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Abstract

We investigate turbulent flow with highly pulsating axial velocity passing through a duct with both
first and second bends. The time-dependent velocity fields downstream of the bends were
measured using time-resolved stereo particle image velocimetry for the steady case (Reynolds
number Re =36,700) and the pulsatile case ( Re = 37,800 and Womersley number « =59.1).
Proper orthogonal decomposition (POD) of the in-plane velocity data isolates the energetic
structures of the secondary flow. The modes downstream of the first bend have a Dean motion
(mode 0), single swirl (mode 1), and double swirl (mode 2), which agree with those of previous
studies on steady turbulent flow. Downstream of the second bend, additional vortices appear in the
modes owing to the secondary flow originating in the first bend. The modal structure of the
pulsatile case is virtually the same as that of the steady case. To our knowledge, we are the first to
find swirl switching in pulsatile flow, whereas the switching has been reported only for steady
cases. We further conduct a time-frequency analysis via wavelet transformation onto the POD time

coefficient, showing intermittency in energy of the mode associated with swirl switching.
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1 Introduction

Flow in internal combustion engines is three-dimensional and highly unsteady and has been
widely studied. Many studies have focused on in-cylinder flow and some on flow inside intake and
exhaust manifolds, which we address in this study. Recently, Merati et al. [1] measured the flow
fields upstream of a catalytic converter using stereo particle image velocimetry (P1V) to achieve
optimal conversion efficiency. Xu [2] numerically simulated flow uniformity and pressure loss in
an intake manifold because both factors impact engine performance. Many studies on
intake/exhaust flow have used realistic manifold geometries where the flow field is highly
complicated, and little has been reported on more detailed flow dynamics (such as curvature-
related secondary flow) in a simple component in engine manifolds. This study focuses on
unsteady flow passing through only a curved section, which is essential in engine manifolds, and is
based on previous findings on bend flows.

The pioneering work on bend flow is by Dean [3, 4], who first derived the equation for laminar
flow through a circular curved pipe. He theoretically found secondary motion in the pipe cross
section consisting of two counter-rotating vortices [3], known as Dean vortices.

Roughly half a century after Dean’s work, Lyne [5] theoretically found two additional vortices,
circulating in the opposite direction to the Dean vortices, for oscillatory laminar flow (which has a
zero-mean oscillating flow rate) through a circular curved pipe. This secondary motion is now
called the Lyne vortices.

Subsequently, many researchers have found secondary motion of unsteady flow by studying
physiological problems. Chang and Tarbell [6] found secondary vortices similar to the Lyne
vortices under physiological pulsation (pulsation with non-zero-mean flow). Sudo et al. [7]
classified secondary flows into five patterns; Dean, deformed Dean, intermediate between Dean
and Lyne, deformed Lyne, and Lyne, for oscillatory laminar flow. More recent studies on
physiological pulsatile flows [8, 9] have identified multiple vortices as well as the Dean and Lyne
types. Most studies that combine secondary flow features and unsteady conditions, including the
aforementioned studies on unsteady bend flows, have been restricted to low Reynolds number
(laminar flow), which is far from engine conditions.

For turbulent bend flow (without pulsation), an important finding was by Tunstall and Harvey
[10], who experimented with turbulent flow through an L-shaped 90°-bend pipe. They observed
that secondary flow downstream of the bend was dominated by an alternating
clockwise/anticlockwise single swirl instead of the classical Dean vortices. They also suggested
that this abrupt switching was associated with the flow separation along the inner wall of the bend.
Bricker [11] further studied unsteady secondary motion via PIV and found that the symmetry
plane of the Dean vortices oscillated about the symmetry plane of the bend pipe.

Bricker [11] used the term “swirl-switching” in citing the result of Tunstall and Harvey [10].
This term is now widely used to refer to unsteady behavior of secondary vortices. Twenty-first
century advances in computational resources and experimental techniques have encouraged further

study of swirl switching. Ritten et al. [12] performed large-eddy simulations (LESs) of turbulent



flow in a 90° bend at Reynolds number Re =5,000—27,000 (Re = w,D/v, where w, isthe

bulk velocity, D is the pipe diameter, and v is the kinematic viscosity). They showed that
switching can occur when there is no separation, contrary to the claim by Tunstall and Harvey
[10], and found that the overall force onto the pipe wall, which causes pipe fatigue, oscillates at a

low frequency corresponding to a Strouhal number St =0.01 (St = fD/w, , where f is the

frequency). This oscillating force is due to the fact that one of the cells of the Dean vortices is
alternately suppressed by the other cell, which is the swirl switching.

