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ARTICLE INFO ABSTRACT

Handling Editor: Prof. A.L Incecik Strouhal number (St) is an essential dimensionless quantity for characterizing the vortex-shedding frequency of
the flow past a cylinder. In this study, the Strouhal number for a near-wall circular cylinder fully immersed in a
boundary shear flow in the subcritical flow regime was experimentally investigated in a water flume. The ve-
locity fluctuations and flow fields of the lee-wake were systematically measured with an Acoustic Doppler
Velocimeter (ADV) and an upward-illumination Particle Image Velocimetry (PIV) system, respectively. Based on
dimensional analyses, a non-dimensional shear parameter (K) is introduced to characterize the shear flow. An
explicit expression between K and e/D is obtained on the basis of the boundary theory and verified with the flume
measurements. Spectral analysis of wake velocities indicates that the multi-peaks can be identified as the cyl-
inder gets closer to the wall. The PIV measurements indicate that the multi-peaks spectra are predominantly
induced by the intense interactions between the lower shear layer and wall boundary layer. By fitting the
experimental results, empirical relationships for the variations of St with K or e/D are finally established for the
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subcritical flow regime.

1. Introduction

When the flow is passing a circular cylinder under wall-free condi-
tions, alternate and periodic shedding of Karmén vortices would be
formed in the wake. Nevertheless, as the cylinder is approaching the
bed, i.e., under near-wall conditions, the lee-wake dynamics would be
significantly altered in the boundary layer flow (see Lei et al., 1999;
Sumer, 2006; Gao, 2017). Significant consequences could be generated
by such lee-wake dynamics in offshore engineering practices, e.g., the
local scour (see Fredspe et al., 1987; Gao et al., 2006), the on-bottom
stability (see Gao et al., 2003; Fredsge, 2016) and the vortex-induced
vibrations of submarine pipelines (see Blevins, 1990; Yang et al.,
2008; Wang et al., 2013).

The lee-wake dynamics behind a near-wall cylinder in the shear flow
involve an asymmetric vortex-shedding, the deviation of separation
points and the appearance of a series of wall vortices (see Fig. 1). The
positive vorticity of the lower shear layer can be weakened by negative
vorticity in the wall boundary layer when the cylinder approaches the
bed; meanwhile, the wall vortices would interact with the von-Karman
vortices shed from the lower shear layer. If the vorticity strength of the
lower shear layer is not enough to roll up to form vortices, the regular

Karman-like vortex-shedding can thereby be suppressed below a critical
gap ratio e/D (~0.30), where e is the gap between the cylinder bottom
and the bed, and D is the outer diameter of the cylinder (see Fig. 1)
(Bearman and Zdravkovich, 1978; Lei et al., 2000; Price et al., 2002;
Wang and Tan, 2008). Note that the flow separation mechanism for bluff
bodies with different geometry shapes could be different. For example,
the flow regime for the smooth circular cylinder mainly depends on the
Reynolds number (Lienhard, 1966; Dash and Lee, 2014), while that for a
trapezoidal cylinder was also affected by the cylinder’s shape, size, and
orientation. Based on the location of the flow separation point on the
trapezoidal cylinder, Bhunia et al. (2019) ever classified the wake flow
regime into three types; while four different flow regimes for a square
cylinder with two splitter plates have been identified from the obser-
vations of Dash et al. (2020).

Strouhal number (St) is an essential dimensionless quantity for
characterizing the vortex-shedding frequency (f;) of the flow passing a
cylinder. The vortex-shedding frequency obeys the Strouhal law, i.e., St
= f:D/uc, in which u, is the approach velocity at the center height of the
cylinder (Zdravkovich, 1997). Under the wall-free condition, St is pre-
dominantly related to the Reynolds number (Sarpkaya, 2010). Herein,
the Reynolds number is defined as Re = u.D/v, where v is the kinematic
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Fig. 1. Illustration for the vortex shedding of a near-wall cylinder in the shear flow: the vortex line -(solid lines in red) indicates positive vorticity; -(solid lines in
blue) indicates negative vorticity. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

viscosity of water (v ~ 1.004 x 10~® m?2/s at 20 °C). As reported by
Sarpkaya (2010), the value of Stis around 0.2 for smooth cylinders at the
subcritical Reynolds numbers, i.e., 300 < Re < 3.0 X 10°. In such a
subcritical flow regime, the boundary layer along the surface of an
isolated circular cylinder is laminar, while the wake outside is
completely turbulent (Niemann and Holscher, 1990). Nevertheless, as
stated above, the flow characteristics behind the cylinder could be
significantly influenced when the circular cylinder gets close to the bed,
which may further have certain effects on the vortex-shedding
frequency.

