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Abstract—The purpose of this study is to investigate the
effects of the Reynolds number and the bend sweep angle on
the blood flow patterns of S-shaped bends. The numerical
simulations of steady flows in S-shaped bends with sweep
angles of 45°, 90°, and 135° are performed at Reynolds
numbers of 125, 500, and 960. Hemodynamic characteristics
such as secondary flows, vorticity, and axial velocity profiles
are analyzed in detail. Flow patterns in S-shaped bends are
strongly dependent on both Reynolds number and bend
sweep angle, which can be categorized into three groups
based on the first bend secondary flow effects on the
transverse flow of the second bend. For low Reynolds
numbers and any sweep angles, secondary flows in the second
bend eliminate the first bend effects in the early sections of
the second bend and therefore the axial velocity profile is
consistent with the bend curvature, while for high Reynolds
numbers depending on the bend sweep angles the secondary
vortex pattern of the first bend may persist partially or totally
throughout the second bend leading to a four-vortex sec-
ondary structure. Moreover, an interesting flow feature
observed at the Reynolds number of 960 is that the secondary
flow asymmetrical behavior occurred around the second
bend exit and along the outflow straight section. This
symmetry-breaking phenomenon which has not been
reported in the previous studies is shown to be more
pronounced in the 90° S-shaped bend as compared to other
models considered here. The probability of flow separation as
one of the important flow features contributing to the onset
and development of arterial wall diseases is also studied. It is
observed that the second bend outer wall of gentle bends with
sweep angles from 20° to 30° at high enough Reynolds
numbers are prone to flow separation.
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INTRODUCTION

Atherogenesis is a complicated, very slow patho-
logical process affected by a variety of potential risk
factors, such as physiological, biochemical, genetic,
and lifestyle factors, as well as hemodynamic factors.
Different hypothesis regarding the mechanism of ath-
erogenesis have been introduced in previous studies.
Local hemodynamic factors are broadly accepted to
play a critical role in genesis, development, and dis-
tribution of atherosclerosis.**® Atherosclerotic lesions
can occur anywhere in arteries but usually originate at
the outer wall of bifurcations and inner wall of curved
arteries. This nature of atherosclerotic lesions cannot
be explained by any of the above-mentioned risk fac-
tors; however, it has been shown that the hemody-
namic factors can control the localization of
atherosclerosis within the arteries.?® Therefore, it is
important to investigate fluid dynamic factors such as
velocity field, vortical structures, and pressure distri-
bution in the susceptible sites of early lesions forma-
tion.

Previous research has shown that arterial bends and
bifurcations have a significant impact on the hemo-
dynamic factors.®®>31-3¢ Extensive clinical and com-
putational studies have been performed to investigate
fluid dynamics in bifurcations and curved arteries. Van
de Vosse et al..,’’ Perktold et al.,”’ Gijsen et al.,'' and
Shahcheraghi er al.*® presented numerical simulations
of blood flow in curved tubes. Wall hemodynamic
indicators such as wall pressure (WP), wall shear stress
(WSS), and their spatial gradients (WPG and WSSG)
have been investigated in curved arteries and a rela-
tionship between the predisposed sites of atheroscle-
rosis formation and the regions of low WSS and WP or
intense WPG and WSSG are proposed.'**** Rap-
pitsch et al.® Hong et al.,"* and Wada et al.® studied
mass transfer in large single and multiple curved
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arteries in which local elevation of LDL concentration
in the bend inner wall are found. The effects of stenosis
in curved arteries are studied by Liu'® and Yao er al.*
They found complex disturbed flow distal to plaque
that may contribute to development of current lesions
or genesis of new plaques.

Most carlier work, however, consider the flow in
single curved arteries, whereas vessel geometries mostly
include multiple bends. Consecutive bends occur in
various locations of the cardiovascular system such as
aortic, coronary, and femoral arteries, and can also be
employed as bypass grafts. Therefore, the hemody-
namics of these arteries, which are usually referred to
as S-shaped arteries or reversed curvature bends are of
great practical importance. Taylor er al.,** Town
et al.,> Back et al.,' Banerjee et al.,” and Hoogstraten
et al.”” investigate the laminar, turbulent, pulsatile, and
steady blood flows in S-shaped arteries with constant
bend sweep angles and curvature ratios. It was found
that the secondary flow patterns in these arteries are
strongly dependent on Reynolds number. Fan et al.'®
studied different bypass models and showed that the
45° S-shaped bypass can improve the hemodynamics in
the bypassed arteries reducing intimal hyperplasia
along the host artery floor. Johnston and Johnston'®
and Lee er al®® numerically studied the effects of
nonplanarity in S-shaped bends finding more intricate
coherent structures compared to planner bends.

