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A FLOW IN THE BLOOD VESSEL
WITH A ONE-SIDE STENOSIS: NUMERICAL STUDY
OF THE STRUCTURE AND LOCAL TURBULIZATION
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In the paper, the LES results of a flow by using a model of the blood vessel with a one-side 70%
stenosis, at a Reynolds number of 1803, have been presented. The Germano — Lilly model was
applied to subgrid viscosity evaluation. A jet-like zone and a recirculation one were found to stand
out just behind the stenosis, and a pair of secondary-flow vortices forms being within each of them.
Instabilities of the mixing layer initiated the flow turbulence with formation of vortex structures of
different scales at the boundary between the reverse flow zone and the jet. These structures filled
the whole cross-section of the vessel about the flow attachment point. Turbulent shear stresses were
significant in magnitude only at a flow section of about four-caliber length. Further downstream, the
flow relaminarised.
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YNCNEHHOE UCCNIEAOBAHUE CTPYKTYPbI
U NOKAJIbHOU TYPBY/IU3ALLUU TEYEHUA
B KPOBEHOCHOM COCYAE C OAHOCTOPOHHUM CTEHO30M

A.A. NaraynuH, E.M. CMmupHoB

CaHkT-MeTepbyprcknin NONUTEXHUYECKUI YHBEpCUTET MeTpa Benwnkoro,
CaHkT-MeTepbypr, Poccuiickas denepaums

B crarbe mpencraBieHbl pe3ysbTaThl pacueTOB TEYEHUS] B MOJEIM KPOBEHOCHOTO COCyla ¢ Ofi-
HocTOpOoHHUM cTeHo30M 70 % mipu uncie PeitHonbaca, pasaom 1803. YucneHHOe pellieHUe moJry-
YEHO METOJIOM MOJEIMPOBAHUS KPYITHBIX BUXPE M0 NTMHaMu4eckoii monenu xxepmano — JIinmau
JJIS. OLIEHKH TOJCETOYHON BSI3KOCTU. YCTAHOBJIEHO, YTO HEMOCPEACTBEHHO 32 CTEHO30M B IOTOKE
BBIIEJISIIOTCS 2 30HBI: CTPYWHOTO TeUeHMST U OOLIMpPHAsT PELUMPKYJISILIMOHHAS, a B KaXKI0W MPUCYT-
CTBYET Mapa BUXpeil BTOpPUYHOTO TeueHUs1. HeycToiumBOCTH C10s CMEIIeHUsT Ha TpaHUIe CTPYU U
30HBI OOPAaTHOI'O TEUECHUSI MHUIIMUPYIOT TypOyIM3alnio MoToka ¢ o0pa3zoBaHWEeM pa3HOMAacIITad-
HBIX BUXPEBBIX CTPYKTYp. [TocienHue 3amomHsIOT Bce TTOMepevyHoe ceueHre cocyia B OKPECTHOCTH
TOYKU TpucoennuHeHus. TypOyaeHTHbIE HAMPSIKEHWST 3HAUUTEJIbHBI TI0 BEJIMYMHE JIMIIb Ha yJyacTKe
JTUTMHOM 0KOJIO YeThIpeX KaTuOpoB. BHU3 MO MOTOKY TeUeHHWe peJaMUHAPpU3UPYETCs.

KioueBbie cJ10Ba: KPOBOTOK, CTEHO3, TYPOYJIEHTHOCTD, YUCIIEHHOE MOACINPOBAHNE, METO MOJIEITH -
pOBaHMS KPYITHBIX BUXpPEid
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Introduction

Modern computational fluid dynamics
(CFD) offers the broadest range of tools for sim-
ulating blood flow in various segments of the vas-
cular bed. Laminar flow is established in small
and medium-sized vessels, where the Reynolds
number Re does not exceed 1000. We considered
the spatial structure of laminar flow in carotid
artery models, including the case of stenotic ves-
sels (persistent narrowing of its lumen), in several
earlier studies [1 — 3]. However, the flow behind
the stenosis in large blood vessels is characterized
by higher values of the Reynolds number and is
particularly difficult to compute. The flow be-
hind the stenosis in such vessels actually turns
out to be cyclically transient, since it is locally
turbulent during a period in the cardiac cycle,
remaining completely laminar for the rest of the
cycle. Developing approaches to simulation of
the turbulence occurring locally holds the key to
obtaining sufficiently reliable predictions.

Turbulent flows in stenotic vessels are tra-
ditionally computed using models based on the
Reynolds-Averaged Navier — Stokes equations
(RANS) [4 — 7]. It was established that RANS
models are capable of providing good agreement
between the computed field of averaged velocity
and the measured data; however, the predictions
obtained for some turbulence characteristics that
are interesting for biomedical applications turn
out to have very low quality.