In the past few decades, the vortex-shedding from a cylinder in the
shear flow has drawn much attention among researchers. Previous ex-
periments regarding the shear effects on the wake at the rear of a wall-
free cylinder were predominantly carried out under linear (or uniform)
shear flow conditions. In the water tank tests by Kiya et al. (1980), the
linear shear flows were generated by a honeycomb-shaped guidance
device installed upstream of the test section; the flow was visualized
with hydrogen bubbles or the electrolytic-dye production, and a hot-film
sensor was used to detect the velocity fluctuations in the wake of the
cylinder in moderate-Reynolds-number shear flows (Re = 35-1500).
Their observations indicated that the critical Reynolds number beyond
which the vortex-shedding occurs in a shear flow was higher than that in
a uniform flow and increased approximately linearly with the shear
parameter (K) for K > 0.06, where K = GD/u,, in which G is the trans-
verse velocity gradient of the shear flow. Test results of the recirculating
water tunnel experiment by Kwon et al. (1992) indicated that the values
of St increased nonlinearly with increasing Re when Re < 400 and
reached a nearly-constant value (St ~ 0.22) when Re > 400-700 for a
fixed value of K in the range of 0 < K < 0.25; moreover, for relatively
higher values of K (e.g., K = 0.19-0.25), the value of St was appreciably
higher than that in a uniform flow (K = 0). By employing a low-speed,
closed-return wind tunnel, Sumner and Akosile (2003) investigated
the shear effects on the vortex shedding behind the circular cylinder in
the sub-critical flow regime (the examined Re ranged from 4.0 x 10* to
9.0 x 10%). Their measurements showed that the low to moderate shear
parameter (K = 0.02-0.07) did not appreciably influence the Strouhal
number, although it had been commonly recognized that the Strouhal
number generally increases as the shear parameter K increases (see Kiya
et al.,1980; Kwon et al., 1992). Similarly, the wind tunnel test results by
Cao et al. (2007) indicated that the Strouhal number was almost un-
changed when K < 0.27 at the sub-critical Reynolds number.

Besides the aforementioned studies regarding the Strouhal number
for the cylinder immersed in a uniform or linear shear flow (without
bed-boundary), the bed-proximity effects on vortex shedding from a
cylinder in the boundary shear flow have also been investigated. A wind
tunnel of the closed-return type was employed by Bearman and Zdrav-
kovich (1978) to investigate the effects of e/D on the vortex-shedding of
a near-wall cylinder at Re = 2.5 x 10* and 4.8 x 10* In their experi-
ments, a thin plate was introduced into the flow to represent the wall, so
that only the thin turbulent boundary layer was taken into account, the
thickness of which was found to be about 1.5 cm (0.8 D). Spectral

analysis of hot-wire signals demonstrated that regular vortex shedding
was suppressed for e/D < 0.30, i.e., the peak frequency in all spectra for
e/D < 0.30 was either absent or at least an order of magnitude weaker
than that for e/D > 0.30; moreover, the Strouhal number was remark-
ably constant for e/D > 0.30. As observed later by Angrilli et al. (1982)
with an open water channel for the examined three values of Re (= 2860,
3820, and 7640), the proximity of the bed induced a slight increase of
vortex-shedding frequency up to 1.11 times of that for the wall-free
cylinder (fwall-free); i-€., fs/fwall-free = 1.11 when e/D was decreased to
0.5. Similar observations were made by Grass et al. (1984) for the two
cases of shear and uniform approach flows, indicating the Strouhal
number progressively increased as the values of e/D decreasing below
2.0, which was regarded to be attributed to large velocity gradients and
bed proximity. By employing a wind tunnel, Lei et al. (1999) investi-
gated the vortex shedding of a circular cylinder immersed in different
boundary layers at Reynolds numbers from 1.30 x 10% to 1.45 x 10*
Their results showed that the Strouhal number increases with the in-
crease of the non-dimensional velocity gradient, which is comparable
with the test results of Kiya et al. (1980). Price et al. (2002) further
observed the vortex-shedding over a cylinder in a boundary layer flow
(1200 < Re < 4960) by using the flow visualization with Rhodamine and
Fluorescein dyes, Particle Image Velocimetry (PIV) and hot-film
anemometry. They found that, for Re < 2.6 x 10°, the Strouhal num-
ber for e/D < 2.0 is greater than that for an isolated wall-free circular
cylinder; while St seemed to be insensitive to e/D for Re > 4.0 x 10°.
Their results were later confirmed by the observations in a recirculating
water channel by Lin et al. (2009). Lin et al. (2009) reported that the
regular and alternate vortex shedding was suppressed as the cylinder
approached the bed (also see Lei et al., 2000); however, the dominant
frequency was still detected in the wake, which can further induce the
vibration of the near-wall cylinder (Liu and Gao, 2022). For Re < 2.2 X
10°, there exists a gap ratio at which the power spectra exhibit multi-
peak or broadband characteristics, which was deemed as the result of
the random switching of gap flow (Lin et al., 2009). Similarly, Wang and
Tan (2008) investigated the flow characteristics in the near wake of a
circular cylinder located close to a fully developed turbulent boundary
layer by using PIV. Their results showed that the Strouhal number is
insensitive to e/D and roughly keeps constant at about 0.19 over the
range of 0.20 < e/D < 1.0 atRe=1.2 x 10* and the incident boundary
layer thickness (5) was about 0.4D. Unlike the results of Wang and Tan
(2008), the observations by Zhou et al. (2021) indicated that the
Strouhal number is dependent on the gap ratio e/D, and the St increases
as the gap ratio decreases down to e/D = 0.25 at the examined Re = 1.5
x 10% and § = 0.65D. Note that in most of the aforementioned in-
vestigations on the bed-proximity effect, the shear parameter (K) was
not provided for the boundary shear flow.

