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ABSTRACT
In this work, the correlation between the wall shear stress (WSS) and the surface concentration variation of low density lipoprotein (LDL) on the walls of an idealized abdominal aortic aneurysm (AAA) is explored. It is observed that on the walls of AAA, the
WSS has a significant effect on the LDL deposition pattern and a region of low WSS does not always correspond to a locally
high concentration of LDL. The correlation between the WSS and the LDL deposition is found to be linked to the local fluid-flow
pattern. This is explained by conducting an analysis on simplified geometries using steady inflow conditions that produced a
fluid-flow pattern similar to that in the original AAA under physiologically relevant pulsatile inflow conditions. Furthermore, the
influence of geometric parameters, such as the height, the width, and the shape of the aneurysm, on the surface concentration of
LDL is studied. The width of the aneurysm is found to have a strong influence on the variation of the LDL surface concentration.
Published under license by AIP Publishing. https://doi.org/10.1063/1.5074125

I. INTRODUCTION
Abdominal aortic aneurysm (AAA) is a condition where
the aortic segment just upstream of the iliac bifurcation
expands irreversibly. Both AAA and cerebral aneurysms are
the most common aneurysms, and statistically it appears to be
more prevalent in men when compared to women.4 Although
the exact reasons for the disease are not well understood,
undoubtedly it is a degenerative disease that is a consequence
of the complex interplay between the hemodynamic stimuli
and several biological factors.21 In most cases, it is asymptomatic and often detected accidentally during the diagnosis
of some other disease. Eventually, the maximum diameter of
the aneurysm may increase and, if undetected, may result in
rupture with severe consequences to life.
Although genetic predisposition, smoking, age, and gender are known to be some of the important risk factors for
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AAA,21 the role played by atherosclerotic plaques in the initiation and progression of the disease is not well understood. Atherosclerosis is a disease which, in general, affects
large and medium sized arteries and is characterized by the
accumulation of lipids (like cholesterol) and other fatty substances on the walls of the arteries. There is a substantial
increase in the possible occurrence of aortic aneurysms in
people with high blood cholesterol.16,26 There are also other
studies that suggest a strong correlation between high levels of low density lipoprotein (LDL) cholesterol and AAA.15,32
Although patients with AAA frequently have atherosclerotic
plaques, it is not clear whether this association between AAA
and atherosclerosis is causal or simply due to other common
risk factors.9
Atherosclerosis initiates with the accumulation of atherogenic lipoproteins and their aggregates in the intima of
an arterial wall.3,23 Earlier studies have hypothesized that
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atherosclerosis is triggered by an injury inflicted to the
endothelial lining by an abnormally high rate of wall shear.
Fry8 conducted experiments on a canine aorta to study the
influence of high wall shear stress (WSS) on endothelial cells.
On the contrary, Caro et al.2 have hypothesized that it is in
fact the regions experiencing low wall shear stress which are
susceptible to atherosclerotic plaques. They further suggested
that wall shear stress, instead of being directly involved in the
genesis of atherosclerosis, actually influences the transport of
cholesterol between the blood and the arterial wall.2
Deng et al.5 conducted numerical and experimental
hemodynamic simulations to show that the surface concentration of LDL on the arterial wall is inversely related to the
WSS under steady flow conditions. This is indeed consistent with the observations of Caro et al.2 Furthermore, they
have observed that the surface concentration increases with
an increase in the filtration velocity.5 Fatouraee et al.6 conducted numerical simulations for pulsatile flow conditions and
observed a similar correlation of time averaged wall LDL concentration with WSS and filtration velocity. The latter refers to
the small flux of blood plasma from the surface of the lumen
into the arterial wall due to transmural pressure. This plasma
flux is responsible for LDL convection from the bulk of the
lumen towards the wall.
The infiltration of LDLs across the endothelium into the
intima, among many other parameters, depends on the concentration of LDL on the lumen surface.22 The studies by
Deng et al.5 and Fatouraee et al.6 have found that there is
a sharp increase in the concentration of LDL in the vicinity
of the endothelium, which is often referred to as concentration polarization. The resistance faced by the LDLs while
moving across the endothelium is higher compared to the
resistance experienced while moving through the lumen up to
the surface of the endothelial wall.29 LDLs convected by the
blood, and aided by the filtration velocity, accumulate on the
endothelial surface. Of these accumulated LDLs, a small fraction of them cross the endothelial barrier, while most of them
diffuse back. Under steady state, there is an equilibrium among
the rate of convection, the rate of back diffusion, and the rate
at which LDLs cross the endothelium. The experimental findings of Wang et al.31 on a canine carotid artery reinforce the
occurrence of concentration polarization.
In general, the regions of low shear stress and disturbed flow having flow separation and recirculation zones
co-locate with the regions of high wall LDL concentration.20,30,36 However, in reality, the complex nature of the
geometry and the pulsatility of the blood flow generate much
more complicated WSS patterns.20,30 Flow separation and
formation of vortices near the wall at the proximal end of
the aneurysmal bulge during the systolic phase has been
commonly noticed.1 Subsequent evolution and downstream
motion of the vortices may create an environment conducive
to plaque deposition. Hence, it is important to study the LDL
transport and their concentration distribution in the vicinity of the walls of an AAA. To the authors’ knowledge, the
long standing issue of whether or not atherosclerosis plays
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a prominent role in the initiation and progression of AAA is
not fully clear. Therefore, it would be pertinent to study the
transport of LDL in AAA and the current study addresses this
issue.
The concentration boundary layer of an LDL is very small
and it is the near-wall flow velocity which dictates the transport of LDLs.14 WSS variation provides a reasonable approximation of the flow velocity distribution and the near-wall gradients. Hence, a proper understanding of the effect of WSS
on the LDL concentration near the wall can aid in the prediction of LDL variation by analyzing the flow dynamics. Wada
and Karino30 studied the variation of LDL concentration on
the walls of an artery, with multiple bends under steady flow
conditions. They found that the downstream surface concentration of LDL was elevated distal to the apex of the inner
walls of the arterial bends, where the WSS is relatively lower
due to flow separation and disturbed flow. Lantz and Karlsson20 studied the LDL transport in a patient specific geometry
of an aorta under pulsatile hemodynamic conditions with the
help of large-eddy simulations and concluded that the concentration of LDL is inversely proportional to the WSS. Both
Wada and Karino30 and Lantz and Karlsson20 have analyzed
the correlation between the LDL concentration and the WSS
variation. For lower values of WSS, a significant scatter in the
LDL concentration was observed. This implies that lower values of WSS do not necessarily lead to high LDL concentration.
Apart from Refs. 20 and 30, there are a number of investigations which have explored the relation between the WSS and
the LDL concentration.5–7 However, only a few of them pertain
to aneurysms in general and AAA in particular. To this end, the
present study investigates the role of the WSS on the LDL concentration in an AAA under physiologically relevant pulsatile
in-flow conditions.
The remainder of this paper is organized as follows: The
model geometry of the aneurysm, governing equations, and
the numerical procedure are presented in Sec. II. Validations
for the numerical solver and the simulations which establish
the correlation between the WSS and the concentration of
LDL are presented in Sec. III. A brief summary with specific
conclusions is presented in Sec. IV.

