and viscous dissipation
effects are also examined. The particular points of this study are:
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Fig 5. Heat transfer coefficient Z variation with t=0.1, ¢ = 0.1.
doi:10.1371/journal.pone.0170029.g005

o The non-symmetric u is the outcome of curved channel.
» Mixed convection increases the fluid velocity.

o The fluid velocity, temperature and heat transfer rate show dominating behavior towards
Darcy number where concentration falls for Da.

o The opposite results of Nt and Nb are seen for velocity and concentration.

o Weissenberg number preserves decelerating impact on velocity whereas fluid parameters 3
and » increase u.

« Reduction in u, 6 and ¢ is noticed with an increase in curvature.
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« Viscous dissipation affects 0 and Z positively whereas alternative results of radiation are

observed.

Author Contributions

Conceptualization: AT TH AA BA.

Data curation: AT TH AA BA.

Formal analysis: AT TH AA BA.

Funding acquisition: AT TH AA BA.

Investigation: AT TH AA BA.

Methodology: AT TH AA BA.

Project administration: AT TH AA BA.

Resources: AT TH AA BA.

Software: AT TH AA BA.

Supervision: AT TH AA BA.

Validation: AT TH AA BA.

Visualization: AT TH AA BA.

Writing - original draft: AT TH AA BA.

Writing - review & editing: AT TH AA BA.

References

1. Buongiorno J., Convective transport in nanofluids, ASME J, Heat Transf., 128 (2006) 240-250. doi: 10.
1115/1.2150834

2. J. Buongiorno and W Hu, Nanofluid coolants for advanced nuclear power plants, In: proceedings of
ICAPP’05 Seoul, paper no 5705. Seoul, (2005) 15-19.

3. HayatT,, Igbal R, Tanveer A. and Alsaedi A., Influence of convective conditions in radiative peristaltic
flow of pseudoplastic nanofluid in a tapered asymmetric channel, J Magn. Magn. Mater., 408 (2016)
168-176. doi: 10.1016/j.jmmm.2016.02.044

4. NarlaV.K., Prasad K.M. and Ramanamurdhy J.V., Peristaltic transport of Jeffery nanofluid in curved
channels, Int. Conf. Comput. Heat Mass Transf., 127 (2015) 869-876.

5. ZhengL.,Zhang C., Zhang X. and Zhang J., Flow and radiation heat transfer of a nanofluid over a
stretching sheet with velocity slip and temperature jump in porous medium, J. Franklin Inst., 350 (2013)
990-1007. doi: 10.1016/j.jfranklin.2013.01.022

6. HayatT., Shafique M., Tanveer A., and Alsaedi A., Radiative peristaltic flow of Jeffrey nanofluid with
slip conditions and Joule heating, PLOS ONE, (2016) doi: 10.1371/journal.pone.0148002

7. Kothandapani M. and Prakash J., Effects of thermal radiation parameter and magnetic field on the peri-
staltic motion of Williamson nanofluids in a tapered asymmetric channel, Int. J. Heat Mass Transf., 81
(2015) 234—245. doi: 10.1016/j.ijheatmasstransfer.2014.09.062

8. Selimefendigil F., Oztop H.F. and Chamkha A.J., MHD mixed convection and entropy generation of
nanofluid filled lid driven cavity under the influence of inclined magnetic fields imposed to its upper and
lower diagonal triangular domains, J. Magn. Magn. Mater., 406 (2016) 266—281. doi: 10.1016/j.jmmm.
2016.01.039

9. RajuC.S.K. and Sandeep N., Unsteady Casson nanofluid flow over a rotating cone in a rotating frame
filled with ferrous nanoparticles: A Numerical study, J. Magn. Magn. Mater.,

10. RajuC.S.K, Sandeep N. and Sugunamma V., Unsteady magneto-nanofluid flow caused by a rotating

cone with temperature dependent viscosity: A surgical implant application, J. Mole. Liq.,

PLOS ONE | DOI:10.1371/journal.pone.0170029 February 2, 2017 13/15


http://dx.doi.org/10.1115/1.2150834
http://dx.doi.org/10.1115/1.2150834
http://dx.doi.org/10.1016/j.jmmm.2016.02.044
http://dx.doi.org/10.1016/j.jfranklin.2013.01.022
http://dx.doi.org/10.1371/journal.pone.0148002
http://dx.doi.org/10.1016/j.ijheatmasstransfer.2014.09.062
http://dx.doi.org/10.1016/j.jmmm.2016.01.039
http://dx.doi.org/10.1016/j.jmmm.2016.01.039

@° PLOS | ONE

Numerical simulation for peristalsis of Carreau-Yasuda nanofluid with porous space

11.