Despite all the work performed on the simulation of
blood flow in planar S-shaped arteries, the effects of
different bend sweep angles and Reynolds numbers on
the flow field within these geometries are not well
examined. The purpose of this study is, therefore, to
better identify the effects of geometry and Reynolds
number on the flow in double bend configurations
chosen to model a femoral artery. In the present study,
steady flow within a range of physiological Reynolds
numbers in three S-shaped bends with sweep angles of
45°, 90°, and 135° with constant curvature ratio are
considered. Effects of Reynolds number and bend
sweep angle on flow field, velocity patterns, secondary
flows, and vortical structures are discussed in detail.

PROBLEM STATEMENT

Three double bends geometries considered in the
present study are shown in Fig. 1. The bend sweep
angles in the three models are 45°, 90°, and 135°,
respectively. The reference axes for measuring the
turning angles are shown for the sweep angle of 135°
only. In all geometries, the bend curvature radius of
Rc = 6.5D*'*!5 (D is the artery diameter which is
taken as 0.006 m>'>'%) is considered to resemble
physiologically realistic vessels, particularly the

outflow /

sweep angle = 45°

sweep angle = 90°,

sweep angle = 135°

L,,=40D
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FIGURE 1. Schematic of S-shaped bends with different
sweep angles and the reference axes.

inflow /

femoral artery. Therefore, the curvature ratio, defined
as the ratio of curvature radius to the artery radius, is
equal to 13 for all cases.

As can be seen in Fig. 1, the vessel geometries
consist of a rather short straight inflow region with the
length of 4D, two identical consecutive reverse curva-
ture bends, and a straight outflow region extended to
40D in order to minimize the exit boundary effects on
the bends’ flow field. In general, steady flows in a
curved tube are characterized by the Reynolds number
and geometrical parameters, such as nondimensional
curvature radius and sweep angle. The steady flow
calculations are performed for three physiological
Reynolds numbers (based on the diameter) of 125, 500,
and 960 related to the Reynolds numbers in medium to
large arteries.

GOVERNING EQUATIONS

In the current study, the flow is assumed to be
steady, laminar, incompressible, homogenous, and
Newtonian. Blood is, in fact, a non-Newtonian shear-
thinning fluid; however, previous studies'’ have shown
that the blood non-Newtonian behavior is only of
minor importance in medium to large sized arteries as
is the case of present work. Furthermore, Nosovitsky
et al® confirmed the validity of laminar flow
assumption in a stenotic 90° bend by comparing the
laminar flow results with those of k—¢ turbulence
model. It was found that the effect of turbulence is
small and therefore can safely be neglected. Artery wall
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is considered to be rigid, which is a reasonable
assumption in medium- to large-sized arteries where
the arterial wall deformability is generally taught to
have modest effect on flow field and WSS distribu-
tion.”! Although the steady flow is not a physiologi-
cally relevant assumption, important flow aspects such
as secondary flows, and vortical structures are still
present under this assumption.®¥' Furthermore, the
Reynolds number and bend sweep angle effects on the
complex flow patterns associated with the S-shaped
bend configurations have not been well examined and
categorized for steady flows in previous studies.

Under the above-mentioned assumptions, the gov-
erning equations including continuity and Navier—
Stokes equations in their integral forms, which are
more suitable for the control volume approach used in
the present study, are as follows:

//mz:o (1)
ov L
v
:—//pﬁ-dj+//um7.dz, (2)

where p, V,p, and u are fluid density, velocity vector,
pressure, and viscosity, respectively.

A velocity inlet boundary condition with a parabolic
profile is considered at the inlet with no slip condition
at the walls. As the outlet boundary condition, the
axial gradients of all velocity components are set to
zero assuming fully develop conditions prevail there.
Therefore, a sufficiently long straight section is con-
sidered after the bends to make sure that the flow
practically recovers its fully developed profile. Con-
sistent with the mass-driven flows, zero pressure gra-
dient is assumed at the inlet and normal to the artery
walls, while pressure is set to zero at the outlet corre-
sponding to the fully developed conditions there.