Direct Numerical Simulation (DNS) [8 — 11]
and eddy-resolving models (including primar-
ily Large Eddy Simulation or LES) [12 — 15]
have become widely popular in recent years for
improving the quality of numerical analysis of
turbulent flows in stenotic vessels. All compo-
nents of unsteady vortex motion are completely
resolved within the DNS method, which means
that the computational costs for obtaining a nu-
merical solution are high, rapidly increasing with
an increase in the Reynolds number. The much
less expensive LES method only numerically
reproduces sufficiently large eddies, which are
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characterized by energy transfer, while eddies of
a smaller scale are simulated using subgrid-scale
models (SGS).

Most of the applied computations by the LES
method are carried out using the classical Sma-
gorinsky model introducing subgrid-scale turbu-
lIent viscosity. This model was developed assum-
ing a sufficiently developed turbulence, which for
practical applications is reduced to the condition
that the subgrid-scale viscosities be considerably
higher than the molecular ones. The Smagorinsky
model with a constant empirical coefficient C, in
the formula for calculating the subgrid-scale vis-
cosity is ill-suited for flows with a transient nature
of motion (from laminar to turbulent).

Germano et al. [16] expanded the capabilities
of the Smagorinsky algebraic model, in particu-
lar for the case of transient flows, developing the
so-called dynamic model, where the coefficient
CS is not given but calculated based on the ex-
pression obtained by applying a double filtering
procedure to the velocity field. Lilly [17] later
proposed a modification of the dynamic model,
important for practical applications, which con-
sists in cutting off the locally negative values of
the coefficient C, at zero. The Germano-Lilly
dynamic model was successfully applied in [14]
for LES computations of transient regimes in
statistically two-dimensional pulsatile flow in a
channel with local one-sided narrowing (stenosis
model) by 50%; the peak values of the Reynolds
number reached 2000; the periodic boundary
conditions were imposed in the third direction.

This paper presents numerical analysis for
transient three-dimensional flow of an incom-
pressible viscous fluid in a blood vessel mod-
el with unilateral stenosis of 70% at a constant
flow rate corresponding to the Reynolds number
Re = 1803.

The geometry of the stenosis is identical to one
of the cases described in the recent experimental
work [18], using digital tracer imaging (Particle
Image Velocimetry, PIV) to measure the char-
acteristics of pulsatile flow (with a peak value of
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Re = 1803). Simulations using the CFD software
package ANSYS CFX 18.2 were performed based
on the large eddy simulation method with the
Germano — Lilly dynamic model for computing
the subgrid-scale viscosity.

Problem statement and computational aspects

The geometric model of the vessel with uni-
lateral stenosis (Fig. 1) is borrowed from the
experimental study [18]. The vessel beyond the
boundaries of the stenosis is a tube with the di-
ameter D. Let us introduce the Cartesian coor-
dinate system x, y, z, whose origin is located in
the section with the narrowest lumen; the z axis
is directed along the vessel, and the y axis is di-
rected towards the non-stenotic (provisionally
upper) wall. The geometry of the stenosis that is
symmetrical about the central longitudinal plane
x = 0 is described by the following formulas:

d (Z) S S 2z1
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where d is the local lumen diameter in the sten-
otic region, L is the length of the stenosis, s is the
coordinate of the lumen center along the axis y
(counted from the lower wall, as adopted here
and below),

S=(1-d_/D)100 %

(d_, is the minimum local diameter d).

In the case considered, S = 45%, L = 2D,
while the area of the narrowest section in the
stenotic region is 30.25% of the cross-sectional
area of the tube beyond the stenosis, i.e., the ste-
nosis amounts to 69.75% (70% rounded off).

The flow in this model of a blood vessel at
Re = 1803 was computed by the LES method
using the Germano — Lilly dynamic model [16,
17]. The computational domain included a sten-
otic region, an inlet section with the length of 5D
and an outlet section with the length of 20D; the
latter is sufficient for eliminating any significant
influence of the outlet boundary condition on the
flow near the stenosis.

The computations were carried out using the
general-purpose 'finite-volume' CFD code AN-
SYS CFX, version 18.2. This software tool oper-
ates with dimensional values.