Proper orthogonal decomposition (POD) has been widely used to investigate swirl switching
since the work of Sakakibara et al. [13], who applied it to velocity fields obtained from stereo PIV
conducted on pipe cross sections downstream of a 90° bend at Re =120,000. The result was that
the velocity field reconstructed by the first POD mode with the mean field was similar to swirl
switching. Spectral analysis of the time-dependent POD coefficient revealed a peak at St = 0.07 .
In a similar analysis, where Hellstrom et al. [14] performed stereo PIV and POD for
Re = 25,000, the first POD mode represented a single swirl pattern, and the spectrum of the
corresponding POD coefficient showed a peak at St = 0.33. Carlsson et al. [15], who conducted
LES of turbulent flow through a 90° bend at Re = 34,000, also observed a single swirl pattern as
the first POD mode with a high-frequency ( St = 0.5—-0.6) oscillation. More recently, Hufnagel et

al. [16] studied swirl switching in a 90° bend at Re =11,700 via direct numerical simulation

(DNS) and performed three-dimensional POD, showing modal oscillations at St =0.16and 0.32.

Some researchers believe the origin of swirl switching to be large-scale structures coming from
the straight section upstream of the bend. Sakakibara and Machida [17] measured the velocity
distribution of turbulent flow upstream and downstream of a 90° bend using PIV and analyzed the
stagnation point moving azimuthally in the pipe cross section downstream, characterizing the
alternating domination of one of the Dean vortices. They suggested that the streaks appearing prior
to the Dean vortices cause the displacement of the stagnation point, and that the estimated streaks
are possibly connected to very large-scale motion (VLSM). This idea was also supported by
Hellstrom et al. [14] and Kalpakli Vester et al. [18].

However, Noorani and Schlatter [19] argued in their DNS work that swirl switching was due to
the curvature itself, because this was found in toroidal pipes with no straight section. Whereas
Carlsson et al. [15] concluded that low-frequency (St <0.01 and St~ 0.13) switching was a
consequence of VLSM, they also found high-frequency ( St = 0.5—0.6 ) modes originating in the
bend. To our knowledge, the latest result is that of Hufnagel et al. [16], who observed that the
wave-like structure originating in the bend traveled in the streamwise direction, leading to
switching in the pipe cross section.

An experimental study by Kalpakli et al. [20] is one of a few on turbulent bend flow with
pulsation close to that in an engine. In this work, stereo PIV was used to measure the velocity

distribution downstream of a 90° bend for Re ~24,000 and a Womersley number
of a=41and71 [a=(D/2)(w/v)**, where w is the angular frequency of pulsation]. The result

for pulsatile flow was formation of Dean vortices during one cycle. Although they applied POD to

velocity data of the pulsatile flow, the analysis was just filtering, and there was no description of
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unsteady structures with time scales much shorter than that of the pulsation, such as swirl
switching.

In a previous study [21], we dealt with pulsatile turbulent flow through an S-shaped double-
bend duct at Re =48,000 and «=70.9. The main result was that flow reversal, also viewed as
flow separation, appeared on the inner wall during flow deceleration, as often occurs with
unsteady laminar flow through a bend [22, 23, 24]. We also presented secondary flow structures in
terms of phase-averaged fields, but did not describe transient features of the secondary flow
because of the limited sampling rate of the stereo PIV system.

It remains to be seen how secondary motion behaves unsteadily in pulsatile turbulent flow
through a bend. The objective of this study is to extend understanding of fluid dynamical
phenomena to unsteady flow structures, which are encountered in intake/exhaust flow of internal
combustion engines. We investigate pulsatile turbulent flow through an S-shaped double-bend
duct, which is often used in engine manifolds, via time-resolved stereo PIV. The PIV
measurements are performed with high temporal resolution by using high-speed cameras to
capture the unsteady behavior of large-scale secondary motion such as swirl switching. POD of the
obtained velocity data is discussed in view of the literature, and the modes and time coefficients

are compared between steady and pulsatile cases.