THE NUMERICAL ALGORITHM

The governing equations are integrated over the
corresponding control volumes upon transformation
into a generalized nonorthogonal coordinate system.
The principal of the numerical method is based upon
the calculation of the velocity field from momentum
equations using the existing or approximate pressure
field. This velocity field does not necessarily satisfy the
mass conservation equation, and thus a velocity cor-
rection is introduced. A velocity potential is assigned
to the velocity correction according to the Hodge
decomposition theorem, which states that any vector

function can be decomposed into a divergence-free
component and the gradient of a scalar potential. This
is consistent with the fact that an intermediate velocity
field obtained from the momentum equations using an
existing pressure field carries the exact vorticity field,
and therefore, the velocity correction comes from an
irrotational field that can be described with a velocity
potential. The continuity equation is then transformed
into a Poisson equation for the velocity potential,
which is solved with a matrix-free and pre-conditioned
version of GMRES.?” This method is capable of
enhancing the convergence rate of the Poisson solver as
compared to the traditional successive-over-relaxation
solvers. Finally, the pressure correction is directly
related to the velocity correction through the momen-
tum equations. The numerical scheme was originally
developed by Chorin,” and improved further by Dwyer
et al.® and the present authors.”” Further enhancement
in convergence rate of the solution procedure is achieved
by implementing a pressure correction based on the
average velocity defect Au” at each cross section of the
pipe such that®:

AL{/ =U-— l],'7 (3)

where U is the average velocity at a given cross section
and U; is the average inlet velocity. Assuming that
the local velocity defect is associated with a pressure
defect, the following equation can be formed:
/ /
e @
X

Thus, the pressure field is updated with the above
correction, and then the momentum equations are
solved again with the new pressure field. This proce-
dure significantly improves the computational effi-
ciency. The converged steady-state solution is assumed
to be achieved, when the absolute relative changes in
all flow parameters between two successive iterations
are less than 10E—05.

MODEL VALIDATION

In order to validate the numerical procedure, steady
flow in an S-shaped channel similar to the geometry
used in the experimental study conducted by Taylor
et al>* is considered for the Reynolds number of 790
based on the diameter. The geometry consists of a
circular cross section of 48 mm in diameter, curvature
radius of 336 mm, and two successive bends with
sweep angles of 22.5°. Straight inflow and outflow
sections are 210 and 1820 mm long, respectively.
Uniform velocity profile is imposed at the inlet
boundary, while zero gradients and no slip conditions
are considered as the outflow and wall boundary
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conditions, respectively. Axial velocity profiles in the
curvature plane of the S-shaped bend at three specified
cross sections are compared with the corresponding
experimental data*® in Fig. 2, where reasonable agree-
ments are observed. It should be noted that despite the
large differences between the dimensions of the vali-
dation case and the models considered here, still both
geometries have almost similar curvature ratios.

NORMALIZATION AND GRID
SPECIFICATIONS

In the following sections, the velocity, pressure,
WSS, and vorticity defined as the curl of velocity
vector field: @ =V x V (@ is vorticity and V is the

0=20.25°

o Tayloretal. (1984)
— Numerical

u/U u/U

FIGURE 2. Comparison of the axial velocity profiles in the
curvature plane of S-shaped bend with 22.5° sweep angle with
the experimental data.3* All dimensions in the 3D geometry
are in millimeter.
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velocity vector) are normalized with U, 1pU? pU?,
and D/U, respectively. Here U is the average cross-
sectional velocity, which is determined from the flow
Reynolds number.

Extensive computations have been performed to
identify the number of grid points that produces rea-
sonably grid-independent results. It was found the
minimum grid points of 42 x 21 x 605 are required in
the azimuthal, radial, and axial directions, respectively.
Uniform grid spacing is used in the azimuthal direc-
tion, while the expansion ratio of 1.15 is employed in
the radial direction. In the short straight inflow region
and along the bends, grid points are uniformly dis-
tributed; however, they expand in the straight section
after the bends toward the outlet with the expansion
ratio of 1.005.

