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In this work, non-Newtonian effects on Low-Density Lipoprotein (LDL) transport across an artery are
analyzed with a multi-layer model. Four rheological models (Carreau, Carreau–Yasuda, power-law and
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Newtonian) are used for the blood flow through the lumen. For the non-Newtonian cases, the arterial
wall is modeled with a generalized momentum equation. Convection–diffusion equation is used for the
LDL transport through the lumen, while Staverman–Kedem–Katchalsky, combined with porous media
equations, are used for the LDL transport through the wall. Results are presented in terms of filtration
velocity, Wall Shear Stresses (WSS) and concentration profiles. It is shown that non-Newtonian effects on
mass transport are negligible for a healthy intramural pressure value. Non-Newtonian effects increase
slightly with intramural pressure, but Newtonian assumption can still be considered reliable. Effects of
arterial size are also analyzed, showing that Newtonian assumption can be considered valid for both
medium and large arteries, in predicting LDL deposition. Finally, non-Newtonian effects are also analyzed
for an aorta–common iliac bifurcation, showing that Newtonian assumption is valid for mass transport at
low Reynolds numbers. At a high Reynolds number, it has been shown that a non-Newtonian fluid model
can have more impact due to the presence of flow recirculation.

& 2016 Elsevier Ltd. All rights reserved.
1. Introduction

While the mechanisms of plaque formation are still not fully
understood (Keller et al., 2011), it is widely known that Low-
Density Lipoprotein (LDL) has a primary role in its formation.
Plaque formation is considered to be the cause of cardiovascular
diseases, which currently is the first cause of death in the world
(Taylor et al., 2013). For this reason, an exhaustive description of
LDL deposition through an arterial wall is very important.

A multi-layer wall model is the most accurate way to predict
mass transport through an arterial wall (Yang and Vafai, 2006;
Ai and Vafai, 2006). This is because it takes into account the het-
erogeneity of an arterial wall, predicting LDL accumulation more
accurately than a wall-free or a single-layer model. An arterial wall
can be modeled by using the porous membrane Staverman–
Kedem–Katchalsky equations, coupled with a reaction term for the
tunica media. Closing coefficients based on pore theory or fiber
matrix models have been developed during the years (Huang et al.,
1997; Tada and Tarbell, 2000; Ai and Vafai, 2006; Chung and Vafai,
2012). Many studies were carried out during the years to analyze
physical phenomena that are of relevance in the LDL deposition
through an artery (Fazli et al., 2011; Lantz and Karlsson, 2012;
Nematollahi et al., 2015). Pulsatile flow and osmosis effects were
analyzed by Yang and Vafai (2006), while stenosis effects were
depicted for an isothermal artery by Ai and Vafai (2006), Chung
and Vafai (2013), and with a hyperthermia load, by Iasiello et al.
(2015). Fluid–structure interactions were analyzed by Chung and
Vafai (2012), Sun et al. (2015) and Vallez et al. (2015), and later
under hyperthermia loads (Chung and Vafai, 2014). Realistic
arteries studies were also carried out by Kenjereš and de Loor
(2014). Furthermore, pertinent analytical solutions were obtained
establishing the details of LDL transport within an artery (Yang
and Vafai, 2008; Khakpour and Vafai, 2008a; Wang and Vafai,
2013, 2015). The aforementioned studies have utilized the New-
tonian model for the blood flow.