II. NUMERICAL METHODOLOGY
A. Geometry of the aneurysm
The model geometry of the aneurysm considered in the
present work, as shown in Fig. 1, is assumed to be rigid,
axisymmetric, and follows the Gaussian function11 given by
"
#

x2 
D
r(x) =
+ H exp −
,
(1)
2
2W 2
where x and r are the coordinates in the axial and the
radial directions, respectively, H and W are the parameters that determine the amount of dilation and the width of
the aneurysm, respectively. We consider different aneurysmal shapes and sizes by changing the values of H and W.
The diameter of the healthy and normal aorta is given by D
(typically, 1.7 cm11 ) with the origin of the coordinates being at
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C. Boundary conditions
The volume flow rate of the blood at the inlet is taken from
the study of Suh et al.,27 as shown in Fig. 2, which was originally
obtained from the infra-renal region, proximal to an existing
AAA using magnetic resonance imaging (MRI).

FIG. 1. Model geometry of the aneurysm simulated in the present study. D is the
undilated diameter of the artery. The parameters W and H control the shape of the
aneurysmal geometry.

the geometric centre of the aneurysm. The geometry extends
up to −10D to the proximal side and 20D to the distal side.
Although the assumption of wall rigidity is more of a mathematical convenience, it is also reasonable, as the artery gets
stiffened in the dilated segment. The non-compliant walls do
not cause significant changes in the flow patterns, but perhaps responsible for the modifications in the magnitude of the
shear stress.25

B. Governing equations
In the present work, blood is assumed to behave as a Newtonian fluid, which is fairly valid for the flow of blood through
large arteries such as the aorta.17,24,25 However, in studies
involving smaller arteries such as arterioles and capillaries,
the behaviour of blood tends to be of non-Newtonian nature
owing to the high shear rates that are encountered. The flow
of blood through the aorta is described by the Navier-Stokes
equations. The governing continuity and the Navier-Stokes
equations are given as follows:
∇ · V = 0,

(2)

∇P
∂V
+ (V · ∇)V = −
+ ν∇2 V,
∂t
ρ

(3)