90° MODEL HEMODYNAMICS

Flow field in S-shaped bends with different sweep
angles exhibits some similar features; therefore, the
hemodynamics of the 90° model within the specified
range of the Reynolds numbers are presented in
Figs. 3-5 to obtain an overall view of the flow
behavior. In Fig. 3, the nondimensional axial velocity
profiles for Reynolds numbers of 125, 500, and 960 are
depicted at 18 specified cross sections in the curvature
plane, while Fig. 4 shows the nondimensional axial
velocity contours for some selected cross sections.
Furthermore, the transverse velocity vectors with axial
vorticity contours as the background in the left half
and cross-sectional streamlines in the right half of each
cross section are shown in Fig. 5. Note that at
Re = 960, where the flow does not contain a symmetry
plane after the second bend turning angle of 75°, the
cross-sectional streamlines are shown only for clarity.
This asymmetrical feature of the flow will be discussed
in more detail later.

Comparing the axial velocity patterns of cross
sections located in the first bend with those of a 90°
single bend (not shown here) in Fig. 3 reveals that the

0=75"0=90" x=2D x=4D x=6D x=8D x=10D ©=75"6=90" x=2D x=4D x=6D x=8D x=10D

6=060°

Re =960

FIGURE 3. Axial variations of nondimensional velocity profiles in the curvature plane of 90° S-shaped bend for three different

Reynolds numbers.
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Re =125 Re =500

1% bend

1% bend

2" bend

Re =125 Re =500 Re =960

axial vel. 0.00.20.4060.81.01.21.41.61.82.0

inner wall of second bend

outer wall of second bend

outer wall of first bend

inner wall of first bend

FIGURE 4. Nondimensional axial velocity contours for different Reynolds numbers at some selected cross sections of 90°
S-shaped bend. Dashed lines in the last three cross sections show the symmetric contours, while the solid lines indicate

the numerically obtained contours.

flow field in this region is almost independent of the
second bend reverse curvature. At the early sections of
the first bend, a unidirectional secondary flow forms
which results in the slight shift of velocity profiles
toward the inner wall of this bend. As the flow moves
forward two counter rotating vortices establish
(Fig. 5, first bend turning angle of 45°) which are the
well-known Dean vortices. These vortices cause the

flow around the outer wall to move inwardly in the
azimuthal direction, while the high-speed particles from
the core move toward the outer wall causing a shift in
the point of maximum axial velocity accordingly, see
Figs. 3 and 4, first bend cross sections. The maximum
ratio of transverse velocities to their corresponding
axial velocities along the 90° S-shaped bend for differ-
ent Reynolds numbers of 125, 500, and 960 are 0.12,
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Re =500

0=45°

1% bend

0=90°

1% bend
exit

2" bend

0=15°

Re =500 Re =960
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outer wall of second bend

outer wall of first bend

inner wall of first bend

FIGURE 5. Nondimensional transverse velocity vectors with nondimensional axial vorticity as the background in the left half and
the secondary flow streamlines in the right half at some selected cross sections of 90° S-shaped bend for different Reynolds

numbers.

0.14, and 0.16, respectively. That is, increasing the
Reynolds number results in stronger secondary flows
contributing to a larger shift of the high velocity region
toward the outer wall and introducing a crescent shape
into the axial velocity contours (Figs. 3 and 4, first bend
cross sections). Furthermore, it is observed that at the
Reynolds number of 960 the initial Dean pattern of the
first bend transforms into a four-vortex secondary field
as seen at the turning angle of 75°. This new pair of
vortices rotating with the opposite sense of the earlier
pair initiates at the turning angle of about 6 ~ 55° and

diminishes approximately at 6 ~ 83°. Similar patterns
are observed for sweep angle of 135° as well.