In general the blood can act as a non-Newtonian fluid (Ross
Ethier and Simmons, 2007). However, many studies have argued
that for large arteries (Cho and Kensey, 1991; Lou and Yang, 1993;
Perktold et al., 1999; Johnston et al., 2004; Mandal, 2005; Johnston
et al., 2006; Ross Ethier and Simmons, 2007; Yilmaz and Gun-
dogdu, 2008), and in some cases for medium arteries (Ross Ethier
and Simmons, 2007), the blood flow can be considered to be
Newtonian. Several studies have discussed the influence of non-
Newtonian characteristics on the blood flow. Johnston et al. (2004)
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Nomenclature

Latin letters

c LDL concentration (mol/m3)
C form coefficient (1/m)
d diameter (m)
D LDL mass diffusivity (m2/s)
g! gravitational acceleration (m/s2)
k first-order reaction coefficient (1/s)
K hydraulic permeability (m2)
K� power-law fluid permeability (m2)
n power-law index
p hydraulic pressure (Pa)
q Carreau–Yasuda fluid coefficient
r radius (m)
Re Reynolds number
u;v velocity components (m/s)
V
!

velocity vector (m/s)
WSS Wall Shear Stresses (Pa)
z axial coordinate (m)

Greek letters

_γ shear rate (1/s)
ε porosity
μ dynamic viscosity (mPa s)
μ� fluid consistency (mPa sn)
λ relaxation time (s)
ρ density (kg/m3)
σ Staverman reflection coefficient
τ stress tensor
χ tortuosity factor

Subscripts

0 reference
ef f effective property
lumen lumen
m mean
z zero shear rate
1 infinite shear rate
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defined an index that quantifies the importance of non-Newtonian
effects for both steady state and transient state (Johnston et al.,
2006). This index has been extended on stenosed arteries by
Razavi et al. (2011), who have also stated that Carreau and Car-
reau–Yasuda are the two models that provide closer results to a
Newtonian model. Ross Either and Simmons (2007) have reported
some typical hemodynamic values for a 70 kg human. They had
concluded that, for the typical shear rate values, blood can be
treated as Newtonian for most of the large arteries. Newtonian
assumption can incur some inaccuracy, for example when hema-
tocrit level is increasing (Yilmaz and Gundogdu, 2008; Mandal,
2005), or when Wall Shear Stresses (WSS) become lower (bends,
bifurcations, fluid separation or recirculation zone) (Cho and
Kensey, 1991; Lou and Yang, 1993; Mandal, 2005). For the non-
Newtonian effects on LDL transport, there are few studies, such as
Liu et al. (2011), who have investigated non-Newtonian effects on
LDL through the human aorta by using a wall free model con-
structed from MRI images. They found that non-Newtonian effects
are relatively insignificant on the LDL concentration in most
regions of the aorta. However, non-Newtonian effects become
pronounced in areas with flow disturbance, for both steady state
and pulsatile flow cases. Hong et al. (2012) analyzed the non-
Newtonian effects of LDL transport through an artery by using a
one-dimensional four-layer model, comparing it with a Newtonian
fluid based on a viscosity value of 1.39 mPa s. They concluded that
non-Newtonian effects through the wall should not be neglected
when compared with a Newtonian fluid with this viscosity value,
because the filtration velocity is influenced by non-Newtonian
effects. More recently, Deyranlou et al. (2015) analyzed fluid–
structure interactions for LDL accumulation by using a Carreau
fluid model, coupled with a power-law porous media model. They
also reported that, for large arteries, Newtonian model seems to be
quite accurate in the lumen, while across the wall, it under-
estimates mass transport. However, an exhaustive analysis of
concentration profiles is not present in their paper.

In the present study, a comprehensive investigation of non-
Newtonian effects on LDL mass transport through an artery is
presented. Three different non-Newtonian fluid models are used
for the lumen, while a power-law fluid is used for the porous
arterial wall. Detailed comparisons are presented for medium and
large arteries. Non-Newtonian effects are also presented for the
aorta–iliac bifurcation. It is established that while the rheological
behavior of blood through arteries is non-Newtonian, a Newtonian
fluid model can be employed for cases such as medium and large
arteries.
2. Arterial wall modeling

