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Abstract: Turbulent flow in the cardiovascular system may increase the risk for severe arterial disease. This work
addresses the feasibility of Large Eddy Simulation (LES) using a general purpose code as a tool for assessment
of cardiovascular flow and investigates Wall Shear Stress (WSS) in steady as well as pulsating turbulent pipe
flow. Poiseuille flow was specified at the inlet, and with a suitable ammount of perturbations at the inlet it was
possible to predict experimental data. The extent of the recirculation zone was affected by the inlet disturbances,
and magnitude as well as direction of the WSS vector varied significantly at the reattachment point. For the
pulsating flow, WSS shows a complex pattern with different spatial and temporal variation along the pipe. The
wall shear stress gradient was calculated on the entire post-stenotic surface and each component in the gradient
was investigated. The off-diagonal components in the gradient are usually assumed to be small, but here they were
found to be on the same order of magnitude as the diagonal terms. This work demonstrates the need for a scale
resolving simulation technique to accurately model cardiovascular flows.
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1 Introduction

Turbulence in the arterial blood flow may in-
crease the risk for hemolysis [1] as well as
platelet activation and thrombus formation [2, 3].
It is also suggested that turbulence may be in-
volved in the pathogenesis of atherosclerosis [4,
5, 6]. The peak Reynolds number (Re) in the
aorta is about 10 000 under normal resting condi-
tions [4], thus, although pulsating, turbulence in
the arterial system is not unlikely.

The interior surface of a blood vessel is cov-
ered with a single layer of cells, the endothe-
lium, and apart from blood pressure the cells are
subjected to a shear force, the Wall Shear Stress
(WSS) from the blood, which can trigger cell
alignment with flow direction [7, 8, 9, 10, 11].

Vascular WSS has also been correlated to cardio-
vascular disease, and considerable research has
been done in this field. Close to arterial bifurca-
tions and constrictions, flow characteristics such
as separation, recirculation and reattachment al-
ters the WSS signal, which can have aggravating
effects on the endothelium [12, 13]. Also, the
type of flow is important to consider when eval-
uating WSS; Davieset al. [11] performed exper-
iments where they subjected cell monolayers to
both laminar and turbulent flow, and found that
endothelial cell turnoverin vitro was consider-
ably more sensitive to low shear stress in turbu-
lent flow, than to high shear stress in laminar flow.
The WSS signal affecting the cells in turbulent
flow is fluctuating both in magnitude and direc-
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tion, while in a laminar flow the signal is steady.
Several researchers [14, 15, 16, 17, 18] have

proposed that the rate of change of WSS with re-
spect to either time or position plays an impor-
tant role in the injury of the endothelial cell layer.
These wall shear stressgradients (WSSG), can
injure the cells by causing e.g. high cell turnover,
leaky cell junctions, enhanced permeability, or
even cell-cell bond rupture [19].

Experimental in vitro studies of turbulent
flows have been conducted in straight circular
pipes with constrictions, representing idealized
models of stenosed vessels. During the 1980’s
Giddens and co-workers [20, 21, 22, 23] used
Laser Doppler Velocimetry (LDV) to study flows
in axi-symmetric pipes with a cosine shaped
stenosis of either a 25%, 50%, or 75% reduc-
tion of the cross sectional area. Reynolds num-
bers (Re) from 500 to 15000 were considered
in steady flows and Reynolds numbers from 200
to 1000 in pulsating flows were investigated.
The axial velocity component was measured, and
mean as well as fluctuating components were de-
termined. Post-stenotic turbulence was found for
Reynolds numbers of 1000 or higher when the
stenosis was 75 % in steady flow. ForRe = 250
andRe = 500 the flow remained laminar, al-
though periodic shear layer oscillations were de-
tected in the latter case. The effect of pulsatility
made the distal flow more disturbed than steady
flow at the same mean Reynolds number.

Turbulent flows are inherently unsteady and
characterized by three dimensional eddies. These
range in size from the largest eddies, governed
by geometrical and large scale flow features, to
the smallest scales (known as the Kolmogorov
scales) determined by the viscous dissipation.
Davies et al. [11] calculated the Kolmogorov
scale to be within a factor of 5 of an individ-
ual endothelial cell in their experiment, implying
that significant shear stress gradients are present
over distances comparable to cellular dimen-
sions. Thus, reasonable modeling of the interac-
tion between turbulent WSS and endothelial cells
requires appropriate treatment of the smallest tur-
bulent scales. Reynolds Averaged Navier-Stokes
(RANS) models are relatively cheap to run but
do not resolve any turbulent motion. No RANS
model has yet succeeded to match velocity or tur-

bulence quantities from measurements or Direct
Numerical Simulation (DNS) predictions for this
kind of pipe flow, and consequently, will not pre-
dict the turbulent WSS or WSSG either. DNS of
the full Navier-Stokes equations is the most accu-
rate computational method available for simula-
tion of turbulent flows. In contrast to RANS mod-
eling, a DNS resolves all of the turbulent motion
in the flow. However, a DNS quickly becomes
enormously costly in terms of computational re-
sources when the Reynolds number is increased.
The geometrical complexity of the model is also
severely restricted due to the numerical methods
used in DNS.