Fig. 1. View of computational mesh in transverse (a) and longitudinal (b) sections of the vessel with stenosis
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Table
Computational parameters and their values
Parameter Notation of mezlijsrllllrtemen t Value
Vessel diameter (beyond stenosis) D mm 10
Mean flow velocity (beyond stenosis) v, m/s 0.627
Fluid density p kg/m? 1000
Dynamic viscosity coefficient n Pas 0.003478
Reynolds number Re =pV,D/p 1803

The set of defining dimensional parameters of
the problem is given in the table. The Reynolds
number is computed from these parameters.

A parabolic velocity distribution was given at
the inlet to the computational domain, which
corresponds to the Poiseuille solution for devel-
oped laminar flow in a circular tube; constant
pressure and 'soft’ conditions for the velocity
were imposed at the outlet. No-slip conditions
were imposed on the walls.

The ICEM CFD program was used to con-
struct a computational O-grid mesh consisting
of hexahedral elements (Fig. 1). The longitu-
dinal mesh spacing was uniform in the stenotic
region and throughout the entire outlet section,
amounting to 0.04D, while the maximum trans-
verse spacing was 0.02D. The longitudinal spac-
ing at the inlet section gradually decreased to
0.04D approaching the stenotic region. The total
number of elements in the mesh was about 4.5
million.

A central scheme with second-order accuracy
was used in the computations for approximating
the convective terms in the equations of motion.
A three-layer Euler scheme was used to advance
in time. The time step was 0.0002 s, which en-
sured local Courant numbers less than unity in
the entire computational domain.

The sample used to obtain the averaged flow
characteristics was accumulated over a time of
10507, where ¢ is the time scale of the problem
(¢, = D/V,); the previous time interval, covering
about 6007 , was sufficient for statistically steady
flow to be established, starting from a zero veloc-
ity field.

The simulations were performed on the Poly-
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technic RSC Tornado cluster of the Polytechnic
Supercomputer Center (http://www.scc.spbstu.
ru). The problem was run on 18 dual-core nodes
(Intel (R) Xeon (R) E5 2697v3) and parallelized
to 450 cores; the full simulation took about a
week of real time (76,000 core hours).

Results and discussion

A peculiarity of the simulated flow is the pres-
ence of a laminar-turbulent transition behind the
stenosis. To illustrate this, the Q-criterion iso-
surface was constructed in Fig. 2,a [19], with the
colors corresponding to the local values of the ve-
locity modulus; this allows visualizing the region
where turbulent vortical structures with different
scales evolve due to hydrodynamic instabilities.
The latter are characteristic for jet-like shear flow.

Fig. 2 also shows two isosurfaces of the
time-averaged longitudinal velocity component.
One of these surfaces (see Fig. 2,b), plotted for
the value V_ = 3.2V, = 2 m/s, illustrates the di-
mensions of the region with pronounced jet flow.
The other one (Fig. 2,c), corresponding to the
value V= —0.002V,, shows two zones of recir-
culation flow behind the stenosis: an extensive
one (about 5D-long) immediately behind the
stenosis, and a very small one, located near the
opposite wall at a distance of about 4D from the
center of the stenosis. A small separation zone is
also formed before the stenosis.

The fields of time-averaged velocity compo-
nents in three cross sections of the vessel mod-
el are shown in Fig. 3. Evidently, the jet formed
in the stenotic region, whose local velocities are
relatively high (exceeding the mean flow rate
V, = 0.627 m/s beyond the stenosis by up to 4
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Fig. 2. Flow structures in stenotic vessel, visualized by constructing a Q-criterion isosurface (Q = 0,06 s72) (a);
two isosurfaces of averaged longitudinal velocity V_ taking the values 3,2V, (b) and —0,002V, (¢)

a) b)
Vz , m/s

2.0.0.0,7. 7.7
5% R % N % G

759,259

Fig. 3. The time-averaged field of longitudinal velocity component with the field of transverse
velocity vectors superimposed on it in three sections of the vessel model: z/D = 2 (a), 4 (b), 10 (¢)

times), is also characterized by the presence of a
fairly intense transverse (secondary) flow in the
form of a vortex pair (see Fig. 3,a). In fact, this
pair, similar to Dean vortices in curved tubes,
develops in the anterior part of the stenosis,
where the flow occurs along curved streamlines
following the geometry of the stenosis. In turn,
the vortex pair developing in the stenosis induc-
es a secondary flow (with opposite circulation)
in the backflow zone behind the stenosis, also
leading to bifurcation of the jet downstream (see
Fig. 2,b and 3,b). The averaged transverse flow
almost completely degenerates at a distance less
than 10D from the center of the stenosis, and the

distribution of the averaged longitudinal velocity
regains an axisymmetric 'tubular’ shape, with the
maximum velocity in the center of the vessel (see
Fig. 3,¢).