2 Experimental setup

The experiments were conducted with a flow rig capable of providing both steady and pulsatile
flows. The rig is illustrated in Fig. 1. A blower (Showa Denki, EM-H22) supplied room-
temperature (approximately 297 K) air to a circularly sectioned pipe. Pulsatile flow was generated
in a way similar to that in the studies by Benjamin et al. [25] and Hirata et al. [26], by rotating a
disk in which four vent holes were arranged at even intervals circumferentially. An inverter-
controlled AC motor rotated the disk at a constant speed, and thus the pipe cross section was
opened/closed periodically. Steady flow was realized by keeping the disk at the position where the
cross section was entirely open. The created pulsatile or steady flow was delivered into a test
section through a straight pipe.

The test section was made of transparent acrylic to enable optical access. The difference in
refractive index between acrylic and the working fluid (air) would cause image distortion when
photographing through a curved surface during PIV measurement. To reduce the distortion, a
square was used as the cross-sectional shape. In a squarely sectioned straight duct, turbulent flow
coexists with secondary vortices in the duct corner owing to Reynolds stress imbalance, which is
secondary flow of Prandtl’s second kind. However, the effect of this weak secondary motion is
overwhelmed by pressure-driven secondary flow in a bend [27]. In our study, we consider
curvature-induced secondary flow of Prandtl’s first kind to be dominant, and our secondary flow is

similar to that in a circularly sectioned pipe. In fact, our previous studies [21, 28] on a squarely



sectioned bend duct presented Dean- and Lyne-type flows as found in a circularly sectioned bend
pipe.

The test section had two 90° bends each with a hydraulic diameter of D = 32 mm and curvature
radius of R = 48 mm. Hereafter, we refer to the upstream and downstream bends as the first bend
and second bend, respectively. Both bends were connected by a 5D-long straight duct. Straight
ducts of length 25D were attached to the inlet of the first bend and the outlet of the second bend.
To prevent the flow distorted by the rotating disk from flowing into the test section, a 6D-long
honeycomb was inserted at the circularly sectioned pipe just before the 25D straight duct. The time
waveform of the pulsatile bulk velocity (and pressure) depends strongly on the entire duct length.
We determined the length of the straight duct such that the bulk velocity showed a waveform as
sinusoidal as possible to simplify the effect of flow acceleration and deceleration on unsteady flow
structures. Although the 25D length of the upstream duct might not be enough to develop the
turbulent flow fully, the uniformity of the axial velocity distribution was confirmed in the straight
section preceding the first bend by stereo PIV measurement before the main experiments. Figure 2
shows the time-averaged axial velocity distribution 3D upstream of the first bend entrance. The
measurement method is the same as in the main experiments described below. In the straight
section, the measured in-plane velocity is too small and thus not shown in the figure. The axial
velocity distribution seems to be point-symmetric for both the steady case and the pulsatile case in
which the rotating disk effect occurs.

The velocity fields 1D downstream of the first and second bends were measured for both the
steady and pulsatile cases using time-resolved stereo PIV. The flow was seeded with olive oil
atomized by a Laskin nozzle-based mist generator (Flowtech Research). The resulting seeding
particles were injected into the upstream pipe preceding the test section in two different directions

to seed the flow homogeneously.

Rotating disk

Fig. 1 Schematic of the flow rig used for PIV measurements. The pulsation generator is shown at
the bottom left. The bend shape is shown at the top right with the geometrical parameters: duct

diameter D and curvature radius R



05 1 1 1 1 1 1
W*
1.2
1
\
0.8
S o] L
: j 0.6
0.4
0.2
0
'05 T T T T T T
0.5 0 05 -0.5 0 0.5

xID x/ID

Fig. 2 Time-averaged axial velocity distribution 3D upstream of the first bend entrance for a) the

steady case and b) the pulsatile case. The data were obtained in the preliminary PIV measurement.

The contours indicate the normalized axial velocity w’ =WIWb , where w is the axial velocity

and va is the time-averaged bulk velocity.