The temporal variation of the volume flow rate given by
Suh et al.27 is reconstructed from the first eight harmonics
of the Fourier series and is compared against their original
wave form27 in Fig. 2. The corresponding velocity wave form
was calculated, as per the Womersley solution,10,34 and was
applied as an inflow boundary condition on the velocity. For
large arteries, the inlet velocity profile based on the Womersley solution is more realistic than a plug flow or a parabolic
profile.24 A homogeneous Neumann boundary condition on
pressure, ∂P
∂x = 0, is applied at the inlet, and a Dirichlet
boundary condition on the inlet concentration is applied with
C = C0 , where C0 is the reference concentration value. A noslip boundary condition for velocity was applied on the walls of
the aneurysm. However, to account for the filtration velocity
of blood plasma, a constant velocity of V w (=4 × 10−8 m/s),5,6,33
normal to the wall and pointing outward, is assumed all along
the surface of the wall. This translates into V n = V w , V t = 0.
The normal pressure gradient at the wall is assigned a value
∂P
of zero, ∂n
= 0. The walls of the aneurysm are assumed to be
impermeable to the flow of LDL molecules, and therefore to
enable equilibrium, the rate at which LDL molecules are convected to the wall is assumed to be equal to the rate at which
they are diffused back into the flow domain. This assumption
∂C
= C w V w , where Cw is the conis realized by enforcing Dc
∂n w
centration of the LDL molecules on the walls of the aneurysm.
The normal concentration gradient at the wall is directly proportional to the filtration velocity. Hence the filtration velocity
is key to the formation of the concentration gradient at the
wall. At the outlet of the aneurysm, a homogeneous Neumann
boundary condition is applied on both the velocity and con∂C
centration fields given by ∂V
∂x = 0, ∂x = 0 with a zero reference
pressure, p = 0.

where V is the velocity vector of the fluid, P is the fluid pressure, ν is the kinematic viscosity of blood (3.77 × 10−6 m2 s−1 ),
and ρ is the density of blood (1060 kgm−3 ).11,12 The LDL particle size being very small (21–26 nm)28,30 and their density
being close to the blood density30 were considered to be passive tracers in the present work. Therefore, the LDL particles
follow the solvent without imparting any inertial effects of
their own and passively undergo convection and diffusion. The
transport of LDL molecules in the lumen is governed by the
scalar transport equation, given as follows:
∂C
+ (V · ∇)C = Dc ∇2 C,
∂t

(4)

where C is the concentration of LDL and Dc is the diffusion
coefficient, and in the present work, its value18,19,35 is taken
as 2.87 × 10−11 m2 /s.
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FIG. 2. Temporal variation of the volume flow rate in one cardiac cycle as given
by Suh et al.27 against the reconstructed profile for applying the inflow boundary
condition.
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D. Numerical procedure
The governing equations, presented in Eqs. (2)–(4), are
discretized using a second-order accurate bounded Gauss linear upwind scheme and a first-order accurate implicit time
difference scheme. The solver was validated properly to make
sure that the artificial diffusion generated due to discretization schemes is within the acceptable limits. The mesh independence test was carried out to make sure that the hemodynamic and the concentration boundary layer close to the wall
is properly resolved. A mesh resolution of 60 × 570 with mesh
grading was found sufficient to capture the flow field close to
the wall. As the concentration boundary layer is very thin in
order to resolve the variation of the mean LDL concentration
along the wall, the cell layer next to the aneurysmal wall, for
the case with H = W = 0.5D, was subdivided further such that
each newly created cell is half the size of the immediate previous cell. In Fig. 3, the variation of mean LDL concentration
is plotted for 3 (coarse), 4 (fine), and 5 (finer) subdivisions. A
mesh with 4 subdivisions of the cell layer next to the wall was
selected as the optimum mesh. In the case of the optimum
mesh (fine) selected, the cell next to the wall is 161 th of the
original cell next to the wall or 2.6467 × 10−4 D, where D is the
diameter of the normal portion of the abdominal aorta. Thus,
64 × 570 is the mesh resolution for aneurysm geometry H = D
= 0.5D. The number of cells was accordingly increased as the
size of the aneurysm increased so as to keep the size of the
cells similar. The time step used for all the simulations is of
the order of 10−4 s, and the maximum Courant number during
the simulations was maintained much less than unity.
The Pressure Implicit with the Splitting of Operator
(PISO) algorithm is used to integrate the Navier-Stokes equations. The icoFoam solver available in the open source software OpenFOAM version 3.0.113 is modified to account for
solving Eq. (4). This modified solver is then used to perform all
the simulations. The present simulations exploit the axisymmetric nature of the solution domain. The Reynolds number is
defined with the velocity scale obtained from the inlet volume
flow-rate averaged over a single cardiac cycle and the diameter of the undilated aorta, and it is taken as 264 in the present

FIG. 3. The variation of the LDL concentration averaged over one cardiac cycle.
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study. As a first step towards understanding the correlation
between the mean WSS and LDL concentration, the flow is
assumed to be in the laminar regime. The inlet velocity profile is pulsatile, and the LDL transport equation is coupled to
the dynamical evolution equations through the velocity field.
Therefore, the LDL transport equation is integrated at every
time step together with the Navier-Stokes equations.