Further investigation on the formation of four-
vortex secondary field in the first bend reveals that this
phenomenon is governed by both Reynolds numbers
and sweep angles. For example, at Re = 960, sweep
angles higher than 55° are required for this pattern to
happen. Moreover, it is observed that the new pair
preserves its identity for limited turning angles starting
from approximately 6 =~ 55° and ending at about
0 ~ 83° for all sweep angles beyond 55°.
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Secondary flows and axial vorticity patterns in the
second bend are strongly dependent upon the Rey-
nolds number and the bend sweep angle. As the flow
advances into the second bend, a new pair of vortices
consistent with this bend curvature form, which
depending on the Reynolds number can partly or fully
eliminates the remnants of the first bend vortices. For
sufficiently small Reynolds numbers, such as 125, the
newly formed vortices completely annihilate the first
bend pair in the early sections of the second bend as
shown in Fig. 4, Re = 125, second bend turning angle
of 15°. However, as the Reynolds number increases the
vortices of the first bend become strong enough to
persist for a portion or even all the way through the
second bend. For example at Reynolds number of 960
in the 90° bend as shown in Fig. 5, the new vortices of
the second bend annihilate the secondary effects of the
first bend around the second bend exit. As can be seen
in Fig. 4, the annihilation of the secondary effects of
the first bend corresponds to the complete shift of the
maximum axial velocity points toward the second bend
outer wall and the formation of velocity profiles con-
sistent with the bend curvature.

It is worth mentioning that for Re = 960 some
asymmetric features in the secondary flows around the
second bend exit are observed, which maintain along
the outflow straight region as shown in Fig. 5. Despite
the observable cross-sectional asymmetric flow
behavior, the axial velocity contours are slightly
affected as shown in the last three cross sections of
Fig. 4. For these cross sections located at x = 2D, 4D,
and 10D, symmetric axial velocity contours are plotted
with dashed lines employing the plotting software,
while solid lines represent the computationally
obtained axial velocity contours. Note that at cross
section x = 10D the axial velocity profile is basically
symmetric. To the best of our knowledge, symmetry-
breaking in S-shaped bends hemodynamic has not
been reported in recent studies. Previous numerical
studies mainly enforced symmetry condition in their
simulations and solved only half of the solution
domain to reduce the computational costs,'*!>!"
which eliminates capturing any asymmetrical features.
However, asymmetrical features have been reported in
a straight artery with axisymmetric stenosis under
pulsatile flow in the form of asymmetric secondary
flow patterns and swirling motion in post stenotic
region.>** Furthermore, the occurrence of instabilities
and symmetry-breaking phenomenon in the flow
through a symmetric sudden expansion beyond a
critical range of Reynolds numbers have also been
reported.’

A numerical computation has been performed to
identify whether the present numerical scheme is
capable of capturing the asymmetry features of these

types of flows reported in literature. For this purpose,
a pulsatile flow in axisymmetric stenosis identical to
the work of Mallinge and Drikakis® is considered.
Our findings compare well with their results for a 75%
axisymmetric stenosis introducing the prescribed per-
turbations on the inlet velocity profile. Present results
regarding the asymmetry flows in S-shaped bends
indicate that this phenomenon is related to the simul-
taneous effects of geometry and Reynolds number,
which will be discussed later.

Leaving the second bend, the secondary flows
weaken dramatically, while the axial velocity profile
recovers its parabolic shape. However, the higher the
Reynolds number the longer it takes for the axial
velocity profiles to recover.

SWEEP ANGLE AND REYNOLDS
NUMBER EFFECTS

As mentioned earlier, flow field in S-shaped bends is
affected by their geometrical configurations and Rey-
nolds number. In general, flow in the first bend forms a
Dean vortex consistent with its curvature. However, in
the second bend where the curvature of the bend is
reversed a new pair of vortices forms, which rotates in
the opposite sense of the first bend vortices. Depending
upon the Reynolds number and the sweep angle dif-
ferent scenarios may happen in the second bend. At
low enough Reynolds numbers for all sweep angles,
flow in the second bend behaves consistent with its
curvature in the sense that the vortices of the second
bend forming close to the wall overcome the core
vortices of the first bend in the early sections of the
second bend and occupy the entire cross section.
However, at higher Reynolds numbers but low sweep
angles the vortices of the second bend are not strong
enough to overcome the powerful vortices of the first
bend and therefore, maximum axial velocity occurs in
a region which is not consistent with the second bend
curvature and a four-vortex structure can be observed
throughout the second bend and even at some portion
of the outlet straight section. However, by increasing
the sweep angle the vortices of the second bend expe-
rience the centripetal forces for longer distance and
become more energetic such that they may annihilate
the first bend vortices before the flow passes through
the second bend exit.