Figure 3 is the experimental configuration of the PIV measurement at 1D downstream of the
first bend. The PIV system consisted of a light source, two cameras, and a delay pulse generator
(Flowtech Research, FtrvVSD2000) (not shown in Fig. 3). The seeded flow was illuminated by an
Nd:YAG double-pulsed laser (Continuum, Mesa PIV, 9 mJ/pulse at 5 kHz, 532-nm wavelength).
A 2-mm-thick light sheet was produced by passing the laser beam through a cylindrical lens. The
scattered light from seeding particles was photographed by high-speed CMOS cameras (Photron,
FASTCAM SA-Z, 1024 x 1024 pixels at 10,000 fps) that were aligned at approximately 45° to the
normal of the light-sheet plane. Nikon lenses with 105-mm focal length were mounted and
inclined on the cameras to satisfy the Scheimpflug condition [29]. The magnification factor was
approximately 0.04 mm/pixel. To calibrate the cameras, images of an in-house calibration target
were taken in the plane of the light sheet, as in studies such as Soloff et al. [30]. A sixth-order

polynomial fit was used as the mapping function of each camera.

.
3
Camera 2 //7 // N
5 2/ y
A
Camera 1 y / \\\\\ »/“X High-speed CMOS cameras
/ N "

~ Nd:YAG laser

Fig. 3 Arrangement of the test section and PIV equipment consisting of a laser and cameras



The laser and cameras were synchronized through the delay pulse generator, and the PIV
system was operated with frame straddling. The sampling rate of the PIV measurements was 5
kHz, equivalentto St =8.67 (based on the hydraulic diameter and time-averaged bulk velocity
calculated from the PIV data). Our literature survey found that the Strouhal number, which is
associated with the oscillating secondary motion in steady turbulent flow through a bend, is on the
order of 10~ at most. Therefore, we considered our measurement sampling rate to be high enough.
We took 5,000 image pairs resulting in a one-second measurement duration for each case.

The time interval between laser pulses was determined so that the out-of-plane displacement of
the particles was less than one quarter of the light-sheet thickness [31]. To reflect the time interval
accurately in calculating velocities, the light-emitting interval was confirmed using a biased
photodetector (Thorlabs, DET10A/M). The measured time interval was 20.1 ps for all cases.

The software FtrP1V (Flowtech Research) was used for PIV post-processing. The first
procedure was to subtract the background image from the particle images. The grids for vector
calculation were specified inside the area of a square of dimensions 30 mm x 30 mm, in which the
calibration target was placed during the camera calibration. The grid spacing (vector spacing) was
22 pixels, corresponding to 0.860 mm in actual size. The image pairs were correlated using a
direct cross-correlation algorithm with an interrogation window of 45 x 45 pixels. Figure 4 shows
the probability densities of the particle displacements obtained from the preliminary analysis in
which a square search area of 75 x 75 pixels was arranged to search for a correlation peak within
+15 pixels in both the horizontal and vertical directions. The overall particle displacement in the
images was downstream over time in this experimental configuration. As a result, the detected
displacements were within £5 pixels in the horizontal direction and from —15 pixels to 2 pixels in
the vertical direction. Accordingly, we used a rectangular search area of 62 x 55 pixels (Fig. 5) for
all locations and cases. In this way, we did not identify vectors that seemed to be spurious without
an algorithm for removing such vectors owing to the necessary minimum size of the search area.
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Fig. 4 Probability densities of the particle displacements obtained from the first 200 image pairs,
which were taken at the first bend for the pulsatile case. a) Camera 1, horizontal displacement; b)
camera 1, vertical displacement; ¢) camera 2, horizontal displacement; d) camera 2, vertical

displacement

Interrogation window
(45 x 45 pixels)

Searchwindow
(62 x 55 pixels)

Flow direction 15 pixels
Y onim age
Fig. 5 Definition of an interrogation window and search window for PIV post-processing. Each

window is indicated by red and blue lines on a particle image

Figure 6 shows the definition of object coordinates in the first bend (x1, y1, z1) and second bend
(X2, Y2, 22), where x; and x, are normal to the plane of symmetry, y: is outward of the first bend
while y; is inward of the second bend, and z; and z; are normal to the planes of the light sheet (the
cross-sectional planes). The origin of each coordinate is at the center of the duct cross section.
Hereafter, the three corresponding velocity components are denoted by (u, v, w).