III. RESULTS AND DISCUSSION
In this section, the validation of the solver used in the
present simulations is presented, followed by the detailed simulations performed to investigate the relationship between the
WSS and the surface concentration of the LDL.

A. Numerical validation
Fluid flow simulations are performed for the model geometry presented in Fig. 1, for transient pulsatile inflow conditions. The height and width of the aneurysm are taken to
be H = W = 0.5D. All the boundary conditions are the same
as mentioned in Sec. II C, except for the filtration velocity,
V w , which is assumed to be zero. Under these conditions, the
wall shear effects need to be quantified. The axial variation
of the WSS time-averaged over one cardiac cycle obtained
from the present simulations is plotted in Fig. 4 together with
the reference data.11 It can be noted that a good agreement
is obtained between the present simulations and the data of
Gopalakrishnan et al.11
To qualitatively validate the solver, the variation of the
azimuthal vorticity at different instants of a cardiac cycle is
compared with the results of Gopalakrishnan et al.,11 as shown
in Fig. 5. The temporal evolution and the transport of vortices
show a good agreement with the reference data.11
To validate the coupling between the LDL transport equation (4) with the Navier-Stokes equation (3), a simple straight
cylindrical arterial model, as shown in Fig. 6, is considered with
pulsatile inflow conditions. The boundary conditions applied
are similar to those mentioned in Sec. II C, except for the inlet
boundary conditions. At the inlet, a physiological pulsatile flow

FIG. 4. The axial variation of the WSS time-averaged over one cardiac cycle.
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diffusion coefficient, the lower the LDL concentration on
the wall. The present numerical simulations are compared
and validated against the reference data of Fazli et al.7 and
Fatouraee et al.6 The variation of the LDL concentration along
the radial direction is compared for the same set of diffusion coefficients, as shown in Fig. 7(b). A good agreement
with the studies of Fatouraee et al.6 and Fazli et al.7 can be
noticed from Figs 7(a) and 7(b). Furthermore, the variation of
the LDL concentration in a single cycle at a point 10R from
the inlet is plotted in Fig. 8. The values are normalized with
the cycle-averaged concentration and are compared with the
results of Fatouraee et al.6 As shown in Fig. 8, a good match
is obtained between the present results and the reference
data.6
The variation of the LDL concentration on the walls of
the aneurysm, as explained in Sec. II A, for several widths
and heights is studied. A detailed analysis of the correlation
observed between the WSS and the lumen surface concentration (LSC) of LDL is performed. In the remainder of the paper,
mean WSS and LSC represent the mean temporal WSS and
LSC averaged over a cardiac cycle. It can be noted from Fig. 8
that the variation of LSC over a cardiac cycle is minimal and
hence the temporal-average value is not very different from
the instantaneous value of LSC.

B. Correlation between the WSS
and the LDL concentration

FIG. 5. Qualitative comparison of the vorticity at different time instants within a
cardiac cycle. Left column: Gopalakrishnan et al.11 Right column: Present study.

rate taken from a carotid artery is implemented, which was
given by Fatouraee et al.6
The simulations are carried out for three different values
of the diffusion coefficient of LDL: 5 × 10−12 m2 s−1 designated
as Dc,min , 10 × 10−12 m2 s−1 denoted as Dc,med , and 2 × 10−11 m2 s−1
designated as Dc,max . The value of filtration velocity is taken
as 4 × 10−8 m/s. The variation of the cycle-averaged LDL
concentration, mean C/C0 , is plotted along the wall in the
axial direction, as shown in Fig. 7(a). Although the concentration value rapidly increases initially, it asymptotes to a specific value in the axial direction of the wall. The higher the