Large Eddy Simulation (LES) is a computa-
tional method that combines the advantages of
RANS models and DNS. The large, energy car-
rying turbulent eddies are resolved in time and
space, while the small eddies are modeled. Al-
though the computational cost is considerably
higher for LES compared to RANS, the cost is
much less in comparison to DNS. Still, most of
the flow dynamics of interest is resolved in LES,
and it usually demonstrates a superior perfor-
mance compared to RANS. Furthermore, transi-
tion to turbulence can be resolved with LES, and
complex geometries are not a general limitation.
In addition Antiga and Steinman [24] discussed
the need of scale resolving techniques for appro-
priate modeling of the deformation of blood con-
stituents.

Several studies in which turbulent pipe flow
or channel flow is simulated have been presented.
The standard and transitionalk − ω models were
compared to LDV measurements [21, 22] for
both pulsating and non-pulsating flows using a
fully three-dimensional model of a stenosed pipe
with a 75% stenosis [25]. The effects of im-
posing small disturbances at the inlet were in-
vestigated. Velocity profiles partly agreed with
measurements forRe = 500 andRe = 1000,
and center line turbulence intensity agreed qual-
itatively if low disturbances were imposed at the
inlet, although the onset of turbulence occurred
later compared to the findings in the experiments.

An initial study of the possibilities for LES
to be used for turbulent cardiovascular flows was
was presented in [26]. The geometry was a planar
channel with a semicircular half sided stenosis
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using a combined finite difference spectral solver.
Post-stenotic turbulence was observed with all its
complex attributes, and the potential of LES for
accurate prediction of cardiovascular flows was
demonstrated.

Mittal et al. [27] applied LES and DNS to
pulsatile flow of peak Reynolds numbers between
750 and 2000 in a planar channel with a one
sided stenosis. Their findings demonstrate post-
stenotic transition to turbulence for Reynolds
number greater than 1000. Transition takes place
where the separated shear layer reattaches to the
wall, and is associated with high shear stress os-
cillation. For Re≤ 1000, the absence of an iner-
tial shear layer indicates no full transition to tur-
bulence, which is in agreement with experimental
observations [21].

DNS using a high-order spectral element
method was applied to model the flow in a
stenosed carotid bifurcation [28]. For mean and
peak Reynolds numbers of 266 and 911, respec-
tively, the results revealed post-stenotic transi-
tional behavior during systole and laminar flow
during diastole. High WSS was observed in the
stenosis, and large WSSG appeared as a result of
flow separation.

DNS has also been used to study transitional
flow in circular pipes with both symmetric and
eccentric stenoses [29, 30]. Steady as well as
pulsatile flows with Reynolds numbers ranging
from 200 to 1000 were investigated. A fully
developed, disturbance free velocity profile was
imposed at the inlet, and a geometrical eccen-
tricity was introduced at the stenosis to trigger
post-stenotic turbulence. The steady flow tran-
sitioned to turbulence about 5 diameters down-
stream, with the velocity spectra taking a broad-
band nature, with the usual -5/3 slope. The sen-
sitivity of stenosis degree was investigated, using
three geometries: 70, 73 and 75 % area reduction.
It was found that the velocity profiles matched
experimental data perfectly immediately down-
stream for the 73 % case. Further downstream
the profiles diverged and the simulated flow reat-
tached much further downstream compared to the
experimental data. The pulsatile flow was simu-
lated to investigate the periodic transition and re-
laminarization of post-stenotic flow. The results
indicated that early and mid-acceleration phases

were relatively stable with no turbulent activity
after the stenosis. However, at the end of the ac-
celeration phase, vortex breakup was found and a
turbulent location was formed in the poststenotic
region, with breakdown of streamwise vortices
at peak flow. During the deceleration phase the
flow lost its momentum and began to relaminar-
ize. The breakdown at peak flow resulted in high
WSS levels in the turbulent region, with large ax-
ial and circumferential fluctuations. Same au-
thors also presented one of the more thorough
RANS studies in which the RNGk − ǫ model,
the realizablek − ǫ model, ak − ω model, and
a Reynolds Stress Model (RSM) were used in
the eccentric stenosis for a flow with a Reynolds
number of 1000 [31]. The results were compared
to the DNS data, but a poor agreement was ob-
served for all models. It is noticeable that the
more sophisticated RSM did not perform better
than the two-equation models.