The field of averaged longitudinal velocity in
the central longitudinal section (in the plane of
symmetry) is shown in Fig. 4,a. It can be seen
here and in Fig. 3, that the maximum velocity
of the backflow section in the main recirculation
zone is comparable in magnitude with the mean
flow rate V, beyond the stenosis.

A high-gradient shear layer (mixing layer) is
formed at the boundary of the jet and the recircu-
lation zone; the phenomena characteristic for this
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Fig. 4. Computed fields in the symmetry plane of the vessel: time-averaged longitudinal velocity (a),

instantaneous value of x-component of vorticity (»), Reynolds shear stress Ryz =R.= —Vy'Vz' (s),

instantaneous value of the ratio of subgrid-scale vortex to molecular viscosity (d)

layer are caused by the Kelvin — Helmholtz insta-
bility. Visualization for the instantaneous field of
the x-component of the vorticity vector (Fig. 4,b)
indicates that the Kelvin — Helmholtz instability
and other hydrodynamic instabilities appearing
in the presence of backflow and secondary flows
generate turbulent flow with three-dimensional
vortical structures of different scales evolving.
These structures fill the entire cross section of
the vessel in the neighborhood of the attachment
point. However, the flow becomes relaminarized
further downstream. It can be seen from Figs. 2,a
and 4,b that as the distance from the stenosis in-
creases, small-scale structures quickly disappear
from the spectrum of pulsatile flow, while the re-
maining vortical structures with lower intensity
stretch along the flow.

Fig. 4,c shows the field of values for one of
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the components of the Reynolds stress tensor
computed from the numerically resolved compo-
nents of pulsatile motion (marked with a prime;
the overbar corresponds to averaging over time).

It can be seen that the turbulent shear stress Ryz =

=R, =-V,V/, playing a predominant role in

extracting kinetic energy from the main flow, is
significant in magnitude only at several calibers
in the neighborhood of the attachment point,
namely, at 2.5 < z/D < 6.5. This is in agreement
with the measurement data given in [18] for the
generation rate of turbulent Kinetic energy at the
moment of the highest flow rate.

Determining the level of subgrid-scale kine-
matic viscosity predicted in our computations by
the Germano — Lilly dynamic model gives the in-
stantaneous field of the ratio of the subgrid-scale
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Fig. 5. Profiles of time-averaged longitudinal velocity in the symmetry plane, in different sections
of the stenotic vessel; a): z/D=—1 (1), 0(2), 1(3),2 (4); b):z/D=2(4),4(5),5(6), 10 (7)

vortex to molecular viscosity, shown in Fig. 4.,d.
We can conclude from these data that the con-
tribution of subgrid-scale viscosity to dissipative
effects in the given flow configuration, with Re =
= 1803, is again significant only in the region
covering several calibers in the neighborhood of
the attachment point; moreover, even the ratio
Vv, /v is less than unity even in this region.

Fig. 5 shows the profiles of the time-aver-
aged longitudinal component of velocity in the
symmetry plane, normalized to the value of the
mean flow velocity V, for several cross sections
of the flow in the stenotic region (two graphs
are given for clarity). As the flow in the first half
of the stenotic region is strongly accelerated, a
flow core that is nearly homogeneous evolves
in the center of the stenosis, with relatively
thin high-gradient shear layers forming at the
boundaries of the core (see Fig. 5,a). The upper
part of the flow core is already largely smeared
two calibers away from the center of the stenosis
(z/D = 2); this is mainly due to convective trans-
fer of low-velocity fluid from the wall, responsi-
ble for the above-mentioned secondary flow in
the form of a vortex pair (see Fig. 3,a). At the
same time, the high-gradient layer at the lower
boundary is very pronounced up to this section.
The nature of the velocity profiles is drastically
different in the sections z/D = 4 and 5, located
further downstream (Fig. 6,b): their central part

is characterized by very moderate velocity gra-
dients (see Fig. 5,b). The velocity profile related
to the section z/D = 10 is a good illustration for
the consequences of the mixing action of turbu-
lent structures 'residing’ in the neighborhood of
the attachment point and some distance away
from it: an almost axisymmetric central flow re-
gion develops as a result of this mixing (see also
Fig. 3,c), with velocities close to mean flow rate,
along with a boundary layer (gradually increas-
ing in thickness with distance from the given
section).

Longitudinal distributions of the time-aver-
aged skin friction coefficient on the lower and
upper walls of the vessel (in the symmetry plane)
are shown in Fig. 6. The skin friction coefficient
was calculated by the formula

Cf = Tw/(pVbz/z)a
where T is the modulus of the skin shear stress
vector on the wall.