In a summary of the previous studies, the effects of gap ratio (e/D)
and shear parameter (K) on the vortex-shedding frequency of a near-wall
cylinder were generally regarded as two independent influential factors.
There still exist certain discrepancies regarding the variation trends for
St under the bed-proximity condition. The variations of St with both e/D



Y. Liu et al.

Ocean Engineering 269 (2023) 113574

w ADV-2

. ADV-1
7 MWL
Ue —
b Laser arrays
0 AN
— C r;e\?‘ > J 1 Concrete bottom
(uc) Y ‘re\ Transparent glass-plate
L Outlet
y(w) t ‘
Laser generator
X X -~ -—
52.0m

T\ ] -;-

| |
i
F-

‘L

(b)

Fig. 2. (a) Schematic diagram of the water flume; (b) Snapshot picture of the test section (viewed from the opposite direction as depicted in Fig. 2(a)).

and K have not been well understood.

In the present study, a series of flume experiments were conducted to
re-examine the bed-proximity effects on the Strouhal number for a cir-
cular cylinder fully immersed in a boundary shear flow in the subcritical
flow regime. The correlation of the gap ratio with the shear parameter is
made on the basis of the boundary layer theory. The vortex-shedding
frequency was measured with ADV and interpreted with power spec-
tral analysis; meanwhile, flow visualization was conducted with a
specially arranged PIV system. By fitting the experimental results, the
empirical relationships between St and K or e/D were finally established.

2. Methodology and experimental setup

2.1. Dimensional analyses on the vortex shedding frequency of a near-
wall cylinder

As illustrated in Fig. 1, vortex shedding is one of the typical char-
acteristics in the wake of the near-wall cylinder, which involves complex
interactions between the circular cylinder, the plane bed, and the shear

flow. The vortex shedding frequency of the near-wall cylinder (f;) is
mainly related to the following parameters:

fézgl(p7y7uch)e)5"“') (1)

where p is the mass density of water (p ~ 1.0 x 10° kg/m® at 20 °C); 5 is
the thickness of the free-stream boundary layer.

According to Prandtl’s boundary layer theory, the velocity profile of
the turbulent boundary layer along a smooth wall can be approximately
expressed as a power law:

i)

which was deemed to be valid for Re < 10° (see Schlichting, 1979). In
Eq. (2), u is the streamwise velocity along with water depth; u, is the
velocity at the water surface; y is the position in the transverse coordi-
nate axis (note: y = 0 is on the plane bed, see Fig. 2); n is an empirical
parameter related to the Reynolds number of the approach flow, whose
values were suggested in the range of 1/10-1/6 (Schlichting, 1979). In
the present study, the value of n is set as 1/7. It should be mentioned that
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Fig. 3. Flume measurements and the corresponding predictions of the vertical
velocity profiles at the test section for five typical flow velocities.

the velocity distribution of power law (Eq. (2)) ignores the thin viscous
sublayer. The logarithmic law was previously employed for describing
the velocity profiles under turbulent flow conditions (e.g., Adrian et al.
(2000); Wang and Tan (2008); Liu and Gao (2022)). By performing the
derivative of u with respect to y in Eq. (2), the transverse velocity
gradient (G) can be derived as

o= (y

It is indicated that the velocity gradient (G) at the level of the cyl-
inder’s center (y = e + 0.5D) can be calculated once the values of § and
ue are provided. That is, if the values of D, § and u. are given, the
parameter e in Eq. (1) can be replaced with G. Based on Buckingham’s I7
theorem with choosing u, v, and D in Eq. (1) as the three independent
parameters, the Strouhal number (St) for the boundary shear flow past a
circular cylinder can be determined by an assembly of dimensionless
parameters:

St=¢, (Re,K,eL, ) @

where K (= GD/u,) is the shear parameter of a shear flow; and 5/(e + D)
is the ratio of the boundary layer thickness () to the distance from the
cylinder’s top to the bed surface (e + D). For 5/(e + D) > 1.0, the cylinder
is fully immersed in the boundary layer.

2.2. Experimental set-up

The experiments were performed in a large water flume (52.0 m
long, 1.0 m wide, 1.5 m high) located at the Institute of Mechanics,
Chinese Academy of Sciences. The water depth (h) was maintained at
0.50 m during all the flume tests. Fig. 2(a) gives the schematic diagram
of the water flume. The test section (see Fig. 2(b)) was located at a
distance of 16.0 m from the inlet of the flume. The test cylinder with
varied gap ratios was mounted horizontally in the symmetry plane of the
test section. The origin of the Cartesian coordinate system is set at the
intersection between the cylinder’s leading edge and the bed. The co-
ordinates x and y denote the streamwise and the vertical directions,
respectively (see Fig. 2(a)).