A few studies where LES is applied for tur-
bulent pipe flow have been presented. Mittalet
al. [26, 27] conducted the most thorough; both
LES and DNS were evaluated. Their work con-
cerned pulsatile flow in a rectangular pipe with
a one-sided semi-circular constriction (50% area
reduction); the authors comment that the geome-
try does not account for the circular cross section
of a typical artery, and call for further studies us-
ing more realistic geometries.

Vargheseet al. [31] also performed LES of
the flow in a circular pipe with an eccentric steno-
sis, however time averaged quantities were not
obtained. They concluded that LES might offer
a promising route towards predicting transitional
stenotic flows, but added that the computational
cost is greater compared to traditional turbulence
models.

The studies mentioned above have shown the
complexity of cardiovascular flows as well as the
potential of LES as a simulation tool. Most of
them have used high-order research codes. In this
work the aim is first to validate a general-purpose
code, i.e. a code not developed for a particular
application, against available experimental data.
An investigation of the sensitivity to outer distur-
bances is conducted, in order to evaluate whether
a certain amount of inlet disturbances can be im-
posed to control transition and hence reproduce
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Figure 1: The circular pipe used for the computations.

experimental data.Secondly, LES, as a scale re-
solving technique, is applied for estimation of
WSS and WSSG patterns in steady and pulsatile
turbulent flows.

2 Method

The geometry consisted of a circular pipe with
a cosine shaped stenosis previously described
by [20], Fig. 1. A 75% reduction of the cross-
sectional area was prescribed at the stenosis
throat. Upstream of the stenosis the length of
the pipe was 4 diameters,D, and the downstream
length was 20D, Fig. 1. These distances were
based on a boundary position study conducted by
Ryval et al. [25].

2.1 Large Eddy Simulation

The governing equations for LES are obtained
by spatial filtering of the time-dependent Navier-
Stokes equations. Filtering is conducted using a
filter width, ∆̄, corresponding to the grid size,
and a filtered variablēφ is obtained as

φ̄ =
1

V

∫

V

φ(x)dx. (1)

Scales thatare smaller than the filter width are
referred to as sub-grid scales (SGS). For a fluid
with densityρ, velocity componentsui, pressure
p, and kinematic viscosityν, the filtered continu-
ity and momentum equations are:

∂

∂xi

(ūi) = 0, (2)

∂ūi

∂t
+

∂

∂xj

(ūiūj) = −
1

ρ

∂p̄

∂xi

+
∂

∂xj

(
ν
∂ūi

∂xj

)
−
∂τij

∂xj

.

(3)
The sub-gridstress tensorτij is defined by

τij = uiuj − ūiūj. (4)

The deviatoric part of the sub-grid stresses were
modeled using the dynamic Smagorinsky-Lilly
model [32, 33, 34], giving

τij −
1

3
τkkδij = −2νtS̄ij, (5)

whereνt is the SGS turbulent viscosity,τkk is the
isotropic part of the SGS stress tensor (which for
incompressible flow is negligibly small), and̄Sij

is the rate-of-strain tensor of the resolved turbu-
lence defined by

S̄ij =
1

2

(
∂ūi

∂xj

+
∂ūj

∂xi

)
. (6)

The turbulent viscosity is now obtained as

νt = L2

s|S̄|, (7)

whereLs is the mixing length,

Ls = min(κd, Cs∆), (8)

determined by the von Ḱarmán constantκ, the
distance to the closest walld, the cubic root of
the cell volume∆, and the Smagorinsky constant
Cs. The latter is computed dynamically using in-
formation from the resolved scales.

The simulations were carried out using AN-
SYS Fluent 6.3 (ANSYS, Inc., Canonsburg,
PA, USA), which employs a cell-centered finite-
volume method. For all simulations the fluid was
assumed to be incompressible and Newtonian. A
segregated solver with the fractional-step solu-
tion algorithm was used, and time control was
obtained using a non-iterative time advancement
scheme. The time step was set to get a Courant
number less than 1, and the flow was initialized
with the average velocity at the inlet. All simula-
tions were run on the Linux clusters Neolith and
Kappa at National Supercomputer Centre (NSC),
Linköping University, Sweden.