Figure 7 shows the waveform of the instantaneous bulk velocity at the cross section 1D
downstream of the first bend for the steady and pulsatile cases. The data were obtained from the
axial velocity component w measured with PIV. The graph is presented for one rotation of the

disk, and thus four clear peaks are seen in the pulsatile waveform. The steady case was determined
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such that the time-averaged bulk velocity was as close to that of the pulsatile cases as possible.

The Reynolds numbers based on the time-averaged bulk velocity were Re =36,700 for the
steady case and Re =37,800 for the pulsatile case. The pulsation frequency was 34 Hz,

corresponding to a Womersley number of « =59.1. This pulsatile condition is equivalent to 1,020

rpm in a four-cylinder engine.
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Fig. 6 Definition of coordinate system downstream of the first bend (left) and second bend (right)
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Fig. 7 Time-series bulk velocity from the PIV data downstream of the first bend for the steady and

pulsatile cases. The time on the horizontal axis is normalized with the period of pulsation, ¢

3 Results and discussion

3.1 Instantaneous and time-averaged fields

Figure 8 shows the instantaneous velocity fields in the cross-sectional plane 1D downstream of
the first bend for the steady and pulsatile cases. The in-plane components (u, v) are denoted by
vectors, and the axial component w by a colored contour. In the steady case (Fig. 8a), high-speed
axial flow appears on the outer wall owing to the centrifugal force, while the slower flow is on the
inner wall. Prevailing Dean motion is not seen in the instantaneous field containing turbulent
fluctuations, as also described by Hellstrém et al. [14]. The shift of the high-speed axial flow

toward the outer wall is also seen in the pulsatile case (Fig. 8b, ¢) and is more evident during



deceleration than during acceleration. A similar tendency was reported by Komai and Tanishita
[32] and Boiron [33], who found that the maximum axial velocity, which was near the inner wall
during acceleration, moved toward the outer wall during deceleration. The shift of the axial flow is
due to the fact that the secondary flow would prevail at this location (1D downstream of the bend

exit) during deceleration (see Section 3.2.2).

—
03 05 07 09 11 13 ?'5*
w v

Fig. 8 Instantaneous velocity fields obtained from the PIV at the cross section downstream of the

first bend a) for the steady case (t/z = 0.11 in Fig. 7), b) during acceleration for the pulsatile case

(t/t=0.11 in Fig. 7), and c) during deceleration for the pulsatile case (t/z = 0.63 in Fig. 7).
Vectors and color contours indicate the in-plane velocities (u”,v") = (u /Wb,v/vvb) and axial

velocity w’ :w/vvb , where Wb is the time-averaged bulk velocity

To know fundamental flow structures induced by passing the flow through the double 90°
bend, we computed the time-averaged fields over 5,000 successive snapshots. The time-averaged
velocity fields 1D downstream of the first and second bends are presented in Fig. 9 in a similar
manner to Fig. 8, but the vectors are plotted at half the full resolution in both the x and y
directions. Downstream of the first bend (Fig. 9a, b), the in-plane flow is in the centrifugal force
direction (toward the outer wall) over a wide region of the cross section, while the flows close to
the left and right side walls are in the radial pressure gradient direction (toward the inner wall),
resulting in Dean motion, for both the steady and pulsatile cases. That the Dean motion appears
even in the pulsatile turbulent case agrees with the results of Kalpakli et al. [20] and our previous
studies [21, 28]. The axial velocity distribution is distorted in accordance with the Dean motion.
Downstream of the second bend (Fig. 9c, d), Lyne-type circulation forms in the core of the cross
section for both cases. This secondary motion is not due to either the pulsation or square cross
section, but to the non-uniform axial flow developed through the first bend and the straight section
preceding the second bend. At the second bend, the radial pressure gradient is dominant over the
centrifugal force in the core of the cross section. The reader is referred to our previous study [28]
for more details on formation of Lyne-type vortices. The axial velocity distribution downstream of

the second bend is not as distorted as in the first bend, owing to the weak centrifugal force. The
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time-averaged structures do not make much difference between the steady and pulsatile cases as a
whole.
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Fig. 9 Time-averaged velocity fields from the PIV data. a) First bend, steady case; b) first bend,
pulsatile case; ¢) second bend, steady case; d) second bend, pulsatile case. Vectors are plotted at
half the full resolution in both the x and y directions

