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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 (n) 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 2�d 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 �r 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:

�r ¼ ��Zð�x;�tÞ ¼ � �d þ �a sin
2p

l
ð�x � c�tÞ

� �

; ð1Þ

Numerical simulation for peristalsis of Carreau-Yasuda nanofluid with porous space
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Table 1.

PARAMETERS WITH UNITS σ* Stefan-Boltzmann constant (Wm/K4)

V velocity (m/s) �a amplitude of wave (m)

�v,�u radial and axial velocity components (m/s) βmaterial fluid parameters

�x, axial coordinate (m) l* mean absorption coefficient (1/m)

�r radial coordinate (m) Tm mean fluid temperature (K)

�t time (s) τ* elastic tension (kg/s2)

c speed of wave (m/s) d 0 viscous damping coefficient (kg/m2/s)

�d half channel width (m) m1 mass per unit area (kg/m2)

ρp density of nanoparticles (kgm−3) DIMENSIONLESS PARAMETERS

��Z displacement of walls (m) ψ stream function

μ0 dynamic viscosity (kg/ms) θ, ϕ dimensionless temperature & concentration

υ kinematic viscosity (m2 s−1) Z heat transfer rate

ρf fluid density (kgm−3) Qr, Gr Grashof numbers

cp Specific heat (m2 s−2) � amplitude ratio parameter

k1 thermal conductivity (WK−1 m−1) Rd radiation parameter

S Extra stress tensor (kg/ms2) Br Brinkman number

Sij (i = 1,2, j = 1,2) stress components Re Reynold number

p pressure (N/m2) δ wave number

βC concentration expansion coefficient We Weissenberg number

g gravitational acceleration (ms−2) Sc Schmidt number

a, n fluid parameters τ ratio of heat capacity

βT thermal expansion coefficient (1/K) Pr Prandtl number

R* inner radius of curved channel (m) k curvature parameter

T, C temperature (K) & concentration Ec Eckert number

T0, T1 temperatures at the walls (K) E1, E2, E3 elasticity parameters

C0, C1 concentration at the walls Nt, thermophoresis diffusion coefficient

DB Brownian diffusion coefficient (m2/s) Nb Brownian diffusion coefficients

DT Thermophoretic diffusion coefficient (m2/s) β viscosity ratio

R�r , R�x porosity components (kg/m2 s2) a, n fluid parameters

λ wavelength (m)

doi:10.1371/journal.pone.0170029.t001

Fig 1. Geometry of the problem.

doi:10.1371/journal.pone.0170029.g001
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where c, �a; λ denote the peristaltic wave speed, amplitude and length, �t and��Z 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

@�v
@�r
þ

R�

�r þ R�
@�u
@�x
þ

�v
�r þ R�

¼ 0; ð2Þ

�r-component of momentum equation:

rf
d�v
d�t
�

�u2

�r þ R�

� �

¼ �
@�p
@�r
þ

1

�r þ R�
@

@�r
ð�r þ R�Þ�S�r�rf g

þ
R�

�r þ R�
@�S�x�r

@�x
�

�S�x�x

�r þ R�
þ R�r ;

ð3Þ

x-component of momentum equation:

rf
d�u
d�t
þ

�u�v
�r þ R�

� �

¼ �
R�

�r þ R�
@�p
@�x
þ

1

ð�r þ R�Þ2
@

@�r
ð�r þ R�Þ2�S�r �x

� 	
þ

R�

�r þ R�
@�S�x�x

@�x

þgrf bTðT � T0Þ þ ðrp � rf ÞgbCðC � C0Þ þ R�x :

ð4Þ

Energy equation:

ðrcÞp
dT
d�t

� �

¼ k1r
2T þ tðrcÞpDB rC:rTð Þ þ

tðrcÞpDT

Tm
rT:rTð Þ

�
@

@�r
� 16s�T3

0

3l�
@T
@�r

� �

þ t:L;
ð5Þ

Nanoparticles mass transfer equation:

dC
d�t
¼ DBðr

2CÞ þ
DT

Tm
ðr2TÞ: ð6Þ

The Cauchy stress tensor τ and extra stress tensor �S for Carreau–Yasuda fluid model are [25]:

t ¼ � �pI þ �S; ð7Þ

�S ¼ mðǵÞA1; ð8Þ

in which A1 represents the first Rivlin-Erickson tensor and the apparent viscosity mðǵÞ can be

obtained through the following relation:

mðǵÞ ¼ m1 þ ðm0 � m1Þ½1þ ðGǵÞ
a
�
n� 1
a ; ð9Þ

where ǵ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2t�rðD2Þ

p
and D ¼ 1

2
½gradVþ gradVT �: The involvement of zero and infinite

shear-rate viscosities μ0 and μ1 and the Carreau–Yasuda fluid parameters a, n and Γ 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 μ0 and μ1 along the

channel walls. On the other hand the shear thinning/thickening behavior can be predicted

through the parameters a, n and Γ. Actually the functioning of asymptotic viscosities (μ0 and