2.1. Artery geometry

A sketch of an arterial wall is shown in Fig. 1a. The blood passes
through the lumen. From the lumen, it tends to infiltrate through
the arterial wall, carrying solutes like Low-Density Lipoprotein
(LDL). The first layer that faces the free flow lumen is the endo-
thelium, that is very important for fluid and solute filtration. After
the endothelium, there is the tunica intima, which is made of
connective tissue. The tunica intima is the layer in which an
atherosclerotic plaque tends to grow. A thin layer of elastic tissue,
namely the Internal Elastic Lamina (IEL), separates the tunica
intima from the tunica media, that is composed of Smooth Muscle
Cells (SMC) and connective tissues. After the tunica media, there is
the tunica adventitia, which can be replaced by a proper boundary
condition, as established in Yang and Vafai (2006). Geometrical
parameters are in general taken after Chung and Vafai (2014),
Iasiello et al. (2015) and Wang and Vafai (2015). The artery is
124 mm long and the lumen radius rlumen is set equal to 3.1 mm.
Along the wall, the thickness for the endothelium is 2 μm, 10 μm
for the intima, 2 μm for the IEL, and 200 μm for the tunica media.

2.2. Mathematical model

2.2.1. Lumen region
The governing equations for the fluid flow are the steady-state

Navier–Stokes equations for an incompressible flow without
buoyancy effects:

∇U V
!¼ 0 ð1Þ

ρV
!

U∇V
!¼ �∇p�∇Uτ ð2Þ

with V
!

the velocity, ρ blood density, p hydraulic pressure and τ is
the stress tensor. In order to characterize the stress tensor τ ,
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viscosity μ needs to be known. It can be modeled by means of
different models:

� Newtonian fluid model, in which μ¼ 3:7 mPa s (Chung and
Vafai, 2014),

� Power-law fluid model, in which μ¼ μ� _γ
� �n�1, in which

μ�¼9.267mPa sn and n¼0.828 (Kim et al., 2000)
� Carreau fluid model, in which μ¼ μ1þ μz�μ1

� �
1þ λ _γ

� �2h in� 1
2 ,

in which μ1¼3.45 mPa s, μz¼56 mPa s, λ¼ 3.313 s and
n¼0.3568 (Cho and Kensey, 1991; Johnston et al., 2004)

� Carreau–Yasuda fluid model, in which μ¼ μ1þ μz�μ1
� �

1þ λ _γ
� �qh in� 1

q
, in which μ1¼3.45 mPa s, μz¼56 mPa s, λ¼

1.902 s, q¼1.25 and n¼0.22 (Cho and Kensey, 1991).

The LDL mass transport can be represented by the following
equation:

V
!

U∇c¼D∇2c ð3Þ

where c is the concentration and D is the diffusivity of blood
through the lumen.

2.3. Arterial wall

For the arterial wall, a Newtonian fluid model with μ¼0.72 mPa s
is compared with a power-law non-Newtonian fluid. Governing
equations for mass and momentum through the arterial wall can be
presented in a general form (Yang and Vafai, 2006; Ai and Vafai,
2006; Khakpour and Vafai, 2008a; Chung and Vafai, 2012; Wang and
Vafai, 2013, 2015; Kenjereš and de Loor, 2014; Iasiello et al., 2015):

∇U V
!D E

¼ 0 ð4Þ

ρ
ε2
∇U V

!D E
V
!D E� �

¼ ρ g!�∇ p
� �þμ�

εn
∇

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1=2
� �

_γ
� �

: _γ
� �� �q				

				
n�1

_γ
� �( )

�
μ� V

!D E			 			n�1

K� þ
Cρ V

!D E
K1=2

0
B@

1
CA V

!D E
ð5Þ

In these equations, hi refers to the volume-averaged form of a
variable, ε the porosity, g! gravitational acceleration, p the pressure, μ�

the fluid viscosity of the non-Newtonian power-law fluid, n the power
law fluid index, _γ the local shear stress rate, K� the power-law fluid
permeability, K the permeability and C is the form coefficient. Based
on physiological data, the inertial forces, buoyancy, viscous effects and
microscopically inertial effects are negligible, as demonstrated in ear-
lier literature (Yang and Vafai, 2006, 2008; Khakpour and Vafai, 2008a;
Wang and Vafai, 2013). For the non-Newtonian fluid case, the com-
parison with experimental data that is reported in the next paragraph
will demonstrate the reliability of the aforementioned assumptions.