On the upstream side with a distance of 3.0 m apart from the cyl-
inder, an Acoustic Doppler Velocimeter (labeled “ADV-1") was used to
measure the approach velocity (far-field) at the height of the cylinder
center (uo) with a sampling rate of 100 Hz. Meanwhile, another ADV
(labeled “ADV-2") was used to measure the wake velocity fluctuation
with the same sampling rate (100 Hz). ADV-2 was located at the height
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Fig. 4. The measured and the predicted profiles for the transverse velocity of
the shear flow over the Blake Outer Ridge in the North Atlantic Western
Boundary Current (Stahr and Sanford, 1999).

of the cylinder center on the downstream side with a distance of 1.5D
apart from the cylinder. Both the far-field and the lee-wake velocities
were recorded synchronously. As shown in Fig. 2(b), the flow visuali-
zation was performed by employing a PIV system, which includes an
impulse laser, a CCD (Charge Coupled Device) camera and a PC (Per-
sonal Computer), etc. The flow field around the cylinder was illuminated
by the laser sheet and then captured by the CCD camera. The data of the
flow field were then acquired and post-processed by the PC, and the
evolution of the wake flow field around the cylinder in the x-O-y plane
was finally obtained. More details on the PIV system will be further
discussed in Section 2.2.2.

2.2.1. Flow conditions

The vertical distribution of the streamwise velocity u in the fully
developed approach shear flow was firstly measured by an ADV at
various levels (y) along the water depth at the test section in the absence
of the cylinder. Fig. 3 depicts the profiles of the mean streamwise ve-
locity for five values of flow velocity. The predictions with the empirical
power law (i.e., Eq. (2)) are also provided in this figure. It is indicated
that the measured velocity profiles agree well with the predictions.

As shown in Fig. 3, the boundary layers extend up to the free surface
in the present flume tests. Thus, the boundary layer thickness can be
regarded to be equal to the water depth, i.e., § ~ h. The displacement
thickness of the boundary layer can be calculated with 64 = f(‘)s a-
u(y) /ue)dy, i.e., 5q ~ 6.3 cm; and the corresponding momentum thick-
ness can be calculated with &, = g“%) 1 — u@y) /ue)dy, i.e., 6m ~ 4.9
cm. The shape factor Hyqy, (= 64/6m) &~ 1.3, indicating that the turbulent
boundary layer was fully developed (see Adrian et al., 2000). For all the
examined gap ratios (0.10 < e/D < 2.0, see Fig. 3), the test cylinder was
fully immersed in the turbulent boundary layer.

As a typical near-wall cylinder, submarine pipeline is vulnerable to
the shear flow along the seabed. As shown in Fig. 4, the deep-ocean
velocity profile in the North Atlantic Western Boundary Current over
the Blake Outer Ridge was measured by Stahr and Sanford (1999) with
the Absolute Velocity Profiler (AVP). For comparisons, the velocity
profile predicted by the power law is also presented in Fig. 4, which is
generally consistent with the field measurements. The benthic boundary
layer (BBL) is usually thin (O (10 m)) in comparison with the ocean
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Fig. 5. The shear parameter distribution across the test section.

depths of ~4000 m (Lueck et al., 2009). The thickness of BBL is
generally up to ten times thicker than the diameter of submarine pipe-
line (O (1 m)). As such, submarine pipelines in the field are fully
immersed in the benthic boundary layer, which is under the same con-
dition as the present flume tests (see Fig. 3).

As for the shear parameter K (i.e., K = GD/u,), the values of u. and G
in a boundary shear flow can be evaluated with Egs. (2) and (3),
respectively. Note that, u. = u|,_, o5 p and § = h. An explicit expression
for the relationship between K and e/D can then be obtained as

1

K=700350+¢/D) ®)

Eq. (5) indicates that the shear parameter (K) is correlated with the
gap ratio (e/D) for a boundary layer flow. In the flume tests, the velocity
gradient can also be estimated as G ~ (u, — u))/D, where uy is the
approach velocity at the level of the upper surface of the cylinder, and y
is the approach velocity at the level of the cylinder’s bottom (see Fig. 3).
Thus, the values of K can be calculated with K ~ (u, — up)/u.. The vari-
ations of K with e/D for the two selected velocities ue = 0.11 m/s, and
0.32 m/s are shown in Fig. 5. Theoretical predictions with Eq. (5) are
also plotted for comparisons. Satisfactory agreements are found between
the experimental results and theoretical predictions.

2.2.2. PIV system and vortex identification methods

An upward-illumination LaVision PIV system was employed to
visualize the lee-wake of the near-wall cylinder (see Fig. 2(a)). At the test
section of the flume, a transparent glass-plate bottom (1.0 m x 1.0 m)
was constructed, through which the 1-mm-thick double-pulsed laser

Table 1
Test conditions for ADV and PIV measurements.
Test No. D (m) ue (m/s) Re e/D
Al 0.04 0.06 2.34 x 10° 2.0
A-2 0.11 2.86 x 10°-3.50 x 10° 0.10-2.0
A-3 0.22 7.67 x 10° 2.0
A-4 0.32 1.13 x 10* 2.0
A5 0.42 1.49 x 10* 2.0
B-1 0.08 0.06 4.45 x 10° 2.0
B-2 0.11 6.30 x 10°-7.72 x 10° 0.10-2.0
B-3 0.22 1.54 x 10* 2.0
B-4 0.32 2.24 x 10* 2.0
B-5 0.42 2.92 x 10* 2.0
c1 0.12 0.06 7.03 x 10° 2.0
c-2 0.11 1.00 x 10*-1.23 x 10* 0.10-2.0
c3 0.22 2.30 x 10* 2.0
Cc4 0.32 3.38 x 10* 2.0
Cc5 0.42 4.47 x 10* 2.0
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arrays with a wavelength of 532 nm were upwardly illuminating the
flow field (see Fig. 2(b)). The water was seeded with silver-coated hol-
low spherical glass particles and silt particles with good flow-following
ability. Such an upward-illumination alignment of the laser sheet can
efficiently avoid the impact of laser reflection from the water surface.