Diffusive and convective fluxes were dis-
cretized using second-order central differencing,
and the pressure at a cell face was computed us-
ing a discrete continuity balance for a staggered
control volume. A fully implicit second order
scheme was used for the temporal discretization.

Poiseuille flow was specified at the inlet,
and perturbations representing outer disturbances
were superimposed onto the laminar velocity pro-
file. For the unsteady case the temporal pulse
profile varied according to the mass flow rate ob-
tained from Magnetic Resonance Imaging from
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Figure 2: Normalized mass flow rate for the pulsatile
flow. The time points indicated are used for WSS as-
sessment.

a young healthy male under resting conditions,
Fig. 2. The peak Reynolds number was 2644. At
the outlet a static pressure was specified, while all
other properties were extrapolated from the inte-
rior solution. No-slip was prescribed at the pipe
surface and the walls were rigid.

The inlet perturbations were generated using
a variant of the vortex method [35, 36]. It pro-
duces a spatially correlated disturbance field de-
pending on a specified intensityIin, the mesh
size, and the time step size. Unphysical nu-
merical oscillations commonly obtained for com-
pletely random disturbances that may deteriorate
the solution are thus avoided. Three distinct cases
of inlet intensities were considered: none (NP),
small (SP), and large (LP) perturbations corre-
sponding toIin = {0, 1%, 10%}. As a special
caseIin = {15%} was also tested and will be
denoted very large perturbations (VLP). As these
are purely artificial and superimposed onto a lam-
inar profile, their magnitude will adjust down-
stream from the inlet. Before entering the steno-
sis the fluctuations are of the same size as the ex-
perimental observations, which was the desired.

The simulations were performed on a fully
structured mesh containing 6 million cells (MC),
with reduced cell size in the stenotic and post-
stenotic regions. In the vicinity of the pipe wall
the cell size was also gradually reduced. The
non-dimensional wall distancey+ was less than
0.2 in the fully turbulent region forRe = 2000.

ANSYS Gambit 2.4 (ANSYS, Inc., Canonsburg,
PA, USA) was used for the meshing. A grid in-
dependence test was performed forRe = 2000
using large perturbations at the inlet. Root mean
square values of the axial velocity fluctuations
for the 6 MC mesh were compared to results ob-
tained with a 12 MC mesh, Fig. 3. Z is a non-
dimensional coordinate indicating the axial po-
sition downstream of the stenosis in unoccluded
diameters, i.e. Z = 0 corresponds to the throat
of the stenosis. Regions of acceleration and de-
celeration coincided, and the difference was less
than 4%. Same behavior was seen when compar-
ing WSS, and hence grid convergence was con-
sidered to be achieved. No effort was made to
minimize the number of cells in the mesh.
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Figure 3: Results from the 6 MC-mesh are compared
to results froma 12 MC-mesh through the entire pipe
confirming grid independence (Re= 2000, LP). Z is
the axial coordinate non-dimensionalized by the unoc-
cluded diameter. The difference at every axial location
is less than 4%.

2.2 Wall Shear Stress Components

Since WSS only exists parallel to a surface,
it can be described as a two-component vec-
tor τw = (τm, τn), whereτm denotes the WSS
component in the mean flow direction andτn
the WSS component tangential to the surface
and normal toτm. From the simulations the
WSS vector was given in Cartesian coordinates
asτw = (τw,x, τw,y, τw,z), which therefore had to
be mapped intom,n-components. Theτm com-
ponent equals theτw,x component in the Carte-
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sian coordinate system since the mean flow is in
the (axial)x direction, while the τn component
points in the circumferential direction and was
calculated as the magnitude of theτw,y andτw,z

components:

τm = τw,x (9)

τn =
√
τ 2w,y + τ 2w,z (10)

The WSS components were evaluated on
each of the mesh points on the entire post-stenotic
surface, yielding some 50 000 data points per
time step. To get statistical convergence on the
gradient calculations, 12 000 time steps were
used, corresponding to a flow time of 0.6 s
(steady state). WSS was also monitored in one
point at every diameter downstream of the steno-
sis in order to evaluate the temporal angular vari-
ation of the shear stress vector.

2.3 Wall Shear Stress Gradient

When the axial and circumferential WSS compo-
nents are known, the gradient∇τw (WSSG) can
be computed by taking the spatial derivatives of
τw, as:

∇τw =

[
∂τm
∂m

∂τm
∂n

∂τn
∂m

∂τn
∂n

]
(11)

The gradientwas calculated using second-order
finite differences which accounted for non-
uniformity in spatial step size in the axial direc-
tion. The WSSG is an asymmetric second-order
tensor with four components, and it has been

hypothesized that the diagonal components∂τm
∂m

and ∂τn
∂n

are responsiblefor intracellular ten-

sion and that the off-diagonal components∂τm
∂n

and ∂τn
∂m

are responsiblefor intracellular shear-
ing [19, 37, 38, 39]. In a uniform flow field
the WSSG would be equal to zero, so wher-
ever WSSG is non-zero the flow environment is
nonuniform.