The power-law Darcy equation for a porous medium can be
written as:

∇ p
� �¼ �

μ� V
!D E			 			n�1

K�

0
B@

1
CA V

!D E
ð6Þ

The consistency index can be calculated from the following
relationship:

μ� ¼ μ
_γn�1 ð7Þ

where μ is the effective viscosity.
The power law permeability is defined by (Hayes et al., 1996):

K� ¼ 1
2χ

nε
3nþ1


 �n 50K
3ε


 � nþ 1ð Þ
2

ð8Þ

where the tortuosity factor χ is set equal to 25/12 (Christopher and
Middleman, 1965).

Experimental data that describe viscosity as a function of shear
stresses, from Graf and Barras (1979), are used in order to obtain
the consistency index μ� and the power law fluid index n that are
going to be employed in the Darcy equation. Indeed, they reported
viscosity as a function of shear stress. By performing a regression
analysis, it is shown that a power-law function fits experimental
data when μ� ¼ 3:16 mPa sn and n¼0.81.

Species concentration is calculated with the following stationary
diffusion-convection-reaction equation that takes into account
Staverman–Kedem–Katchalsky membrane transport equation:

1�σð Þ V
!D E

U∇ ch i ¼Def f∇2 ch i�k ch i ð9Þ

where σ is the Staverman reflection coefficient, Def f the effective
diffusivity and k the reaction term, that takes into account the uptake
of LDL that occurs in the tunica media (Chung and Vafai, 2014). This
reaction term is zero in the layers that are not the tunica media.

2.4. Boundary conditions and numerical modeling

A 2D axisymmetrical model has been used for computations.
With references to Fig. 1a, the symmetry axis is the axis of
the lumen, with its origin located at the beginning of the artery.
The axial and radial coordinates are referred with the letters z and
r, respectively. The well-established boundary conditions used
here are in general taken after Chung and Vafai (2014), Wang and
Vafai (2015) and Iasiello et al. (2015). A parabolic and fully
developed flow is prescribed at the inlet section of the lumen in
Fig. 1a:

u¼ 2um 1� r=rlumen
� �� �2 ð10Þ

where u is the axial component of velocity, um the mean velocity,
namely 0.169 m/s (Yang and Vafai, 2006; Wang and Vafai, 2013;
Chung and Vafai, 2014), r the radius and rlumen the lumen radius,
namely 3.1 mm, that is relative to a medium artery (Prosi et al.,
2005). The concentration at the inlet section c0 is taken as
28.6∙10�3 mol/m3 (Chung and Vafai, 2014). Pressure is set as 100
mmHg at the lumen outlet, while it is 30 mmHg at the media/
adventitia interface, causing a 70 mmHg intramural pressure (Yang
and Vafai, 2006; Ai and Vafai 2006; Chung and Vafai, 2012, 2014).
A sensitivity analysis performed by Yang and Vafai (2006) has
shown that this is the most realistic boundary condition. All the
other boundaries are modeled with a slip condition for the
momentum equation, and with a zero normal diffusive flux for the
concentration equation. Continuity conditions for momentum and
mass transfer are invoked at the interior boundaries. For the mass
transfer, Staverman filtration is also considered within the inter-
face continuity condition:

1�σð Þvc�Def f
∂c
∂r

� 				
þ
¼ 1�σð Þvc�Def f

∂c
∂r

� 				
�

ð11Þ

where v is the radial component of the velocity, namely the fil-
tration velocity.