A CCD camera with a resolution of 1376 x 1040 pixels was installed
outside the flume to capture the images. For a better compromise be-
tween the observed area and the accuracy of lee-wake structures, the
observation window of the PIV was chosen as 320 mm x 240 mm (i.e.,
8.0D x 6.0D for the cylinder diameter D = 0.04 m) in the x-O-y plane,
yielding the image with a resolution of about 230 pm/pixel. The
displacement vectors were obtained by LaVision Inc.’s DaVis 7.2 soft-
ware (LaVision Gmbh, 2009) using the cross-correlation algorithm.
During the image processing, a rectangle effective interrogation window
of 32 x 32 pixels was first used and then stepped down to the window
size of 16 x 16 pixels with an overlapping of 50%. Such interrogation
and evaluation procedure would yield approximately 5590 (86 x 65)
velocity vectors (u, w) with a vector spacing (spatial resolution) of
approximately 3.7 mm x 3.7 mm. The median filter of Davis 7.2 soft-
ware was utilized to remove the spurious velocity vectors during the
vector postprocessing, which limited the values of particle velocities (u)
in the range of uayg = 3urms, where uayg is the average value of eight
neighbor vectors and ugrys is the root-mean-square value of eight
neighbor vectors. Such a reliable method for identifying spurious vectors
is available even when certain spurious vectors are present (LaVision
Gmbh, 2009). For each PIV test, 300 image pairs were acquired at the
sampling frequency of 4.5 Hz (i.e., 66.67 s recordings).

In the past few decades, various vortex identification methods,
including closed or spiraling streamlines (Lugt, 1979), pressure minima
(Hunt et al., 1988), vorticity threshold (Hussain and Hayakawa, 1987;
Bisset et al., 1990), etc., have been applied to interpret the vortical
structures in the instantaneous flow fields. It should be noted that the
existing methods for vortex identification may fail in certain scenarios
due to their limitations. For example, the vorticity threshold method
cannot discriminate between a vertical region with a swirl (when
considered as a vortex) and a pure shear flow (not considered as a
vortex).

In the present investigation, the swirling strength criterion is applied
to quantify the intensity of the wake vortex shedding from the circular
cylinder, i.e., the imaginary parts of the complex eigenvalues of the
velocity gradient tensor were used to visualize the vortices. The velocity
gradient tensor in two-dimensional Cartesian coordinates can be deno-
ted as

o o
0. 0

ar el ®)
>
ox 0y

The discriminant of the characteristic equation for velocity gradient
tensor is given by

an (W2 a(Buor ) -
ox  dy O0x dy 0y Ox

The velocity gradient tensor V& may have two real eigenvalues (A
> 0) or a complex conjugate pair of complex eigenvalues (A < 0)
dependent on the value of the discriminant A. According to phase-plane
theory, the streamlines exhibit a roughly circular or spiral pattern if two
of the eigenvalues form a complex conjugate pair, which is consistent
with the definition of vortex proposed by Robinson (1991). Chong et al.
(1990) suggested the vortex core is a region of space where the velocity
gradient tensor VU has complex eigenvalues Ay & Aii. Based on Zhou
et al. (1999), the swirling strength A; (i.e., the imaginary part of com-
plex eigenvalues for the velocity gradient tensor) can be taken as an
effective vortex indicator, and the region of A.; > 0 will be considered as
vortices.
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Among the existing methods for vortex identification, the swirling
strength criterion has been proven to be much efficient for wall turbu-
lence (Herpin et al., 2010). Thus, this vortex extraction method is
adopted in the present PIV measurements. The swirling strength is
defined as (see LaVision Gmbh, 2009):
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Note that the value of swirling strength () is equal to the square of
Aci- The unit of swirling strength Q is s72, and the value of @ is pro-
portional to the square of the frequency for a water particle swirling
once (Chen et al., 2015).

2.2.3. Test conditions

Test conditions for ADV experiments are summarized in Table 1. To
examine the scale effects, three plexiglass circular cylinders (L = 1.0 m)
were employed, i.e., the outer diameter D = 0.04 m, 0.08 m and 0.12 m,
respectively. The aspect ratio L/D of the cylinder falls between 8.3-25.0.
The gap ratio (e/D) was varied by adjusting the vertical height of the
cylinders. The values of e/D were set as 0.10, 0.20, 0.30, 0.40, 0.60,
0.80, 1.0, 1.5 and 2.0, respectively. And the far-field velocity at the
water surface u, was varied from 0.06 m/s to 0.42 m/s. Note: the PIV
visualizations were merely carried out in the test A-2.