FIG. 6. Schematic diagram of the artery together with the inlet and wall boundary
velocities.
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In the present study, the variation of the LSC of LDL is
studied using ten different geometries of the aneurysm of
varying height to width (H/W) ratio. From this study using
ten different geometries, it appears that the peaks in the variation of the LSC of LDL have a correlation with the second
spatial derivative of mean WSS. Mean WSS was calculated by
time averaging the value of instantaneous WSS (along with its
sign) over one cardiac cycle and is given by the expression,
mean WSS= T1 ∫ 0T WSSdt, where is T is one cardiac cycle. WSS
in the region of flow reversal was taken negative in the evaluation of mean WSS. Henceforth, the second spatial derivative of the mean WSS is indicated by α and is expressed as
d2 (mean WSS)
α =
. The observation that a peak in the varidx2
ation of the LSC of LDL is found around the region of positive value of α is found to be consistent across all the ten
aneurysmal geometries that are simulated. As shown in Fig. 9,
α becomes positive at the three locations a, b, and c. Corresponding to these three locations, three peaks 1, 2, and 3
are identified on the axial variation of the LSC of LDL. However, it is not necessary that the peak appears exactly at the
region of positive α, as shown in Fig. 9. In some cases, the
peaks are so subtle that they are difficult to visualize. Again,
there are cases in which two of the peaks are very close to
each other, thereby they are not easy to distinguish individually. These cases are explained with the aid of Fig. 10. The
peak of LSC corresponding to the location a of the α profile
is indicated as 1, and this is not easy to notice. The peaks of
LSC corresponding to locations b and c of the α profile are 2
and 3 and have almost merged together making it appear like

31, 011901-5

Physics of Fluids

ARTICLE

scitation.org/journal/phf

FIG. 7. Variation of the normalized LDL
concentration (a) along the axial length
of the wall and (b) along the radial direction at x = 10R from the inlet.

a single peak. Thus, the observation that a positive α produces
a peak in LSC of LDL holds true, and five peaks can be noticed
in the variation of the LSC of LDL corresponding to the five
instances of positive α, as shown in Fig. 10.
The regions of positive α can be easily recognized just by
observing the variation of the mean WSS along the length of

the aneurysm. The region where there is a trough in the mean
WSS or the region where the slope of the mean WSS increases
along the length of the aneurysm is a region of positive α and
this can be clearly observed from Fig. 11. Therefore, it is possible to get an idea of the number of peaks in the variation of
the LSC and their locations just by observing the variation of
the mean WSS itself.

FIG. 8. Variation of the LDL concentration within a cardiac cycle on the wall at a
point x = 10R from the inlet.

FIG. 10. Variation of α and LSC along the axial length of the aneurysm for H =
0.7D and W = 0.7D.

FIG. 9. Variation of α and LSC along the axial length of the aneurysm for H = 0.5D
and W = 1D.

FIG. 11. Variation of mean WSS and α along the axial length of the aneurysm with
H = 0.5D and W = 1D.
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FIG. 14. Axial variation of mean WSS and LSC of LDL for H = 0.5D and W = 0.5D.

FIG. 15. LDL concentration (in blue), mean streamlines (in grey), and mean
velocity vectors (not scaled, in black) for AAA (H = 0.5D, W = 0.5D).
FIG. 12. The variation of mean WSS and LSC in an aneurysm geometry. (a)
H = 0.5D and W = 0.7D; (b) H = 0.5D and W = 1D.

The variation of the LSC of LDL across all the geometries
of the aneurysms reveals two kinds of peaks, the first being
a sharp, pointed peak as shown in Fig. 12(a) and the second
being a blunt peak as shown in Fig. 12(b). From Figs. 12(a) and
12(b), it appears that it is possible to predict the kind of the
LSC peak by examining the variation of the mean WSS. In the
regions of positive α when the mean WSS changes its sign,
from positive to negative, we get a sharp peak below the point
of zero mean WSS. As shown in Fig. 12(a), all the sharp peaks
lie below the point where mean WSS changes its sign from
positive to negative. On the other hand, we get a blunt peak
when the mean WSS does not change sign in the region of
positive α. As shown in Fig. 12(b), the blunt peak lies around
the region where α is positive but the mean WSS does not
change sign from positive to negative. However, the other
two peaks are sharp peaks because of the reasons explained
earlier. The location where the mean WSS changes its sign

from positive to negative signifies a flow separation region in
a time-average sense, whereas the location where the mean
WSS changes its sign from negative to positive is a region of
flow reattachment in a time-average sense. At the point of the
flow separation and flow reattachment, the velocity streamlines and the concentration boundary layer close to the wall
look qualitatively similar to the streamlines shown in Figs. 13(a)
and 13(b), respectively. The concentration is high producing a
peak and the concentration boundary layer is thicker at the
point of flow separation, whereas concentration is low and
the concentration boundary layer is thinner at the point of the
flow reattachment. Figures 14 and 15 show the LSC peaks and
their corresponding locations in the concentration boundary
layer (blue) for the aneurysm geometry with H = 0.5D and
W = 0.5D. Mean velocity vectors (black) and the mean stream
lines (grey) are also shown in Fig. 15. It is clear from Fig. 15 that
the points of flow separation are the regions where there are
high concentrations of LDL that result in the LSC peaks.