Thermophysical properties such as permeability K, diffusivities
D and Deff, and Staverman reflection coefficient σ, that close gov-
erning Eqs. (1)–(4), (6) and (9) are in general taken after Chung
and Vafai (2014) and Iasiello et al. (2015). Blood density has been
set equal to 1070 kg/m3 (Chung and Vafai, 2012), while the fraction
and the half-width of leaky junctions values are set as 5 �10�4 and
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14.343 nm, respectively (Chung and Vafai, 2012). Governing
equations with the boundary conditions previously described are
solved with a finite-element scheme by using the commercial code
COMSOL Multiphysics. A rectangular mapped mesh of about of
500,000 elements has been built, and its independence has been
checked. Mass balances have been verified, while a 10�6 RMS
convergence criterion has been used.
Fig. 1. Schematic of (a) an arterial wall an

Fig. 2. (a) Filtration velocities for different rheological models under hypertensive condit
arterial wall for different rheological models under hypertensive conditions, and (d) W
3. Results

3.1. Arterial wall

Filtration velocities along the lumen/endothelium interface are
reported for both Newtonian and non-Newtonian power-law fluid
as a function of the axial coordinate in Fig. 2a, for intramural
d (b) aorta–common iliac bifurcation.

ions, (b) comparisons with experimental results, (c) concentration profiles along the
SS along the lumen/endothelium interface.



Fig. 3. LDL concentration accumulation along the lumen/endothelium interface for
different rheological models with (a) Δp¼ 70 mmHg, (b) Δp¼ 120 mmHg and
(c) Δp¼ 160 mmHg.
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pressure values of Δp¼ 70; 120 and 160 mmHg. Differences
between such curves are negligible for a healthy case, while they
increase with intramural pressure, reaching about 15% for the
highest intramural pressure case.

A comparison with experimental results from literature is
reported in Fig. 2b. Such experimental results are relative to
experiments carried out on animals. Meyer et al. (1996) found that
that filtration velocity for the aorta of a rabbit is 17.570.15 nm/s
when Δp¼ 70 mmHg, while Tedgui and Lever (1984) reported a
value of 28.070.91 nm/s. Hypertensive case was also considered
by Meyer et al. (1996), obtaining a value of 34.574.6 nm/s
when Δp¼ 160 mmHg, while Tedgui and Lever (1984) have
reported a value of 44.0714.4 nm/s when Δp¼ 180 mmHg, based
on Deng et al. (1995), who carried out experiments on canine
carotid arteries. From our results, it is possible to see that both
Newtonian and power-law non-Newtonian models match pretty
well with the experimental results.

In Fig. 2c, results for the arterial wall are reported in terms of
concentration profiles, under hypertension conditions. It is shown
that non-Newtonian effects on LDL deposition through the wall
are negligible when a healthy case is considered, obtaining a dif-
ference of less than 1%, while such difference increases with
hypertension, reaching about the 10% when Δp¼ 160 mmHg.
These differences are in line with the differences in filtration
velocities between non-Newtonian and Newtonian cases, that
increase with intramural pressure. Comparisons with experi-
mental results from Meyer et al. (1996) for the LDL concentration
through the media layer of the rabbit aortic wall are also reported
in Fig. 2c, for various intramural pressures. A good agreement has
been found in the media layer for both Newtonian and non-
Newtonian models. As can be seen the concentration profiles
obtained with the Newtonian model are practically overlapped
with those from Chung and Vafai (2012, 2014) and Iasiello et al.
(2015), whose models were also validated.

3.2. Free flow

Results for the free flow of the lumen are shown here for
Newtonian fluid and different non-Newtonian fluid models. WSS
are calculated as the product of the dynamic viscosity and the shear
rate. In Fig. 2d, WSS are reported for different rheological models. It
is shown that there is a slight increase along the axial coordinate,
due to the non-Newtonian nature of the fluid. The largest difference
was found between the Newtonian and the Carreau fluid model.
The Carreau–Yasuda fluid model provides little difference, while
with a power-law fluid model the WSS are very close to the New-
tonian fluid case. Concentration accumulation along the lumen/
endothelium interface is reported in Fig. 3. Qualitative trends of the
curves are the same for the all rheological models that have been
used. Differences are negligible for all the investigated intramural
pressure values. The maximum difference that has been found is
about 2%, relative to the Δp¼ 160 mmHg case.