Fig. 6 shows the variation of St with Re for a wall-free smooth circular
cylinder, in which the present experimental data for e/D = 2.0 are
marked. As indicated in Fig. 6, the experimental data coincide well with
the curve by Lienhard (1966). Moreover, the values of the Re in the
present tests are in the range of 2.34 x 10°-4.47 x 10* thus the flows
are in the subcritical flow regime (i.e., 300 < Re < 3.0 X 10°). The
relationship between St and Re can be described by Roshko (1953) with
an empirical formula (i.e., St = 0.212-2.7/Re) for the range of 3.0 x 102
< Re < 2.0 x 10%. Sarpkaya (2010) advised that such empirical formula
can be used for the subcritical flow region. Hence, the effects of the
Reynolds number on the vortex shedding frequency are negligible in the
examined Re range. Nevertheless, under the condition of higher Rey-
nolds numbers (e.g., Re > 10°), St is significantly influenced by Re (see
Fig. 6). It should be mentioned that the vortex shedding process of the
cylinder is also affected by additional factors, e.g., the turbulence of the
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Fig. 7. Time histories of wake velocity (left column) and the corresponding power spectra (right column) for various values of e/D: (a) e/D = 1.50; (b) e/D = 1.0; (c)
e/D = 0.80; (d) e/D = 0.60; (e) e/D = 0.40; (f) e/D = 0.30; (g) e/D = 0.20; (h) e/D = 0.10 (Test A-2: D = 0.04 m; ue = 0.11 m/s).
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3
x/D

(d

Fig. 8. Instantaneous velocity fields superposed with swirling strengths under the wall-free condition: (a) t = 0; (b) t = T/4; (c) t = T/2; (d) t = 3T/4 (Test A-2: /D =

1.50; Re = 3.39 x 10% D = 0.04 m).

incoming flow, and the roughness of the cylinder surface (Sumer, 2006).
3. Results and discussions

3.1. Multi-peaks for the lee-wake frequency of a near-wall cylinder

Based on Fast Fourier Transform (FFT), spectral analysis is made to
investigate the periodic shedding characteristics. Fig. 7(a)-(h) show the
time histories of the transverse velocities w (left column) and their
corresponding power spectra (right column) for various values of e/D
(Test A-2). Note that the transverse velocities (w) were measured by
“ADV-2" at x/D = 2.0 and y/D = e/D + 0.50 (see Fig. 2).

Certain high frequency fluctuations appeared on the ADV records for
time histories of the turbulent wake (see the left column of Fig. 7), but
the dominant frequency fy ~ 0.47 + 0.04 Hz can be well identified in the
frequency spectra for the lee-wake (see the right column of Fig. 7).
Similar observations were made by Wang and Tan (2008) for e/D =
0.20-0.80. In the examined turbulent boundary layers, it was found that
both the streamwise and the vertical turbulence intensities are generally

in the range of 5%-12%, and the former gets larger than the latter
especially while approaching to the bottom wall (Liu and Gao, 2022).
Compared with the results for wall-free condition (e.g., e/D > 1.50, see
Fig. 7(a)), the spectral peaks become relatively weaker while the cyl-
inder getting closer to the wall, especially for e/D < 0.40 (see Fig. 7 (e)—
(h)). Nevertheless, the spectrum can present remarkable peaks of the
lee-wake frequency even at e/D = 0.10, indicating the periodicity of the
wake still exists. Such multi-peaks phenomenon can be identified in the
spectra of the lee-wake frequency for e/D = 0.40, 0.30, 0.20 and 0.10
(see Fig. 7(e)-(h)). Therefore, only using dominant-frequency would be
not sufficient to describe the lee-wake characteristics for a near-wall
cylinder. The multi-peaks spectra for the wake velocity around the
cylinder have also been observed by previous researchers (see Lei et al.,
1999; Price et al., 2002; Lin et al., 2009; He et al., 2017; Ouro et al.,
2019; Zhou et al., 2021; Nguyen and Lei, 2021; Liu and Gao, 2022).
To describe the multi-peaks feature for the lee-wake, the discernible
frequencies whose spectral power are larger than one-third of that for
the dominant frequency would be taken into account. For e/D = 0.40
(see Fig. 7(e)), the dominant frequency (primary peak) is fo = 0.471 Hz,

(G

Fig. 9. Instantaneous velocity fields superposed with swirling strengths under the near-wall condition: (a) t = 0; (b) t = T/4; (c) t = T/2; (d) t = 3T/4 (Test A-2: /D =

0.40; Re = 3.02 x 10% D = 0.04 m).
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Fig. 10. Instantaneous velocity fields superposed with swirling strengths under
the near-wall condition: (a) t = 0; (b) t = T/4; (c) t = T/2; (d) t = 3T/4 (Test A-
2: e/D = 0.20; Re = 2.91 x 103; D = 0.04 m).

and the secondary peak at f; = 0.543 Hz. For e/D = 0.30 (Fig. 7(f)), the
dominant frequency is also fo = 0.471 Hz, and the secondary peak at f;
= 0.543 Hz but with much weaker spectral power than that for e/D =
0.40. For e/D = 0.20 (Fig. 7(g)), the dominant frequency is fo = 0.429
Hz; however, there exists a secondary peak at f; = 0.286 Hz and an
additional peak at fo = 0.529 Hz. Moreover, the dominant peak f, =
0.429 Hz for e/D = 0.20 is again captured for e/D = 0.10 (see Fig. 7(h)),
indicating the possible similarity of shedding pattern for small values of
e/D.

To better understand the aforementioned spectral characteristics
featured with multi-peaks, PIV visualizations were further conducted for
various values of e/D, i.e., e/D = 1.5, 0.4, and 0.2, respectively.