FIG. 13. Flow streamlines and concentration boundary layer
(shown in grey) depicting (a) flow separation and (b) flow
reattachment.
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FIG. 16. Geometry of simplified domains (of size L × B) for
studying (a) flow separation and (b) flow reattachment.

FIG. 17. (a) Velocity vectors (not to
scale) depicting flow separation and (b)
variation of WSS and concentration of
LDL for flow separation.

FIG. 18. (a) Velocity vectors (not to
scale) depicting flow reattachment and
(b) variation of WSS and concentration
of LDL for flow reattachment.

In order to further ascertain and study the observed concentration patterns of the LDL at the stagnation points, simplified flow domains are considered to create conditions similar
to those that correspond locally to the flow separation and the
flow reattachment regions of the original simulations under
consideration. The schematic of the flow domains for these
two simplified flows is shown in Figs. 16(a) and 16(b) that represent the flow separation and the flow reattachment regions,

respectively. These two simplified flow domains are used for
further understanding of the correlation between the WSS and
the LDL concentration.
The dimensions of the geometry with height B and length
L, and the velocities at the inlet, assuming a parabolic profile
are shown in Figs. 16(a) and 16(b), which represent a region
of the flow close to the wall at the stagnation points. The
aspect ratio of the domain (B: L) is taken to be 0.3714. The

FIG. 19. Variation of (a) WSS and LDL concentration for flow separation and (b) WSS and LDL concentration for flow reattachment for a uniform velocity profile at the inlet.
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inlet velocity profile, and the results obtained are shown in
Figs. 19(a) and 19(b) for the flow separation and reattachment
configurations, respectively. Figures 19(a) and 19(b) corroborate the observations made earlier, which are consistent and
further indicate that they are not dependent on the inlet
velocity profile that is applied.

FIG. 20. Axial variation of mean WSS and LSC in an aneurysmal geometry defined
by a cosine function.

Reynolds numbers based on the inlet length scales are 1.034 48
and 46.4191 for the separation and reattachment flow domains,
respectively. The values of density and kinematic viscosity for
blood and the diffusion coefficient for the LDL are taken to
be of the same order as used in model AAA. At the wall, the
boundary conditions used for the flow and the concentration
are the same as those used at the walls of the aneurysmal
geometry. The values of the concentration on all the boundaries except on the wall are set to a reference value of unity.
The velocity vectors, obtained from the simulations, for the
two flow domains considered are shown in Figs. 17(a) and 18(a)
for the flow separation and reattachment conditions, respectively. Figures 17(b) and 18(b) show the variation of the WSS
and the LDL concentration along the walls for the flow separation and reattachment configuration, respectively. As shown
in Fig. 17(b), at the point of flow separation, where the WSS
changes its sign from positive to negative, we can observe a
peak in the concentration of the LDL. However, we do not
observe a peak in the concentration of the LDL, as expected, at
the reattachment point, as shown in Fig. 18(b). Figures 17(b) and
18(b) clearly depict most of the observations that were made in
the simulation of the original aneurysmal geometry.
To ensure that the observed patterns are independent of
the inlet velocity profile, further simulations were performed
using a uniform inlet velocity profile, instead of a parabolic

To further ensure that the correlations are not biased
to
g geometry, a cosine function, r(x) =
f a specific aneurysmal
D
πx
)
, was chosen to investigate the varia+
0.5D
cos(
2
2×2.080 58
tion of the WSS and the LSC. The axial variation of the mean
WSS and the LSC obtained by simulating this cosine function
based aneurysmal geometry is shown in Fig. 20. From Fig. 20,
it can be observed that the observed correlations between the
mean WSS and the LSC hold good for different aneurysmal
geometries as well.

C. General variation of the LSC
with aneurysmal geometry
In this section, the correlation between the LSC and the
aneurysm geometry is explored. The variation in the aneurysmal geometry is obtained by changing the parameters H and
W in Eq. (1). The present study will give us an idea on the
influence of the width and height of the aneurysm on the variation of the LSC. First, the general variation of the LSC in
the axial direction is discussed together with the variation of
the mean WSS. The variation of the mean WSS and the LSC
along the wall of the aneurysm are shown in Fig. 21(a). From
Fig. 21(a), three primary instances of positive α can be noted as
shown in Fig. 21(b). Two of them lie upstream to the origin and
the remaining one downstream of the origin. Similarly, three
major peaks can be observed in the variation of the LSC. One
of them lies to the right of the origin, while the other two lie
to the left of the origin. It is therefore interesting to correlate
the change in the position and amplitudes of these three peaks
that are observed in the variation of the LSC.