12
13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

Babu M.J., Sandeep N. and Raju C.S.K., Heat and mass transfer in MHD Eyring-Powell nanofluid flow
due to cone in porous medium, Int. J. Eng. Research Africa, 19 (2016) 57-74.

T.W. Latham, Fluid motion in peristaltic pump, MS Thesis, MIT Cambridge MA, (1966).

Shapiro A.H., Jafferin M.Y. and Weinberg S.L., Peristaltic pumping with long wavelengths at low Rey-
nolds number, J. Fluid Mech., 35 (1969) 669.

Bhatti M.M., Zeeshan A. and ljaz N., Slip effects and endoscopy analysis on blood flow of particle-fluid
suspension induced by peristaltic wave, J. Mole. Lig., 218 (2016) 240—245. doi: 10.1016/j.molliq.2016.
02.066

Sinha A., Shit G.C. and Ranjit N.K., Peristaltic transport of MHD flow and heat transfer in an asymmetric
channel: Effects of variable viscosity, velocity-slip and temperature jump, Alex. Eng. J., 54 (2015) 691—
704. doi: 10.1016/j.2€j.2015.03.030

Hayat T., Tanveer A., Yasmin H. and Alsaedi A., Effects of convective conditions and chemical reaction
on peristaltic flow of Eyring-Powell fluid, Appl. Bion. Biomech., 11 (2014) 221-233. doi: 10.1155/2014/
385821

Hayat T., Igbal R., Tanveer A. and Alsaedi A., Soret and Dufour effects in MHD peristalsis of pseudo-
plastic nanofluid with chemical reaction, J. Mole. Lig., 220 (2016) 693—706. doi: 10.1016/j.molliq.2016.
04.123

Mekheimer Kh. S., Abd Elmaboud Y. and Abdellateef A.l., Particulate suspension flow induced by sinu-
soidal peristaltic waves through eccentric cylinders: Thread annular, Int. J. Biomath., 6 (2013) doi: 10.
1142/S1793524513500265

Hayat T., Farooq S., Ahmad B. and Alsaedi A., Homogeneous-heterogeneous reactions and heat
source/sink effects in MHD peristaltic flow of micropolar fluid with Newtonian heating in a curved chan-
nel, J. Mole. Liq., 223 (2016) 469-488. doi: 10.1016/j.molliq.2016.08.067

Hayat T., Bibi S., Alsaadi F. and Rafig M., Peristaltic transport of Prandtl-Eyring liquid in a convectively
heated curved channel, PLOS ONE, (2016). doi: 10.1371/journal.pone.0156995

AliN., Javid K., Sajid M., Zaman A. and Hayat T., Numerical simulations of Oldroyd 8-constant fluid flow
and heat transfer in a curved channel, Int. J. Heat Mass Transf., 94 (2016) 500—508. doi: 10.1016/j.
ijheatmasstransfer.2015.11.066

Hayat T., Tanveer A., Alsaadi F. and Mousa G., Impact of radial magnetic field on peristalsis in curved
channel with convective boundary conditions, J. Magn. Magn. Mater., 403 (2016) 47-59. doi: 10.1016/
j.jmmm.2015.11.078

Hina S., Mustafa M. and Hayat T., Alsaedi A., Peristaltic transport of Powell-Eyring fluid in a curved
channel with heat/mass transfer and wall properties, Int. J. Heat Mass Transf., 101 (2016) 156—165.
doi: 10.1016/j.ijheatmasstransfer.2016.05.034

Hayat T., Abbasi F.M., Ahmad B. and Alsaedi A., Peristaltic transport of Carreau-Yasuda fluid in a
curved channel with slip effects, PLOS ONE, (2014). doi: 10.1371/journal.pone.0095070

Hayat T., Tanveer A. and Alsaedi A., Mixed convective peristaltic flow of Carreau—Yasuda fluid with
thermal deposition and chemical reaction, Int. J. Heat Mass Transf., 96 (2016) 474—481. doi: 10.1016/j.
ijheatmasstransfer.2016.01.055

Hayat T., Farooq S., Alsaedi A. and Ahmad B., Hall and radial magnetic field effects on radiative peri-
staltic flow of Carreau—Yasuda fluid in a channel with convective heat and mass transfer, J. Magn.
Magn. Mater., 412 (2016) 207—216. doi: 10.1016/j.jmmm.2016.03.046

Selimefendigil F. and Oztop H.F., MHD mixed convection and entropy generation of power law fluids in
a cavity with a partial heater under the effect of a rotating cylinder, Int. J. Heat Mass Transf., 98 (2016)
40-51. doi: 10.1016/j.ijheatmasstransfer.2016.02.092

Thiel G.P. and Lienhard J.H., An Effectiveness—Number of transfer units relationship for evaporators
with non-negligible boiling point elevation increases, J. Heat Transf., 138 (2016). doi: 10.1115/1.
4034055