Fig. 8 shows the PIV measurements for a sequence of instantaneous
velocity fields during a full period (T) under the wall-free (e/D = 1.5)
and subcritical flow conditions, on which the swirling strengths are
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superposed. It was observed that the vortices were being shed alterna-
tively from the upside (top) and the downside (bottom) of the circular
cylinder. At t = 0 (see Fig. 8(a)), a negative vortex (V1) was ever shed
from the top of the circular, and a positive vortex (V2) was subsequently
formed from the bottom. At t = T/4 (Fig. 8(b)), the vortices V1 and V2
began moving downstream. A neonatal vortex V3 was then formed from
the top of the cylinder (t = T/2, Fig. 8(c) and began moving downstream
(t = 3T/4, Fig. 8(d)). A single frequency peak would be clearly detected
in the spectrum for the regular vortex shedding under the wall-free
condition (see Fig. 7(a)). As well known, such Karman-like vortices
are periodically shed from the wall-free cylinder with a certain fre-
quency following the Strouhal law.

Similarly, the instantaneous flow velocity fields superposed with
swirling strengths at e/D = 0.40 are shown in Fig. 9. Although the
swirling strengths of the lee-wake get somewhat weaker than those for
e/D = 1.50 (see Fig. 8), Karman-like vortex shedding can still be iden-
tified by the PIV visualizations. It was observed that the evolution of
vortices V4 ~ V6 (Fig. 9) is parallel to the vortices V1 ~ V3 (Fig. 8). Both
shear layers were shed from the top and the bottom of the cylinder and
curled up alternatively, producing a regular vortex shedding pattern. It
should be mentioned that, for e/D = 0.40, the Karman vortex-Wall
vortex (Kv-Wv) interaction was observed, which is marked with black
dashed lines in Fig. 9. Such Kv-Wv interaction phenomenon was also
observed by other researchers (e.g., Ouro et al. (2019); Nguyen and Lei
(2021)). As shown in Fig. 9, the wall vortex presented a clockwise
rotation, while the Karman vortex developed from bottom of the cyl-
inder presented an anti-clockwise one. Once the Karman vortex and the
underlying wall vortex interacted with each other, the lee-wake would
break into a few discrete vortices. The Kv-Wv interactions may lead to
the multi-peaks phenomenon of the power spectrum, as shown in Fig. 7
(e).

As the cylinder gets further closer to the wall (e.g., e/D = 0.20, see
Fig. 10), the evolution of instantaneous flow fields was also visualized
with the upward-illumination PIV system. From the vortices V7 and V9
in Fig. 10(a)—(d), one can recognize that the upper shear layer flow shed
from the top of the cylinder was still periodic. Meanwhile, the vortex V8
was being shed from the bottom of the cylinder. Nevertheless, the
traveling velocity of V8 was much slower than that of V7 and V9. It took
the vortex V8 about 3T/4 (from t = 0-3T/4) to move from the position
x/D = 2.5 to 3.0; while during this period, the vortex V7 originated from
the upper shear layer has moved from x/D = 1.5 to 4.0 (see Fig. 10(a)-
(d)). As shown in Fig. 10(b) and (c), the vortex in the lower shear layer
seemed to be frozen, i.e., no alternative shedding vortex was developed
therein. Although the lower shear layer exhibited an upward deflection,
the wall vortices (Wv, marked by blue circles in Fig. 10(c)) were not
strong enough to shed into several discrete vortices. Such phenomenon
was ever explained as that the concentrated vorticity from the bottom of
the cylinder was canceled by the opposite vorticity along the wall for
small values of e/D (Grass et al., 1984; Taniguchi and Miyakoshi, 1990).
Under the condition of small e/D (e.g., e/D = 0.10, and 0.20), the
strength of vortices became weaker owing to intense Kv-Wv in-
teractions. The multi-peaks in the spectra could be attributed to the
difference in celerity between the lower wake vortex and the upper wake
vortex, which is consistent with the observation of Sarkar and Sarkar
(2010) in their numerical investigation.

3.2. Scale effects on the lee-wake characteristics

According to Eq. (5), the shear parameter (K) is mainly dependent on
the gap ratio (e/D) for a cylinder in the bottom shear flow. It can be
noticed that, for the same value of e/D, the cylinder with a smaller
diameter would be closer to the bed. As such, the boundary influence
could be more significant for the smaller cylinder, and the correspond-
ing velocity fluctuations in the lee-wake could be different. As afore-
mentioned, three series of flume tests for larger diameter of the cylinder
(i.e., D = 0.04 m, 0.08 m, and 0.12 m, see Table 1) were conducted to
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Fig. 11. Time histories of wake velocity (left column) and the corresponding power spectra (right column) for various values of e/D: (a) e/D = 1.50; (b) e/D = 0.60;
(c) e/D = 0.40; (d) e/D = 0.30; (e) e/D = 0.20; (f) e/D = 0.10 (Test B-2: D = 0.08 m; ue = 0.11 m/s).

examine the scale effects on the lee-wake characteristics.

The time histories of the transverse velocities (w) and the corre-
sponding power spectra at various gap ratios (e/D) for D = 0.08 m and
0.12 m are shown in Figs. 11 and 12, respectively. Note that the results
for D = 0.04 m are given in Fig. 7.