A common parameter using WSSG compo-
nents for correlation with vascular diseases is
|WSSGS|, [40, 41, 42, 43], defined as:

|WSSGS| =

√(
∂τm

∂m

)2

+

(
∂τn

∂n

)2

(12)

In Eqn.12 the off-diagonal components in∇τw

are neglected and only the intracellular tension
generating components are considered. This is
because it is hypothesized that those two compo-
nents are the ones contributing most strongly to
cell turnover, gap widening and bond rupture be-
tween endothelial cells [19, 38]. However, even
though large time averaged|WSSGS| values have
been correlated with the onset of atherosclero-
sis [41, 44], and sites of increased neointimal hy-
perplasia [41, 45, 46, 47], it is not certain that the
off-diagonal terms can be neglected. As will be
shown in this paper, their magnitude can be of the
same size or sometimes even larger than the diag-
onal terms, and may therefore also contribute to
cell deformation.

3 Results and Discussion

Pulsating and non-pulsating flows in an axi-
symmetric stenosed pipe have been investigated
in order to assess the feasibility of LES using
a general purpose code for simulation of flows
in subject specific vessel models, and to investi-
gate how turbulence affects WSS. Non-pulsating
flows of Re = 500, Re = 1000, and
Re = 2000 were simulated since measurements
and/or DNS predictions were available, and the
solver could be validated. The pulsating flow was
based on a physiological pulse profile with a peak
Reynolds number of 2644.

All presented velocities are normalized by
the average inlet velocity,Vav. Instantaneous
axial velocity was monitored continuously in a
number of points along the center line for the
non-pulsating cases, and sampling of statisti-
cal data was started when the initial transients
had disappeared. Convergence was considered
achieved when the time averaged values had lev-
eled out.

3.1 Solver Validation

To ensure that the basic solver settings and nu-
merics are appropriate a simulation withRe =
500 LES predictions were compared to DNS [29]
predictions and experimental values [21].

Fig. 4 shows velocity profiles at various loca-
tions downstream of the stenosis. R is the local
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Figure 4: Velocity profiles forRe = 500. LES pre-
dictions are compared to LDV measurements [21] and
DNS predictions [29]. R is the local pipe radius and r
the radial coordinate.

pipe radius and r the radial coordinate. Four ve-
locity profiles were extracted at each cross sec-
tion and used to compute an average profile. Per-
fect agreement was found between LES without
inlet disturbances and DNS; the latter were run
without any imposed perturbations. Hence, it was
assumed that the basic settings were appropriate
for the present problem. No turbulence was ob-
served; and disturbances at the inlet merely re-
sulted in oscillations in the shear layer, which was
also found in the experiments [21] and discussed
by [48]. The ratio of the turbulent viscosity to
the molecular viscosity was essentially zero, also
indicating that all the motion was resolved.

Inlet perturbations of various degrees were
applied in order to represent outer disturbances
of any kind possibly affectingin vitro as well as
in vivo flow. These were generated using a vari-

ant of the vortex method, by which the specified
intensity determines the magnitude of the pertur-
bations on the mean velocity components. As the
perturbations are artificial they will adjust to fit
the flow during the entrance of the pipe, see Fig.5
showing normalized fluctuations of the axial ve-
locity component. The imposed perturbations re-
sult in fluctuations of about 3% or less of the
mean axial velocity prior to the stenosis. Further
reduction of the fluctuations is seen due to the
acceleration before the stenosis (located between
Z = -1 and Z = 1) although the levels are still
1 % to 1.5%. Thus at the stenosis the fluctuations
are compareable with the measurements [22] and
they prevail through the stenosis.
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Figure 5:Fluctuation of the axial velocity component
in the inlet section forRe = 1000 (a) and 2000 (b).
The disturbances decreased rapidly from the specified
inlet values adjusting to physical levels for the present
flow. In addition, they also affect the flow in the post
stenotic region. SP: small perturbations, LP: large per-
turbations, and VLP: very large perturbations.

The lowest Reynolds number for which tur-
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bulence was detected in the experiments was
1000 [21]; the DNS on the other hand did not
indicate any transition for this Reynolds number
as long as the flow was undisturbed.