1. Variation of LSC of LDL with the width
of the aneurysm
In this section, the effect of the width of the aneurysm
on the variation of the LSC of LDL is studied. Two different
aneurysmal heights with H = 0.3D and H = 0.5D are considered and the width of the aneurysm is varied independently
for each of these cases. The variation of the LSC of LDL is

FIG. 21. (a) Axial variation of LSC and
(b) the instances of positive α in an
aneurysm with H = 0.5D and W = 0.5D.
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FIG. 22. Variation of the LSC along the axial length of the aneurysm for indicated
widths and for a height of H = 0.3D.

FIG. 23. Variation of the LSC along the axial length of the aneurysm for indicated
widths and for a height of H = 0.5D.

plotted along the axial direction for several aneurysm widths,
as shown in Figs. 22 and 23. From Figs. 22 and 23, it can be
noticed that with an increase in the width of the aneurysm,
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FIG. 25. Axial variation of the LSC for indicated aneurysm heights for a fixed width
of the aneurysm W = 0.5D.

the amplitude of peaks 1 and 2 of the LSC of LDL was found to
increase. However, no clear trend in the increase or decrease
of the height of peak 3 was observed. Furthermore, however,
peak 3 was found to flatten with an increase in the width of
the aneurysm. Moreover, the gap between peaks 2 and 3 gradually increases with an increase in the width of the aneurysm.
In the aneurysm with a height H = 0.3D and W = 1D, the
increase in the gap between peaks 2 and 3 resulted in the
merging of peaks 1 and 2 as depicted in Fig. 22. In conclusion, it can be noted from these studies that an increase in
the width of the aneurysm increases the wall LDL concentration and this is primarily due to an increase in the amplitude
of peak 1. The locations of the three peaks in the context of the
aneurysmal geometry with H = 0.5D and W = 0.5D are shown in
Fig. 24.

2. Variation of the LSC of LDL with the height
of the aneurysm
The variation of the LSC of LDL along the axial direction is
plotted in Fig. 25 for two specific heights H = 0.3D and H = 0.5D
for a width of W = 0.5D. The variation of the LSC of LDL along

FIG. 24. Location of the peaks in the
aneurysm geometry for an aneurysm of
height H = 0.5D and width W = 0.5D.
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FIG. 26. Variation of the LSC along the axial direction for indicated aneurysm
heights for a fixed width of the aneurysm of W = 0.7D.

FIG. 27. Variation of the LSC with the height of the aneurysm for an aneurysm of
width W = 1D.

the axial direction of the aneurysm is shown in Fig. 26 for three
different aneurysm heights of H = 0.3D, H = 0.5D, and H = 0.7D
for a width of W = 0.7D. As shown in Figs. 25 and 26, an increase
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FIG. 29. Variation of LSC on geometry H = W = 0.5D for different values of the
filtration velocity (Vw ).

in the aneurysm height does not have a direct influence on the
variation of the LSC for aneurysms of width W = 0.5D and W
= 0.7D though a slight decrease in the amplitude of peak 1 and
a slight increase in the amplitude of peak 2 are observed with
an increase in the height of the aneurysm. Although the height
of the aneurysm does not seem to have a strong influence on
the variation of the LSC for aneurysms of width W = 0.5D and
W = 0.7D, it does seem to have a significant influence on the
variation of the LSC for an aneurysm of width W = 1D, as shown
in Fig. 27. This strong influence is a result of the rapid increase
in the amplitude of peak 3 with the height of the aneurysm. For
an aneurysm of width W = 1D, a detailed parametric study with
different values of H ranging from H = 0.3D to H = 1.1D was
performed. Peak 3 seems to quickly dominate, as the height
of the aneurysm is increased. Thus we conclude that beyond
a certain critical width of the aneurysm (in the present case,
it is W = 1D), the height of the aneurysm seems to strongly
influence the variation of the LSC of LDL. The locations of the
three peaks in the context of the aneurysmal geometry with
H = 1.1D and W = 1D are shown in Fig. 28.

FIG. 28. Location of the peaks in the
aneurysm geometry for an aneurysm of
height H = 1.1D and width W = 1D.
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D. Influence of filtration velocity on LSC
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5.

The influence of the filtration velocity on LSC of LDL is
studied on the aneurysm geometry H = W = 0.5D. Figure 29
shows the variation of LSC for different values of filtration
velocity. With an increase in the value of the filtration velocity, a higher LSC can be observed. However, the pattern of LSC
variation and the location of the peaks remain unchanged. It is
to be noted that no concentration boundary layer is observed
if the filtration velocity is set to zero.