To investigate the geometrical effects, in Fig. 6 the
nondimensional axial velocity profiles are plotted at
specified cross sections along the curvature plane of
bends with different sweep angles at Reynolds number
of 960. Clearly, the axial velocity profiles in the second
bend of the 45° model are inconsistent with the bend
curvature and remain shifted toward its inner wall. To
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FIGURE 6. Nondimensional axial velocity profile variations
in the curvature plane of S-shaped bends with different sweep
angles for Re = 960.

bring more clarity to this phenomenon, the transverse
streamlines for different sweep angles are plotted at
some selected cross sections in Fig. 7 for the same
Reynolds number. The bend exit cross section of the
45° model shows the core vortices remnant of the first
bend wrapped by the oppositely rotating vortices of
the second bend. However, the cross-sectional
streamlines of the other models at the bend exit show
almost no traces of the first bend vortices. It is note-
worthy that secondary flow asymmetry can be
observed in all three models; however, the 90° model
shows the largest asymmetric features by introducing
slight asymmetry to the main flow profiles as well as
shown in Fig. 4.

SYMMETRY-BREAKING PHENOMENON

Reynolds number and geometry are believed to play
important roles in introducing asymmetrical features
into the flow field of symmetric geometries such as
sudden expansions and stenosed arteries.™* It is
shown that flows in symmetric geometries with sym-
metric flow conditions may exhibit asymmetrical
behaviors within a critical range of Reynolds num-
bers.!®232* These asymmetrical patterns are usually
unsteady, however, in some cases such as flow over a

Re =960
SA =90°

SA=135°

FIGURE 7. Secondary flow streamlines of S-shaped bends
with different sweep angles at some selected cross sections
for Re = 960.

solid sphere a steady attached asymmetrical wake
structure is observed in a specific range of Reynolds
numbers, which then becomes unsteady at higher
Reynolds numbers.'®?* Therefore, in order to
understand the effect of Reynolds number on the
symmetry-breaking phenomenon in S-shaped bends, a
numerical study at a high Reynolds number of 1920 has
been conducted for all the three sweep angles. It should
be noted that this Re number does not occur in femoral
arteries and is only considered here to explore the effect
of Reynolds number on the symmetry-breaking phe-
nomenon. In Fig. 8, the axial velocity contours (at the
top) and the transverse streamlines (at the bottom) at
some selected cross sections of S-shaped bends with
different sweep angles are shown. The cross-sectional
streamlines at the second bend exit of 45° and 135°
bends show almost no traces of asymmetrical features,
while at the same cross section the velocity patterns of
bend with 90° sweep angle exhibit asymmetrical
behavior. However, as the flow advances into the out-
flow region slight asymmetrical features are also
observed in the 45° and 135° bends secondary flows.
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sweep angle = 45°

Re = 1920
sweep angle =

outer wall of second bend

inner wall of second bend

FIGURE 8. Axial velocity contours (at the top) along with the corresponding cross-sectional streamlines (at the bottom) for
Re = 1920 at some selected cross sections of S-shaped bend with different sweep angles.

Despite these asymmetrical secondary flows, the axial
velocity contours almost remain symmetric. The 90°
model shows the most asymmetrical secondary patterns
where a pair of almost Dean vortex oriented to the
right-hand side gradually forms, which is directly
associated with the shift of the axial velocity profile
toward this side of cross sections as shown in Fig. §,

x = 15D. According to these observations, at higher
Reynolds numbers the stream wise asymmetrical
features are shown to become more apparent in the
flow field of S-shaped bends with 90° sweep angle,
while the main flow of 45° and 135° models remain
almost symmetric, even at such a high Reynolds
number.
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FLOW SEPARATION IN S-SHAPED BENDS

Flow separation is one of the significant phenomena
in the study of blood hemodynamics which is broadly
believed to be associated with several arterial wall
diseases.”** Therefore, recognition of the regions
prone to flow separation and the parameters that
govern the initiation of this phenomenon is of practical
importance.

Flow separation is directly related to the existence of
adverse pressure gradient. For an S-shaped bend
adverse pressure gradient always occurs at the early
sections of the first bend outer wall, while it may occur
at the transition of the two bends along the second
bend outer wall depending upon the Reynolds
number, sweep angle, and curvature ratio. For a given

1%bend
inner wall

H. NiazmMAND AND E. RAJABI JAGHARGH

curvature ratio as is the case of the present study and
the Reynolds numbers considered here no separation
occurs at the outer wall of the first bend, despite the
existence of the adverse pressure gradients there, which
indicates that the fluid momentum in this region is high
enough to overcome the opposing adverse pressure
gradient.