Without inlet disturbances, LES predictions
showed a large time scale intermittent behavior
where the transitional region moved back and
forth between the outlet and Z≈ 3 in cycles al-
tered by completely laminar flow. Since this be-
havior was not seen in the DNS, it can probably
be derived to differeces in the numerics between
the LES and the DNS. For simplicity, (regard-
ing the undisturbed case only) statistics was only
collected during the laminar periods. Time aver-
aged velocity profiles and centerline fluctuations
are shown in Fig. 6 and Fig. 7, respectively. DNS
predictions, which were obtained without distur-
bances and did not show any post-stenotic tran-
sition [29], are replicated perfectly by the lami-
nar, undisturbed flow, whereas the experimental
observations are approached as the disturbances
increase. Addition of a perturbation always re-
sulted in post-stenotic turbulence; the larger the
disturbance the shorter the distance between the
stenosis and the reattachment point. For SP tran-
sition occurred after Z = 6, which explains the
good agreement for this case with the DNS in
Fig. 6. A similar behavior is seen for the veloc-
ity fluctuations. At the throat the highly disturbed
flow is closest to the measurements, but does still
not reach these, hence the VLP case correspond-
ing toIin = 15% was conducted. Apparently this
was somewhat too large and additional studies re-
vealed that the optimal inlet disturbance in this
case was close to 13 % (not shown here). The
fluctuations decreases quickly towards the exit,
but remains above 5% throughout the pipe indi-
cating that no relaminarization takes place.

As the agreement with DNS predictions is
satisfactory and the transition can be controlled
by suitable amounts of perturbation at the inlet
the solver settings and numerics was considered
adequate for the present flow, and the study was
continued to simulate steady flow of Re = 2000,
for which there are measurements, but still no
successful numerical replication of these. RANS
models have failed, whereas no attempts with
scale resolving techniques to our knowledge have
yet been published. In addition, this case al-
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Figure 6: Velocity profiles forRe = 1000. LES
predictions are compared to LDV measurements [21]
and DNS predictions [29]. R is the local pipe radius
and r the radial coordinate. For the DNS data, the
boxes only distinguish the lines, they do not indicate
discrete values. NP: no perturbations, SP: small per-
turbations, LP: large perturbations, VLP: very large
perturbations.
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Figure 7: Fluctuation of the axial velocity component
for Re = 1000 along the center line. Experimental
data from [22].
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lows for a characterization of WSS in turbulent
flow using a general purpose code. LES has pre-
viously been applied to pulsating flows with a
peak Reynolds number less than 2000 in a pla-
nar channel [26, 27]; but flows in circular pipes
of Re = 2000 have only been studied using
statistical turbulence models, and as pointed out
these models are yet to be validated against LES
or DNS [29].

Time averaged velocity profiles at various ax-
ial locations are show in Fig. 6. Post-stenotic tur-
bulence was always observed, even for the case
without inlet perturbations, and a blunt turbu-
lent velocity profile was always developed before
Z = 6 independent of the disturbances at the inlet.
The location of the transition point could be con-
trolled by the disturbances, and in this case, the
medium sized perturbation created a flow field
in close agreement with the experiments [21],
where a recirculation zone extending to Z≈ 2.8
was observed. The LP LES predicted a corre-
sponding reattachment at Z≈ 3.3. Without dis-
turbances the reattachment point was located at
Z ≈ 4.4.

Instantaneous velocity profiles for LES with
large perturbations, Fig. 9, show a smooth pro-
file at the stenosis throat, whereas the profile at
Z = 2 suggests a more complex flow field where
the vortical structures from the broken shear layer
marks the profile. Relatively quickly, however
the size of the structures is decreased and the
profiles develop towards the known blunt shape
further downstream. This is further supported
by Fig. 10 showing instantaneous vorticity mag-
nitude for the LP case. A shear layers devel-
ops from the stenosis and rolls up into smaller
vortices. There is no distinct development of a
shear layer along the pipe wall which was found
in [27]. However, isolated spots of high vortic-
ity after the shear layer roll up suggest oscilla-
tory shearing at the pipe surface, which in turn
can affect the function of endothelial cells in this
region.

Turbulent fluctuations along the center line
for the axial velocity component are shown in
Fig. 11. For no and small perturbations only
minor differences between the curves could be
distinguished, and the transition as well as re-
covery of the flow occurred further downstream
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Figure 8: Velocity profiles forRe = 2000. The LES
predictions are compared to LDV measurements [21].
R is the local pipe radius and r the radial coordinate.