3.2 Proper orthogonal decomposition

We applied POD only to the in-plane velocity components (u, v) in the two-dimensional
domain, as in Hellstrém et al. [14], to eliminate the effects of the velocity pulsation in the axial
direction and any streamwise structures.

Extracting coherent structures via POD lies in finding the deterministic function ¢ that

maximizes the mean-square projection onto the time-dependent flow fields [34]. This

maximization results in the following integral eigenvalue problem of the Fredholm type:
[C0GXE (XX = ADgM (X)) . (1)

Here, X denotes the space variable [(x1, y1) or (X2, y2) in this analysis], and C; (X;X") is the time-

averaged two-point correlation function, defined by:

11



C,(X: X)=u,(X.Hu, (XD . (@)

where u,(X,t) is the i-th component of the velocity vector [ (u;,u,) = (u,v) in this analysis] at
time t. In Eq. (1), the eigenfunctions ¢™ represent the spatial POD modes ordered according to

the size of the corresponding eigenvalues A (n indicates the mode number). We denote the
most energetic structure as mode 0 (4® ). The POD time coefficients can be recovered by

projecting the instantaneous fields onto the POD modes and are given by the equation
a® () = [u,(X,Dg"(X)dX . (3)

The POD was performed as the eigenvalue problem for the velocity correlation matrix. When
calculating the velocity correlation matrix on the basis of Eq. (2), we used 5,000 successive

snapshots, giving convergence of both the eigenvalues and eigenvectors [35].

3.2.1 Modes

Figure 10 shows the first three POD modes 1D downstream of the first bend for each flow
case. The modes are illustrated by contour lines of the in-plane stream function, representing
streamlines of the in-plane velocity, to visualize organized structures clearly. First, the modes for
the steady case are focused. The Dean vortices are characterized as mode 0. Mode 1, representing
the first fluctuating structure, consists of a single swirl spanning the whole cross section, as also
observed in turbulent flow through a circularly sectioned bend [13, 14, 15, 16, 18, 20], and this
structure is associated with swirl switching. Because the time average of the corresponding POD
coefficient is zero (not shown in the figure), the swirling motion does not contribute to the mean
field [36], as seen in the time-averaged field of the Dean motion (Fig. 9a). The structure of mode 2
consists of two vortices and is similar to a double swirl [16] and to tilted Dean vortices [14, 18,
19]. The modes for the turbulent flow through the squarely sectioned bend duct agree with those in
the literature for circularly sectioned bend pipes. This implies that the energetic structures
observed here are associated not with Reynolds-stress-driven secondary flow specific to the square
section but rather curvature-driven secondary flow similar to circular-pipe flow.

As for pulsating flow downstream of the first bend, the first three modes contain clear vortices,
unlike the POD of the pulsatile flow data of Kalpakli et al. [20], and represent the Dean vortices
and the single and double swirls. These flow patterns are very similar to those of the steady case.
A noteworthy result is that the in-plane coherent structures extracted by the POD are not subject to
the pulsation.

Figure 11 shows the in-plane flow reconstructed with the first two modes, containing 55.2% of
the total energy, at two representative times for the pulsatile case. The reconstruction clearly
shows that the flow switches between two states with one Dean vortex dominating the other,
which is swirl switching. To our knowledge, this study is the first to identify swirl switching in

pulsatile flow.
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Mode 0 Mode 1 Mode 2

Steady flow

56.1% 5.2% 2.8%

Pulsatile flow

49.4% 5.8% 3.1%

Fig. 10 POD modes 0, 1, and 2 (from left to right) downstream of the first bend for the steady case
(top row) and pulsatile case (bottom row). The in-plane flow structures are indicated as contour
lines of the stream function, representing streamlines. Solid and dashed lines denote clockwise and
anticlockwise vortices, respectively. The percentage below each mode is the proportion of Kinetic

energy to total energy (A™/2A™ )
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Fig. 11 In-plane flow fields reconstructed using the first two POD modes downstream of the first

bend for the pulsatile case at two representative times, a) t/z =0.66 and b) t/r=0.76 inFig.7