Further investigations on Reynolds number and
sweep angle effects on flow separation show that sep-
aration along the second bend outer wall can only
occur in gentle bends with low sweep angles of 20° up
to 30°, and high Reynolds numbers such as Re = 1920.
Present computations for gentle bends with different
Re show no trace of separation for Reynolds numbers
smaller than 1500, while, no further attempts have

2"bend
outer wall

1*bend 2"pend
outer wall inner wall
Pressure Axial Vel.
flow direction 2008, =
2.02

Pressure Axial Vel. 4
= 2"bend
1.80 outer wall
2.00
2.03

1%bend

| s

inner wall*A

2"bend
inner wall

1*bend
J\outer wall

Re = 1920

sweep angle = 20°

FIGURE 9. Flow streamlines in the symmetry plane of 20° S-shaped bend along with the contours of nondimensional pressure
and axial velocity fields at some selected sections for Reynolds number of 1920.
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been made to identify the exact Re that initiates sep-
aration for gentle bends. This is, however, in contrast
with the results of Hoogstraten ez al.'” indicating that
flow separation can occur in a 35° S-shaped bend at
Reynolds number of 960.

To study the separation features in gentle bends the
flow streamlines in the symmetry plane of a 20°
S-shaped bend at Re = 1920 are shown in Fig. 9. This
figure presents the cross-sectional nondimensional
pressure and axial velocity contours at four cross sec-
tions around the interface of the two bends, in addition
to the surface pressure variations along the AA’ and
BB’ lines. It is observed that for these flow conditions
separation from arterial wall occurs along the first
bend inner and second bend outer wall in the bends
transitional region. Despite the stronger adverse pres-
sure gradients that exist along the BB’ line as com-
pared to AA’ line, flow remains attached to the wall in
this region since fluid particles are energetic enough to
climb the corresponding pressure hill there without
separating from the wall. Effects of bend sweep angle
on separation are also studied. It is observed that the
separation length and strength decrease as the bends
sweep angle increases.

SUMMARY AND CONCLUSIONS

Steady flow patterns in S-shaped bends with sweep
angles of 45°, 90°, and 135° for a fixed curvature ratio
of 13 are investigated numerically. Results show that
the flow fields in these geometries are generally
dependent on the Reynolds number and sweep angles
which can be categorized into three different groups.
Low Reynolds numbers flows, which are almost inde-
pendent of sweep angles. Dean vortex pattern in both
bends are consistent with the bend curvature except for
the early sections of the second bend. Low Re flows are
practically geometry-dominated flows. At higher Rey-
nolds numbers with lower sweep angles, the secondary
vortices of the first bend apparently remain in the core
of the second bend wrapped by vortices of this bend,
and therefore, each cross section in the second bend
contains two pairs of vortices. Axial velocity profiles in
the second bend carry the first bend features all the
way through the second bend. At higher sweep angles,
the secondary vortices of the second bend become
strong enough to overcome the effects of the first bend
on the axial velocity profiles shifting the maximum
velocity in direction consistent with the second bend
curvature. It is worth mentioning that for cases where
two pairs of vortices exist in the second bend cross
sections, the core vortices related to the first bend
become dominant along the outflow region.

Separation along the outer wall of second bend is
also detected for gentle bends with sweep angles
between 20° up to 30° and Reynolds numbers as
high as 1920. For such flow conditions, flow is sep-
arated due to the adverse pressure gradient along
the first bend inner wall and the second bend outer
wall. Moreover, the separation length at a given
Reynolds number shortens as the bend sweep angle
increases.

An interesting feature associated with high Rey-
nolds numbers flows is the symmetry-breaking phe-
nomenon in the secondary field of the S-shaped bends
at any sweep angles. Present results indicate that the
asymmetrical axial velocity profiles are more pro-
nounced for sweep angle of 90°.

It should be mentioned that the potential limitations
of the current study are the following assumptions:
(a) Newtonian fluid, (b) rigid wall, and (c) steady flow.
Although these assumptions may lead to some devia-
tions from the realistic physiological conditions, how-
ever, as mentioned earlier these assumptions can be
reasonably applied for the blood flow investigation
without loss of generality.
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