0 1 2 3 4 5
0

0.2

0.4

0.6

0.8

1

V/V
z

r/
R

 

 

Z=0
Z=2
Z=4

0 1 2 3 4 5
0

0.2

0.4

0.6

0.8

1

V/V
z

 

 

Z=6
Z=8
Z=10

(a)

Figure 9: Instantaneous velocity profiles forRe =

2000, LP. R is the local pipe radius and r the radial
coordinate.
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(a)

Figure 10: Instantaneous vorticity forRe = 2000,
LP, in a plane through the stenosis. White is counter
clockwise and black is clockwise.
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Figure 11: Fluctuation of the axial velocity compo-
nent forRe = 2000 along the center line. Experi-
mental data from [22].

compared to the experiments. The large pertur-
bation, however, matched the experimental tur-
bulence intensities along the pipe. The width of
the turbulent region was basically unaffected by
the amount of disturbances applied at the inlet.
All simulated flows also showed remaining tur-
bulence all the way to the exit, thus no complete
relaminarization occurred. The effect of the var-
ied inlet disturbance is, as indicated in Figs. 8
and 11, mainly a change in the location of the
reattachment point.

Whereas RANS models have failed to repro-
duce the experimental data also for this Reynolds
number [49, 50], LES seems to be capable of cap-
turing the flow behavior in the stenosed pipe. A
problem reported for RANS models [25] was that
a high inlet disturbance provoked onset of turbu-
lence in or even before the stenosis throat. Ac-
cording to Fig. 11 this did not occur with LES,
instead the onset of turbulence always accompa-
nied the jet break-down in the post-stenotic re-
gion.

Being a scale resolving technique LES
should resolve the larger turbulent structures of
the flow whereas the smaller ones are modeled.
In Fig. 12 the structures of the turbulence are il-
lustrated by the normalized Q-criterion [35]. It
can be seen that smaller structures reside in the
post stenotic area where the jet breaks down,
whereas larger and longer structures form as the
flow progresses downstream.

Figure 12: Turbulent structures in the flow.
Re = 2000, LP, visualized by the normalized Q cri-
terion.

3.2 Wall Shear Stress

As shown in the previous section the velocity
field is characterized by pronounced turbulent
fluctuations. Thus, parameters derived from the
velocity field should be expected to fluctuate ac-
cordingly. Under the assumption of a Newtonian
fluid, WSS is directly proportional to the veloc-
ity gradients, and oscillatory WSS has been cor-
related with the risk to develop atherosclerotic
lesions. A thorough investigation of the WSS
in a turbulent flow is therefore of great impor-
tance. Rose plots in Figs. 13 and 14 show the
directional distribution of the WSS vector at var-
ious post-stenotic locations (points) sampled dur-
ing 200 000 time steps, or 10 seconds flow time
for NP and LP, respectively. Zero degrees corre-
spond to a WSS completely aligned with the pipe
axis and directed downstream. Each sector of a
rose plot represents an angular interval of 7.2◦ of
the WSS vector.

Both figures indicate retrograde WSS in the
immediate post-stenotic region, corresponding
to the recirculation zone, no dominant direc-
tion at reattachment, and WSS aligning with the
main flow direction further downstream. Conse-
quently, WSS at the reattachment point is very
oscillatory.
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In the present study the walls are rigid, how-
ever ina study by Lantzet al. the WSS and wall
motion in a subject specific human aorta were
computed using fluid-structure interaction (FSI)
and the results were compared with a rigid wall
assumption [51]. It was found that the influence
of wall deformation on the time-averaged WSS
was low, while instantaneous WSS values dif-
fered between the FSI and rigid models. There-
fore, when regarding time-averaged WSS values
the rigid wall assumption is valid.
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Figure 13: Directional distribution of the WSS vector
for NP,calculated from 10 s flow time at various loca-
tions along the pipe for undisturbed flow at the inlet.
WSS directed in the main flow direction (along the
axis of the pipe) corresponds to 0◦.
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Figure 14: Directional distribution of the WSS vector
for LP, calculated from 10 s flow time at various loca-
tions along the pipe for undisturbed flow at the inlet.
WSS directed in the main flow direction (along the
axis of the pipe) corresponds to 0◦.

As the WSS vector does not point in a certain
direction inside the reattachment zone, WSSG
was computed to further analyze the WSS
behavior. When regarding the WSSG, it has
previously been assumed that the diagonal terms
are the ones most responsible for pathological
processes. This has been manifested by the
|WSSGS|-parameter, Eq. 12, which uses the

diagonal components in the gradient. However,
to get a better understanding of the impact of
the WSSG, all four components of the gradient
are here considered. The magnitude of each of
the components is first averaged at each cross-
section and then averaged over time, and plotted
against the axial coordinate Z, Fig. 15. The
largest magnitude for all components coincide
with the (average) reattachment point which is
located atZ ≈ 4.4 for NP andZ ≈ 3.3 for LP.