μ1) is responsible for fluid regulation in the non-Newtonian arrangement. Moreover in

Numerical simulation for peristalsis of Carreau-Yasuda nanofluid with porous space
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Carreau-Yasuda fluid model the specific values of parameters can form the numerous concen-

trated polymer solutions such as a = 2 and μ1 = 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

r2 ¼
R�

�r þ R�

� �2
@

2

@�x2
þ

1

�r þ R�
@

@�r
ð�r þ R�Þf g:

The quantities appearing in above equations represent the velocity V ¼ ð�vð�r ; �x;�tÞ;
�uð�r ; �x;�tÞ; 0Þ in radial and axial directions respectively, the material derivative in curved channel

d
d�t
¼ @

@�t þ �v @

@�r þ
�r��u

�rþ�r�
@

@�x, the heat capacity to fluid’s material ratio t ¼
ðrcÞ�p
ðrcÞf

, the kinematic viscosity

of fluid ν, the specific heat cp, the pressure �p, the fluid density ρf, the nanoparticle density ρp, the

gravitational acceleration g, the thermal expansion coefficient βT, the concentration expansion

coefficient βC, the temperatures at the lower and upper channel walls T0, T1, the concentrations

at the lower and upper channel walls C0, C1, the Brownian diffusion parameter DB, the thermo-

phoresis diffusion parameter DT, the Stefan-Boltzmann constant σ�, the mean absorption coeffi-

cient l�, the mean temperature of fluid Tm, the temperature and concentration of fluid T and C,

the Darcy resistance in porous medium R ¼ ðR�r ;Rx; 0Þ. 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:

r�p ¼
� x

K
m1 þ ðm0 � m1Þ½1þ ðGǵÞ

a
�
n� 1
a

h i
V; ð10Þ

where the permeability and porosity of porous medium are represented by K
¯

and ξ respec-

tively. The above generalized form is capable of recovering the results of Darcy law for large a
(a!1) 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 ¼
� x

K
m1 þ ðm0 � m1Þ½1þ ðGǵÞ

a
�
n� 1
a

h i
V: ð11Þ

The extra stress components �Sx̂�r ;
�S�r�r and �Sx̂x̂ of �S in Carreau-Yasuda fluid can be obtained

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:

�u ¼ 0; at �r ¼ ��Z; ð12Þ

T ¼
T1

T0

( )

; at �r ¼ ��Z; ð13Þ

C ¼
C1

C0

( )

; at �r ¼ ��Z; ð14Þ

R�

�r þ R�
� t�

@
3

@�x3
þm1

@
3

@�x@�t2
þ d0

@
2

@�t@�x

� �

�Z ¼ � rf
d�u
d�t
þ

�u�v
�r þ R�

� �

þ
1

ð�r þ R�Þ2
@

@�r
ð�r þ R�Þ2�S�r�x

� 	
þ

R�

�r þ R�
@�S�x�x

@�x
þ grf bTðT � T0Þ þ ðrp � rf ÞgbCðC � C0Þ þ R�x ; at �r ¼ ��Z;

ð15Þ
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where τ�, m1, d0 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 �cð�r ; �x;�tÞ by the defini-

tions below will lead to required set of equations as follows:

c ¼
�c

c�d
; x ¼

�x
l
; r ¼

�r
�d
; t ¼

c�t
l
; Z ¼

�Z

�d
; k ¼

R�
�d
;

y ¼
T � T0

T1 � T0

; � ¼
C � C0

C1 � C0

; Sij ¼
�d
mc

�Sij; p ¼
�p�d2

clm
; � ¼

�a
�d
;

Gr ¼
rf gbT

�d2ðT1 � T0Þ

cm
; Qr ¼

ðC1 � C0Þðrp � rf ÞgbC
�d2

cm
;

Re ¼
rf c�d

m
; Nb ¼

tDBðC1 � C0Þ

u
; Nt ¼

trpDTðT1 � T0Þ

uTm
; Pr ¼

mcf
k1

;

Ec ¼
c2

cpðT1 � T0Þ
; Br ¼ EcPr ; Rd ¼

16s�T3
0

3k�mcf
; d ¼

�d
l
; Sc ¼

DB

u
;

E1 ¼ �
t��d3

l
3
mc
; E2 ¼

m1c�d3

l
3
m
; E3 ¼

�d3d0

ml
2
; u ¼

�u
c
; v ¼

�v
c
; Da ¼

K
�d2x

;

ð16Þ

u ¼ �
@c

@r
; v ¼

dk
r þ k

@c

@x
;

in which the non-dimensional quantities above are the definitions of following physical

parameters: δ the wave number, � the amplitude ratio parameter, Re the Reynolds number, Pr

the Prandtl number, E1, E2, E3 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:

@p
@r
¼ 0; ð17Þ

� k
r þ k

@p
@x
þ

1

ðr þ kÞ2
@

@r
ðr þ kÞ2Srx

� �
þ ðGryþ Qr�Þ

þ
1

Da
@c

@r
1þWeð1 � bÞðn � 1Þ �

@
2
c

@r2
þ

1

r þ k
@c

@r

� �� �

¼ 0;

ð18Þ

@
2
y

@r2
þ

1

r þ k
@y

@�r
þ Br �

@
2
c

@r2
þ

1

r þ k
@c

@r

� �2

1þWeð1 � bÞðn � 1Þ �
@

2
c

@r2
þ

1

r þ k
@c

@r

� �� �

þPrRd
@

2
y

@r2

� �

þ PrNt
@

2
y

@r2

� �

þ PrNb
@y

@r
@�

@r

� �

¼ 0;

ð19Þ

@
2
�

@r2
þ

1

r þ k
@�

@r

� �

þ
Nt
Nb

@
2
y

@r2
þ

1

r þ k
@y

@�r

� �

¼ 0; ð20Þ

Z ¼ 1þ � sin 2p x � tð Þ; ð21Þ
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@c

@r
¼ 0 at r ¼ �Z; ð22Þ

y ¼
1

0

( )

at r ¼ �Z; ð23Þ

� ¼
1

0

( )

at r ¼ �Z; ð24Þ

k
r þ k

E1

@
3

@x3
þ E2

@
3

@x@t2
þ E3

@
2

@t@x

� �

�Z ¼
1

ðr þ kÞ2
@

@r
ðr þ kÞ2Srx

� �

þðGryþ Qr�Þ þ
1

Da
@c

@r
1þWeð1 � bÞðn � 1Þ �

@
2
c

@r2
þ

1

r þ k
@c

@r

� �� �

; at r ¼ �Z;

ð25Þ

The equation of stream function can be obtained from Eqs (17) and (18) by eliminating

pressure. Thus one gets

@

@r
1

ðr þ kÞ
@

@r
½ðr þ kÞ2Srx� þ ðr þ kÞðGryþ Qr�Þ

� �

ð26Þ

þ
@

@r
1

Da
@c

@r
1þWeð1 � bÞðn � 1Þ �

@2c

@r2
þ

1

r þ k
@c

@r

� �� �� �

¼ 0; ð27Þ

where

Srx ¼ �
@

2
c

@r2
þ

1

r þ k
@c

@r

� �

1þWea ð1 � bÞðn � 1Þ

a
�
@

2
c

@r2
þ

1

r þ k
@c

@r

� �a� �

: ð28Þ

Here b ¼
m1
m0

and We ¼ Gc
d 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:

Z ¼
@Z

@x
@y

@r

�
�
�
�

�
�
�
�
r¼Z

: ð29Þ

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 θ, concentration ϕ and heat transfer coefficient Z
has been made in this section. Particularly the development of u, θ, ϕ and Z with the varying

values of heat and mass transfer Grashof numbers Gr and Qr, thermophoresis and Brownian

Numerical simulation for peristalsis of Carreau-Yasuda nanofluid with porous space
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motion parameters Nt and Nb, wall compliant parameters E1, E2, E3, Darcy number Da, viscos-

ity ratio parameter β, 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 β 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!1).

3.2 Temperature distribution

The physical description of embedded parameters on temperature θ is made in this subsection

(see Fig 3(a)–3(h)). Impression of Br towards θ (see Fig 3(a)). Radiation indicates heat decay

and thus decreasing response with an increase in Rd towards θ 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 θ 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 E1 and E2 produce tempera-

ture development while temperature decays for E3 (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 ϕ.

Decrease in ϕ 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 ϕ is cap-

tured for larger Nb in Fig 4(b). The characteristics of wall compliant parameters on ϕ are

found opposite from u and θ i.e., an increase in E1 and E2 correspond decline in ϕ where E3

causes promotion of ϕ [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 ϕ 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 ϕ. 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).

Fig 2. Axial velocity u variation with x = 0.2, t = 0.1, � = 0.1.

doi:10.1371/journal.pone.0170029.g002
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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.

Fig 3. Temperature θ variation with x = 0.2, x = 0.1, � = 0.1.

doi:10.1371/journal.pone.0170029.g003
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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:

Fig 4. Nanoparticle mass transfer ϕ variation with x = 0.2, t = 0.1, � = 0.1.

doi:10.1371/journal.pone.0170029.g004
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• The non-symmetric u is the outcome of curved channel.

• Mixed convection increases the fluid velocity.

• The fluid velocity, temperature and heat transfer rate show dominating behavior towards

Darcy number where concentration falls for Da.

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

• Weissenberg number preserves decelerating impact on velocity whereas fluid parameters β
and n increase u.

• Reduction in u, θ and ϕ is noticed with an increase in curvature.

Fig 5. Heat transfer coefficient Z variation with t = 0.1, � = 0.1.

doi:10.1371/journal.pone.0170029.g005
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• Viscous dissipation affects θ and Z positively whereas alternative results of radiation are

observed.
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