3.3. Artery size effect

It is widely known that arteries can be classified in terms of
their size. Starting from a lumen radius of 3.1 mm, that is typical of
a medium artery, simulations are carried out by varying this
radius, in order to analyze non-Newtonian effects also when a
large artery is considered. Computations are performed at equal
inlet velocities. Intramural pressure is set as 70 mmHg. Results for
the WSS and for the concentration polarization are shown in
Figs. 4 and 5. It is shown that, in general, the WSS reduce when
artery dimensions increase, while the differences between non-
Newtonian and Newtonian fluid models remain almost the same
as the case studied in Fig. 2d. For the concentration accumulation
along the lumen/endothelium interface reported in Fig. 5, it is
shown that it increases with the diameter. The reason for this is
that for larger diameters more solvent tends to penetrate the
arterial wall, causing an increase of concentration through the
lumen. Again, non-Newtonian flow models seem to provide
similar values of concentration. Differences of not more than 2%
where found.

For the arterial wall, it has been found that differences in fil-
tration velocity and concentration profiles are negligible. Differ-
ences of less than 0.1% can be pointed out because of the differ-
ences in concentration polarization along the lumen/endothelium
interface.

The maximum percentage differences that have been found
between Newtonian and non-Newtonian model with reference to
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the concentration polarization along the lumen/endothelium
interface are shown in Fig. 5d, for different arteries sizes and
intramural pressures. It can be seen that differences relative to the
maximum value are quite small for the concentration polarization
along the lumen/endothelium interface. As such both Newtonian
and non-Newtonian models can be used in modeling LDL mass
transport in a medium or large artery.
4. The aorta–iliac bifurcation

Non-Newtonian effects can arise in particular when geometries
become more complex (Cho and Kensey, 1991; Lou and Yang
Fig. 4. WSS along the lumen/endothelium interface for different rheological
models for different arteries sizes.

Fig. 5. LDL concentration accumulation along the lumen/endothelium interface for
(c) rlumen¼9.1 mm, and (d) maximum percentage differences between Newtonian mode
interface.
(1993); Mandal, 2005). In this work, the aorta–iliac bifurcation is
analyzed with the comprehensive multilayer model. The geometry
of the bifurcation is presented in Fig. 1b. Geometrical parameters
are taken from Shah et al. (1978). Both internal and external iliac
angles are considered to be 40°, that is the most symmetric case
(Shah et al., 1978; Khakpour and Vafai, 2008b). The lumen dia-
meter dlumen for the right common iliac, wall 1, is 1.28 cm, with a
length of 6.10 cm. For the left common iliac, wall 2, dlumen¼1.24 cm
and the length is 5.80 cm. The diameter of the aorta is
dlumen¼2.10 cm, with a length of 5.00 cm. The left and right
common iliac diameters are different, causing a non-perfect
symmetry. Governing equations, boundary conditions and trans-
port coefficients are the same as those that have been used for the
straight artery. Due to the more complex geometry, a triangular
mesh with boundary layer has been used. Grid independence has
been verified by checking the dimensionless LDL concentration c/
c0 profiles along the lumen/endothelium interface, by system-
atically increasing the number of elements.

Non-Newtonian effects are analyzed by varying the Reynolds
number Re¼ 2ρumrlumen=μ by means of the mean inlet velocity um.
Reynolds number effects on WSS and on lumen/endothelium LDL
accumulation are shown in Fig. 6, for a Newtonian fluid. The
number 1 designation is relative to the side in which the diameter
of the iliac becomes the highest, while the number 2 designation is
relative to the other case. In general, it is shown that WSS increase
with Reynolds number, while concentration accumulation
increases with lower Reynolds number.