The ∂τn
∂n

component is morethan twice as
large as the three other components at reat-
tachment in the undisturbed case, while it is
equal in magnitude compared to∂τm

∂m
in the

disturbed case. In both cases the magnitudes
are of the same order, about109 Pa/m, inside
the recirculation zone. It is noticeable that∂τm

∂m
has the fastest decay rate in both cases, and
becomes the least significant component after
the recirculation zone.

In the recirculation zone the off-diagonal
terms are equal or lower in magnitude compared

to the diagonal terms. However, the∂τm
∂n

compo-
nent has theslowest decay rate, and it is even the
largest component in the gradient after the recir-
culation region. Before and after reattachment

the magnitudes are equal (except∂τn
∂n

), it is only
the peak values that differ, which in addition
are strongly dependent of the inlet conditions.
When calculating the|WSSGS|-variable the off-
diagonal terms are often neglected as it has been
hypothesized that they are much smaller, and
thus, do not contribute to pathological processes.
However, this work shows that all components in
the WSSG gradient can be on the same order of
magnitude, making the assumption of neglecting
the off-diagonal components questionable.

3.3 Unsteady Flow

Pulsating flow based on a physiologically rele-
vant pulse profile, see Fig. 2, was investigated in
order to assess the WSS pattern during a pulse.

Instantaneous plots of vorticity magnitude
along the pipe are shown in Fig. 16. Similarly
to [27] at maximum acceleration, a shear layer
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Figure 15:The WSSG magnitude of each of the four
components in the gradient. (a) NP, (b) LP.

develops from the stenosis throat and separates.
In the circular pipe the vortex is also circular at
this instant and interacts with another shear layer
developing along the pipe surface. At peak sys-
tole, i.e. when the inflow is at its maximum, the
flow is characterized by several vortical struc-
tures, although the larger structures seen in the
channel flow do not appear. At maximum decel-
eration the shear layers exist further downstream,
as was also the case for the channel flow.

(a) (b)

(c)

Figure 16:Vorticity magnitude in the stenotic area at
(a) maximum acceleration, (b) maximum inflow (peak
systole), and (c) maximum deceleration. The whiter
the higher magnitude.

Thy angular distribution of the WSS vector
was investigated during a pulse, and the results
are shown in Fig. 17 at various positions along
the pipe, and during different parts of the pulse.
Before maximum acceleration, i.e. during∆t12,
Fig. 2 index 12 refers to the time between point
1 and two, the WSS is directed forward along
the entire pipe, without any significant directional
changes. Around peak systole (during∆t23), on
the other hand, the WSS vector shows a oscilla-
tive behavior in the immediate post stenotic re-
gion, where the endothelial cells would be sub-
jected to loads in all possible directions. Fur-
ther downstream the onset of oscillatory WSS is
somewhat delayed, and due to viscous damping
not as pronounced as for Z≤ 4. The late deceler-
ation phase (∆t34) is characterized by retrograde
WSS for Z≤ 4, whereas oscillations still prevail
further downstream. During diastole (∆t45 and
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Figure 17: Directional distribution of the WSS vec-
tor for unsteady flow calculated during one pulse at
various locations along the pipe. WSS directed in the
main flow direction (along the axis of the pipe) cor-
responds to 0◦. Each column corresponds to the time
between to instants in Fig. 2

∆t56) the oscillations progress towards the out-
let, and during end diastole the flow mainly shift
between forward and backward, with the former
dominating in the first half of the pipe.

4 Concluding Remarks

In this work the feasibility of LES, using a gen-
eral purpose code, for cardiovascular applications
has been demonstrated. It was shown to manage
to predict experimental data of turbulent flows
in a stenosed pipe for Reynolds numbers up to
2000. Characteristic features for turbulent flows
demonstrated by high order solvers for similar
flows are also found in this study.

For steady flow the WSS pattern changes
along the pipe, from being directed backwards
in the recirculation zone to a clear forward di-
rection further downstream. At the reattachment
point, there is no dominant direction; instead this

is a region where considerable spatial as well as
temporal variations prevail. For pulsatile flow,
the WSS shows different behavior at different in-
stants along the pipe. Oscillatory WSS is seen
from the end of the stenosis to the exit. The im-
mediate post-stenotic region is subject to a WSS
in all directions, with the largest variation near
peak systole, and during late diastole the WSS is
either oriented straight forward or backward.

All components of the WSSG tensor were
shown to be on the same order of magnitude, and
thus neglecting the off diagonal terms might im-
ply a severe underestimation.
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