Selimefendigil F. and Chamkha A.J., Magnetohydrodynamics mixed convection in a lid-driven cavity
having a corrugated bottom wall and filled with a non-Newtonian power-law fluid under the influence of
an inclined magnetic field, J. Thermal Sci. Eng. Appl., 8 (2016) 021023-021023-8. doi: 10.1115/1.
4032760

Annimasun I. L., Raju C.S.K. and Sandeep N., Unequal diffusivities case of homogeneous-heteroge-
neous reactions within viscoelastic fluid flow in the presence of induced magnetic field and nonlinear
thermal radiation, Alex. Eng. J.,

Raju C.S.K. and Sandeep N., Falkner Skan flow of a magnetic Carreau fluid past a wedge in the pres-
ence of cross diffusion, Eur. Phys. J. Plus, 131 (2016) 267. doi: 10.1140/epjp/i2016-16267-3

PLOS ONE | DOI:10.1371/journal.pone.0170029 February 2, 2017 14/15


http://dx.doi.org/10.1016/j.molliq.2016.02.066
http://dx.doi.org/10.1016/j.molliq.2016.02.066
http://dx.doi.org/10.1016/j.aej.2015.03.030
http://dx.doi.org/10.1155/2014/385821
http://dx.doi.org/10.1155/2014/385821
http://dx.doi.org/10.1016/j.molliq.2016.04.123
http://dx.doi.org/10.1016/j.molliq.2016.04.123
http://dx.doi.org/10.1142/S1793524513500265
http://dx.doi.org/10.1142/S1793524513500265
http://dx.doi.org/10.1016/j.molliq.2016.08.067
http://dx.doi.org/10.1371/journal.pone.0156995
http://dx.doi.org/10.1016/j.ijheatmasstransfer.2015.11.066
http://dx.doi.org/10.1016/j.ijheatmasstransfer.2015.11.066
http://dx.doi.org/10.1016/j.jmmm.2015.11.078
http://dx.doi.org/10.1016/j.jmmm.2015.11.078
http://dx.doi.org/10.1016/j.ijheatmasstransfer.2016.05.034
http://dx.doi.org/10.1371/journal.pone.0095070
http://dx.doi.org/10.1016/j.ijheatmasstransfer.2016.01.055
http://dx.doi.org/10.1016/j.ijheatmasstransfer.2016.01.055
http://dx.doi.org/10.1016/j.jmmm.2016.03.046
http://dx.doi.org/10.1016/j.ijheatmasstransfer.2016.02.092
http://dx.doi.org/10.1115/1.4034055
http://dx.doi.org/10.1115/1.4034055
http://dx.doi.org/10.1115/1.4032760
http://dx.doi.org/10.1115/1.4032760
http://dx.doi.org/10.1140/epjp/i2016-16267-3

@° PLOS | ONE

Numerical simulation for peristalsis of Carreau-Yasuda nanofluid with porous space

32.

33.

34.

35.

36.

Abd-Alla A.M., Abo-Dahab S.M. and El-Shahrany H.D., Influence of heat and mass transfer, initial
stress and radially varying magnetic field on the peristaltic flow in an annulus with gravity field, J. Magn.
Magn. Mater., 363 (2014) 166—178. doi: 10.1016/j.jmmm.2014.03.023

Hayat T., Zahir H., Tanveer A. and Alsaedi A., Influences of Hall current and chemical reaction in mixed
convective peristaltic flow of Prandtl fluid, J. Magn. Magn. Mater., 407 (2016) 321-327. doi: 10.1016/j.
jmmm.2016.02.020

Hayat T., Nawaz S., Alsaedi A. and Rafig M., Impact of second-order velocity and thermal slips in the
mixed convective peristalsis with carbon nanotubes and porous medium, J. Mole. Lig., 221 (2016)
434-442. doi: 10.1016/j.molliq.2016.05.072

Srinivas S. and Muthuraj R., Effects of chemical reaction and space porosity on MHD mixed convective
flow in a vertical asymmetric channel with peristalsis, Math. Comput. Model., 54 (2011) 1213-1227.
doi: 10.1016/j.mcm.2011.03.032

H. Darcy, Les Fontaines Publiques de la Ville de Dijon. Dalmont, Paris. (1856) 647 p. & atlas.

PLOS ONE | DOI:10.1371/journal.pone.0170029 February 2, 2017 15/15


http://dx.doi.org/10.1016/j.jmmm.2014.03.023
http://dx.doi.org/10.1016/j.jmmm.2016.02.020
http://dx.doi.org/10.1016/j.jmmm.2016.02.020
http://dx.doi.org/10.1016/j.molliq.2016.05.072
http://dx.doi.org/10.1016/j.mcm.2011.03.032