In Fig. 6a it is shown that WSS remain constant just before the
curve. A rapid increase occurs when the curve starts, followed by a
very fast decrease of the stresses. With higher Reynolds number,
flow separation may occur due to the inversion of the WSS. The
concentration accumulation is reported in Fig. 6b. Concentration
different rheological models with (a) rlumen¼3.1 mm, (b) rlumen¼6.1 mm and
l and other rheological models for the concentration along the lumen/endothelium



Fig. 6. WSS and LDL concentration accumulation for the Newtonian model and with different Reynolds numbers: (a) and (b) are relative to upper wall 1, while (c) and (d)
refer to lower wall 2.

Fig. 7. Reynolds number effects on WSS along the lumen/endothelium interface for different rheological models: upper wall 1.
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Fig. 8. Reynolds number effects on WSS along the lumen/endothelium interface for different rheological models: lower wall 2.

Fig. 9. Reynolds number effects on LDL concentration accumulation along the lumen/endothelium interface for different rheological models: upper wall 1.
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Fig. 10. Reynolds number effects on LDL concentration accumulation along the lumen/endothelium interface for different rheological models: lower wall 2.
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increases along the straight part of the aorta due to the polariza-
tion, decreasing a little bit in the same zone in which WSS
increase, then re-increasing in the straight iliac. At higher Rey-
nolds number, concentration profiles become alterated due to the
flow recirculation. At Re¼1500, it is possible to see a strong peak,
due to a very enhanced recirculation.

In Fig. 6c and d, WSS and concentration are reported for the
other iliac, namely the one that has a smaller diameter. It seems
that recirculation does not occur. However, after the curvature, it
seems that concentration is not rapidly increasing when Reynolds
number is high. For Re¼1500, concentration starts to increase only
around the exit section. This is because the bifurcation is not
symmetric.

In Figs. 7–10, non-Newtonian effects on the aorta–iliac bifur-
cation are analyzed. For the WSS depicted in Figs. 7 and 8, trends
are similar for all the non-Newtonian models. The Carreau model
provides the highest values and difference compared to a New-
tonian fluid, while the Carreau–Yasuda and power-law fluid pro-
vide the lowest differences. Considering only the Re¼1200 and
1500 cases reported in Figs. 7c and d and 8c and d, it is shown that
flow separation does not occur when a non-Newtonian fluid
model is employed. This means that more attention is needed
when curves of particular geometries are modeled.

Concentration accumulation results are reported in Figs. 9 and
10. When Reynolds number is low or when recirculation does not
occurs, it seems that there are no significant differences between
various fluid models. Particular attention is needed for the cases in
which recirculation may occur, at high Reynolds numbers. Such
cases are depicted in Fig. 9c and d, for case 1. All the concentration
profiles have higher gradients in the curvature zone, because of
the deceleration of the fluid. Newtonian profiles seem to be more
alterated, because it predicts flow separation, i.e. WSS has a
negative sign. At Re¼1500, this phenomena is a bit more
enhanced, causing a more pronounced peak for the Newtonian
case, compared with the other fluid models, with more regular
profiles. This means that, as previously argued for the WSS, the
non-Newtonian fluid model in curvatures and recirculation zones
are a bit more pronounced.
5. Conclusions

A comprehensive analysis of non-Newtonian fluid effects on
LDL mass transport through an artery was presented in this work.
The free flow through the lumen has been modeled with three
different non-Newtonian fluid models, while the arterial wall has
been predicted by means of a power-law fluid model for a porous
medium. Our results show that the non-Newtonian effects on
mass transport are negligible for a normal intramural pressure. For
hypertensive cases, these differences are still relatively negligible
on the lumen/endothelium interface, reaching a difference of
mainly less than 10% through the wall, that can be still considered
as negligible. Non-Newtonian effects remain still negligible when
larger arteries are considered. Finally, non-Newtonian effects on
mass transport for an aorta–iliac bifurcation were analyzed. It has
been shown that such differences are also negligible at low Rey-
nolds numbers. At higher Reynolds numbers, because flow recir-
culation may occur, a non-Newtonian fluid model might be a little
more accurate in predicting LDL concentration profiles.
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