To identify the backflow zones, the values of
the skin friction coefficient shown in the graphs
were computed taking into account the sign of
the longitudinal component T _ of the surface
stress vector.

The skin friction coefficient is very high, ex-
ceeding the value of 0.00887 obtained for the
flow before this region by almost 50 times. The
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Fig. 7. Normalized profiles of turbulent kinetic energy of turbulence & (a) and Reynolds stress R _ (b)
in symmetry plane of the vessel for 4 sections located in the region behind the stenosis: -
z/D=12(1),4(2),5(3),10 (4

values of C y with the largest magnitude in the
backflow zone are 7 times higher than those be-
fore the stenotic region. According to the com-
putations performed, the attachment point of
the flow in the symmetry plane is located at a
distance L = 5.3D from the center of the steno-
sis. This value is fairly close to the experimental
estimate L = 4.5D, which follows from the data
given in [18]. These data were obtained for the
position of the attachment point during pulsa-
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tile flow, with the Reynolds numbers lying in the
range 1000 — 1800.

Fig. 7 shows the profiles of two turbulence
characteristics for four sections located behind
the stenosis: turbulent kinetic energy & and the
Reynolds stress Ryz; both are computed (for the
symmetry plane) from the numerically resolved
components of pulsatile motion and are normal-
ized to the square of the mean flow rate. Nota-
bly, the turbulent kinetic energy in the sections
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z/D = 4 and 5 is close in order of magnitude to
the specific kinetic energy of the flow entering
the stenotic region. The positions of the peak val-
ues of Reynolds stress and turbulent kinetic en-
ergy practically coincide for each of these cross
sections, while the ratios Ryz’pwk/kpeak are ap-
proximately 0.38 and 0.35 for the cross sections
z/D = 4 and 5 respectively.

Furthermore, it seems interesting to com-
pare the value of the numerically resolved Ryz and
simulated (subgrid-scale) turbulent stresses for
these cross sections . The latter can be assessed by
multiplying the characteristic subgrid-scale vis-
cosity by the maximum value of the velocity gra-
dient, estimated from the profiles shown in Fig. 5.
According to the data in Fig. 4,d, the molecular
viscosity can be taken as the characteristic value
of subgrid-scale viscosity. As a consequence, the
estimated value of Ty / V.7 = is 0.005, which is
only 2 — 3 % of the level of numerically resolved
turbulent stresses.

The quantities k and Ryz decrease rapidly
with distance from the sections z/D = 4 and 5.
The profiles of both quantities have local maxima
at y/D =~ 0.6 for the section z/D = 2: on the one
hand, the average velocity profile here is char-
acterized by large gradients (Fig. 5) and, on the
other hand, the manifestation of hydrodynamic
instabilities is fairly pronounced (see Fig. 4,b).

Conclusion

We have applied large eddy simulation with
the Germano — Lilly dynamic model of sub-
grid-scale viscosity for numerical study of sub-
stantially three-dimensional flow developing at
a Reynolds number Re = 1803 in a blood vessel
with unilateral stenosis of 70%. The computa-
tions performed revealed the following peculiar-
ities of the flow.

The averaged motion in the region behind
stenosis is characterized by the presence of two
zones with recirculation flow: an extensive one
developing directly behind the stenosis, and
a small one, located near the opposite wall of
vessel.

As a jet with relatively high local velocities is
generated in the stenotic region, rather intense
secondary flow also develops, taking the form
of a pair of vortices, similar to Dean vortices in
curved tubes. In turn, the vortex pair evolving
in the stenosis induces secondary backflow be-
hind the stenosis, also leading to bifurcation of
the jet.

The cross flow is almost completely degener-
ate at a distance of less than 10 calibers (diame-
ters of the vessel) from the stenosis. A high-gra-
dient mixing layer forms at the boundary between
the jet and the backflow zone. The hydrodynamic
instabilities inherent to this layer generate turbu-
lence in the flow, with three-dimensional vortical
structures of different scales forming, which fill
the entire cross-section of vessel in the neigh-
borhood of the attachment point, located at a
distance of approximately five calibers from the
center of stenosis.

Shear turbulent stresses only have substantial
values in the zone with the size of about 4 calib-
ers in the neighborhood of the attachment point.
The flow is relaminarized downstream.

We believe that applying the LES method is
bound to improve the quality of predicting the
characteristics of turbulence developing during
blood flow through stenotic regions of the vas-
cular bed, and, as a consequence, provide more
reliable data of interest for biomedicine.

This study was financially supported by the Rus-
sian Science Foundation, grant No. 19-73-30003.
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