Figure 12 is similar to Fig. 10 but for the second bend. For each of the steady and pulsatile
cases, the structure of mode 0 is naturally close to the time-averaged field (Fig. 9). The Lyne-type
vortices are evident in mode 0 and are surrounded by the other vortices. A swirling flow spanning
the cross section is captured as mode 1, but two additional vortices are present, unlike the case of
the first bend (Fig. 10). Mode 2 consists of two counter-rotating vortices with one of them splitting
into two parts. There is a visible difference in the number of vortices between the first and second
bends for all presented modes. As stated in Sec. 3.1, the non-uniform axial flow before the second
bend affects secondary flow formation in the second bend, resulting in additional vortices in the

time-averaged field (Fig. 9). This effect is apparent even in the POD modes of vortices other than
13



those in the first bend. As in the first bend, the flow reconstruction (not shown here) reveals the
alternating domination of all vortices in mode 0: switching occurs even in the second bend.

Mode 0 Mode 1 Mode 2

Steady flow

7.7% 5.6%

Pulsatile flow

@

8.4%

Fig. 12 POD modes 0, 1, and 2 (from left to right) downstream of the second bend for the steady
case (top row) and pulsatile case (bottom row). The in-plane flow structures are indicated as
contour lines of the stream function, representing streamlines. Solid and dashed lines denote

clockwise and anticlockwise vortices, respectively. The percentage below each mode is the

proportion of kinetic energy to total energy (A™ /=A™ ).

3.2.2 Temporal behavior of the modes

In this section, the unsteadiness of the energetic structure is discussed in terms of the POD time
coefficient, which indicates when the corresponding mode is active. We examine the POD time
coefficient for modes 0 and 1 showing the Dean motion and single swirl, respectively, that
contribute most to the swirl switching. We focus on the data collected only at the first bend
because the main difference is in the vortices (Figs. 10 and 12), without much change in the
temporal behavior of the switching between the two bends.

The graph in Fig. 13 shows the time coefficients of the first two modes and the bulk velocity
waveform for the pulsatile case. The coefficients are motion-averaged with a cut-off frequency of
450 Hz, corresponding to St =0.78, to remove short time-scale fluctuations due to background
turbulence. The time coefficient of mode 0 (Dean motion) seems to follow the temporal change in
the bulk velocity. To quantitatively evaluate the correlation between the mode 0 time coefficient

and the bulk velocity, we computed the cross-correlation function given by:

Pt (ti)—v7b}{a‘°) (t +At)_F}
R(w,;a®, At) = —1 @

JZ{Wb(ti)—VTb}QZ{a‘O’ t +At)—a(_°)}2
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where Az is the time lag. The graph of this function (Fig. 14) shows a clear correlation between the
two signals. The high-speed axial flow likely induces the strong secondary flow, which would lead
to large amplitude of mode 0 at the peak bulk velocity. However, there is a positive time lag for

At/t =0.11: a peak in the time coefficient of mode 0 appears during deceleration. We assume this

time lag occurs because the measurement plane is located downstream of the bend section where
the secondary flow arises. The time lag can also be estimated from the time period in which the
curvature-induced secondary flow is transported to the measurement plane (1D downstream of the
bend exit). We treat the distance from the bend to the measurement plane as being

L~ R-(;r/4)+1D ~70 mm (from the midsection of the bend to the measurement plane on the
center line of the duct), and approximate the transportation velocity of secondary flow as the time-
averaged bulk velocity Wb ~18 m/s. Thus, the time lag is At ~ L/VTb =0.137, which is close to

the value obtained from the above cross-correlation function. That the Dean motion is more
evident during deceleration agrees with the pulsatile turbulent flow data of Kalpakli et al. [20],
who also measured downstream of the bend exit and found Dean-type vortices forming during
deceleration even though no vortices were present at the start of deceleration (the end of
acceleration). The strong Dean motion during deceleration causes the aforementioned shift of the
high-speed axial flow at this time (Fig. 8c). The time coefficient of mode 1 (swirl switching)
fluctuates with higher frequency than the axial pulsation, suggesting that domination of each
vortex alternates several times during one pulsation.
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Fig. 13 POD time coefficients of modes 0 and 1 downstream of the first bend for the pulsatile

case. The waveform of the bulk velocity w, is also shown below the graph of the coefficients
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Fig. 14 Cross-correlation function of the bulk velocity and the POD time coefficient of mode 0