IV. CONCLUSIONS AND FUTURE WORK
In the present work, OpenFoam13 solver is used to perform coupled flow and LDL transport simulations for flow
through a model AAA. The emphasis was on unraveling the
correlation between the time-averaged WSS and the LDL concentration. A strong link between the WSS and a peak in the
LDL concentration could be predicted purely from the change
in the sign of the time-averaged WSS from a positive value
to a negative value. This observation is highly valuable as
the location of the peaks in the LDL concentration could be
quickly and directly predicted from the time-averaged WSS
plots itself. In fact, the central processing unit (CPU) time savings can be achieved as the scalar transport equation for LDL
need not be simulated in the coupled approach. Furthermore,
these observations were found to be consistent throughout
the entire range of aneurysmal geometries. Simplified steady
flow test cases were setup and simulated to emulate the
local flow separation and reattachment points, and observations similar to full aneurysmal geometry under pulsatile flow
conditions could be reproduced. The conclusions from the
present study are as follows:
1.

2.

3.

4.

It is found that the location of the peaks in the variation
of the LSC of LDL can be predicted by analyzing the variation of the time-averaged WSS in a pulsatile flow condition. We introduced a parameter α, which when positive
results in a peak in the variation of LSC of LDL.
It was observed that the presence of a flow separation
point at the position of positive α resulted in a sharp peak
in the axial variation of LSC. This observation was corroborated by performing simulations in simplified rectangular flow domains that isolated the flow separation and the
reattachment regions.
It was shown that the correlation between the timeaveraged WSS and the LSC variation is not exclusive to
the geometries given by Eq. (1) and similar correlations
were found to hold good for an aneurysmal geometry
given by a cosine function as well.
The simulations on the influence of aneurysmal geometry on the variation of LSC indicated that, in the
aneurysms with small diameter, the highest concentration of LDL was observed near peak 1. However, peak 1
does not lie within the aneurysm but just upstream of
the aneurysm, as shown in Fig. 24. Therefore, the proximal end of the aneurysm is perhaps more susceptible to
atherosclerosis in the initial stages of the formation of the
aneurysm.
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As the diameter of the aneurysm increased, higher values of LDL concentration could be observed near peak 3.
As shown in Fig. 27 for an aneurysmal geometry with a
height of H = 1D and a width of W = 1D and for another
with H = 1.1D and W = 1D, peak 3 is significantly higher
than the other two peaks. However, peak 3 also lies
just outside the aneurysm at the distal end, as shown in
Fig. 28. Therefore, for the aneurysmal geometry considered in the present study, it is the proximal and distal
neck of the aneurysm that seems to be at a greater risk
of being affected by atherosclerosis.

A. Limitations of the present work and future scope
The following limitations are noted in the present work
and these could be addressed through future research:
1.

2.

3.

4.

5.

6.

Although blood behaves as a Newtonian fluid in large and
medium arteries, it can exhibit complex non-Newtonian
behaviour in the vicinity of the walls and in the stagnation
zone. This will certainly influence the magnitude of WSS.
Therefore, inclusion of non-Newtonian features to study
the correlation could be vital.
As a first step towards understanding the correlation
between the WSS and the LDL, the flow was assumed to
be laminar in the present work.
It was found that accounting for the wall compliance
does not change the value of the WSS significantly.25
However, even a small shift in the value of WSS can
turn a region of flow separation in a rigid geometry to
a region of mere low WSS in a flexible aneurysmal geometry. Therefore, inclusion of wall compliance and incorporation of two way coupling between the wall and the
flowing fluid will be highly beneficial.
Aneurysms tend to become eccentric as they progress
due to posterior constraint from the vertebral column.
Therefore, the correlation between the time-averaged
WSS and the LSC of LDL developed for a simple concentric aneurysm may not hold good in the analysis of eccentric aneurysm. Hence, future work may
consider the effect of eccentricity of the aneurysm
and the correlation between the WSS and the LDL
concentration.
The iliac bifurcation at the distal end of the aneurysm
weakens the vortices developed inside the aneurysm.25
Therefore, including the effect of the iliac bifurcation in
evaluating the correlations between the WSS and the LDL
concentration would be useful.
Under physiological conditions, the filtration velocity
flows in the radial direction and normal to the wall and is
driven by the transmural pressure gradient. The present
work, however, only approximates this using a wall-free
model and incorporates a fixed filtration velocity on all
the walls of the aneurysm as a boundary condition, which
in turn may result in unrealistic values of the LSC of
LDL. Hence, future studies could focus on considering the effect of the transmural pressure gradient into
account through a multi-layered-wall approach for the
lumen.
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