Previous studies [13, 14, 15, 16, 18, 19] analyzed POD time coefficients in the frequency
domain to determine the frequency response of swirl switching. In this paper we have introduced
time-frequency analysis to study the relation between switching and pulsation.

The time-frequency energy distribution of the time coefficient of mode 1 (swirl switching) was
obtained with the continuous Morlet wavelet transformation [37], and is presented in Fig. 15 for
the steady and pulsatile cases. This figure also shows the Fourier spectrum of the mode 1
coefficient, which was calculated with Welch’s method [38], and the time coefficient of mode 0
(Dean motion), allowing us to track the switching frequency while the intensity of mode 0

changes. The Fourier spectrum for each case has a peak at St = 0.3 (corresponding to

f =173 Hz), about the same as those found by Hellstrém et al. [14] and Hufnagel et al. [16],

whose spectra peak at St =0.33and 0.32, respectively, for the time coefficient of mode 1 for the
single swirl. Because the Fourier spectra for the steady and pulsatile cases have similar patterns,
there is little difference in time-averaged switching between them. The wavelet spectra also peak
at St~0.3-0.4 for both flows. (Note that in the wavelet spectra the maximum contour level was
set to display a wide range of the wavelet coefficient, and therefore the brightness, representing
power, is saturated at this frequency). For the steady case, the wavelet power is randomly
distributed in the time direction. However, for the pulsatile case, the wavelet power is strongly
correlated with the time coefficient of mode 0: the wavelet power increases with an increase in the
mode 0 time coefficient. Given that the mode 0 time coefficient follows the bulk velocity
waveform (Figs. 13 and 14), the significance of the mode 1 structure, which is associated with the
wavelet power, increases intermittently following the pulsatile bulk velocity. More specifically,

the swirling motion becomes energetic when the axial flow decelerates.
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Fig. 15 Wavelet spectra of the mode 1 time coefficient (a” ) downstream of the first bend for a)

the steady case and b) the pulsatile case. The power spectral density (PSD) of a® is also shown

on the right side of each wavelet spectrum. The time series waveform presented below the wavelet

spectrum is the mode 0 time coefficient (a®)

4 Conclusion

Both steady and pulsatile flows in an S-shaped duct comprising two 90° bends were
investigated using time-resolved stereo PIV. The measurements were conducted in the cross
sections at one pipe diameter downstream of the bend exits. Our experiments yield the time-
dependent velocity fields, which help to compensate for lack of information on pulsatile turbulent
flow.

POD was used to isolate the energetic structures from the velocity data set. The steady case
manifests Dean motion and a single swirl downstream of the first bend as modes 0 and 1,
respectively, as often reported by studies on turbulent flow through a circularly sectioned 90° bend
pipe. The secondary flow downstream of the second bend consists of multiple vortices in the time-
averaged fields due to the first bend, as also reported in our previous studies [21, 28]. This is seen
even in modes 1 and 2 as well as mode 0, representing the mean field. A noteworthy result in this
study is that swirl switching occurs in pulsatile flow, which is a new finding as far as we know.

The time-averaged fields and POD modes show no clear differences between the steady and
pulsatile cases. However, POD time coefficients reveal unsteady behavior unique to pulsatile flow.
Our Fourier spectra of the time coefficient of the single swirl show a peak at about the same point
as in previous studies, for both the steady and pulsatile cases. In addition, we used a wavelet
transformation to obtain the time-frequency representation of the time coefficient, finding that the
switching frequency in pulsatile flow prevails more as the intensity of mode 0 (the Dean motion)
increases. The energies of both the Dean motion and single swirl increase temporally during

deceleration, because the measurement location is in the straight section downstream of the bend.
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