As shown in Fig. 11, the same dominant-frequency (fo = 0.257 Hz)
was detected for all values of e/D (certain deviation for e/D = 0.10, see
Fig. 11(f)), indicating periodic fluctuations were predominant in the lee-
wake of the bigger cylinder (D = 0.08 m). No additional shedding fre-
quency was measured under the condition e/D = 0.40 for D = 0.08 m
(see Fig. 11(c)), which is different from the multi-peaks phenomenon for
the smaller cylinder with D = 0.04 m (see Fig. 7(e)). The multi-peaks
phenomenon was observed for e/D < 0.20 (see Fig. 11(e)-(f)), but the
number of additional frequencies is reduced in comparison with Fig. 7
(H)—(g). For e/D = 0.20 (see Fig. 11(e)), the dominant-frequency is fo =
0.257 Hz and the secondary peak is at f; = 0.200 Hz. But for e/D = 0.10
(see Fig. 11(f)), besides the dominant-frequency f, = 0.229 Hz, there
exist a secondary peak at f; = 0.114 Hz and another peak at f, = 0.271
Hz.

Similar to the results for D = 0.08 m (see Fig. 11), an exactly same
dominant-frequency fo = 0.186 Hz was identified for all cylinders with
D = 0.12 m in their spectra for different e/D in Fig. 12(a)-(f). The multi-
peaks phenomenon was still detected in the spectrum for e/D = 0.10 (see
Fig. 12(f): i.e., fo = 0.186 Hz, and f; = 0.071 Hz.

Under the same conditions of u. and e/D, the comparisons of spectral
features for different values of D (see Figs. 7, 11 and 12) indicate that the
multi-peaks response tends to get more remarkable with decreasing D. In
other words, the wake fluctuations would get more regular for a larger
cylinder. For the examined cylinders with various diameters, the critical
gap ratios for multi-peaks spectra are e/D < 0.40 (for D = 0.04 m, see
Fig.7), e/D < 0.20 (for D = 0.08 m, see Fig. 11), and e/D < 0.10 (for D =
0.12 m, see Fig. 12), respectively. Note that such observations regarding
multi-peak spectra were made under the subcritical flow conditions, and
the corresponding gap-to-boundary layer thickness ratios e/5 < 0.032.
The variations of St with K for different values of D will be discussed in
Section 3.3.

3.3. Bed-proximity effects on Strouhal number

As aforementioned in Section 2.2.1, the shear parameter (K) is a
dimensionless parameter for characterizing the shear effect of
approaching flow, which can be correlated with the gap ratio (e/D) (see
Eq. (5)). As such, the shear parameter (K) can be used to evaluate the
effects of bed proximity on the Strouhal number (St).

Based on the present flume observations (see Sections 3.1 and 3.2),
the variations of the Strouhal number (St) with the shear parameter (K)
for the condition of u, = 0.11 m/s are given in Fig. 13. Note that the
dominant shedding frequencies (fy) are employed to calculate the
Strouhal number. As shown in Fig. 13, the variations of the Strouhal
number with K nearly kept the same trend for different diameters, the
values of St increase gradually with the increase of shear parameter K.
While the cylinder approaches the bed, the interactions between the
shear layer separated behind the circular cylinder and the wall boundary
layer would be much more complex. As indicated by the spectrum an-
alyses of the wake velocity, the multi-peak phenomenon was observed
for e/5 < 0.032 (see Fig. 7(e)-(h), Fig. 11(e)-(f), Fig. 12(f), which may
further bring the significant dispersion for larger K (see Fig. 13).

The Strouhal numbers measured in the present tests as well as those
reported in the previous investigations are summarized in Fig. 14(a). It
should be noticed that all the researchers (except for Grass et al. (1984),
Lei et al. (1999), and Liu and Gao (2022)) conducted their experiments
in the linear shear flow, which differs from the boundary shear flow in
this study. By fitting these experimental data based on the least square
method, the following empirical formula can be established to quantify
the variation of St with K:

St=0.25 — 0.06 tanh(0.08 / K —0.24) (for 0 < K <0.26) ©

Note that the present flume results were obtained under the range of
gap ratios 0.10 < e/D < 2.0 conditions (correspondingly, 0.06 < K <
0.24), while Eq. (9) is established based on the present results of flume
tests and previous results by other researchers.

As shown in Fig. 14(a), the variation of St with K agrees well with the
predictions of Eq. (9). In general, the Strouhal number is approximately
kept constant for K < 0.04, then the values of St increase gradually from
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Fig. 12. Time histories of wake velocity (left column) and the corresponding
power spectra (right column) for various values of e/D: (a) e/D = 1.50; (b) e/D
= 0.60; (c) e/D = 0.40; (d) e/D = 0.30; (e) e/D = 0.20; (f) e/D = 0.10 (Test C-2:
D =0.12 m; ue = 0.11 m/s).

0.193 up to around 0.246 with the increase of K from 0.04 to 0.26 (the
corresponding e/D from about 3.0 to 0.05). Fig. 14(b) shows the com-
parison between the experimental (measured) data and the predicted
values of St with Eq. (9), indicating that they are within the range of the

10
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Fig. 13. Variations of St with K for different values of D (D = 0.04 m, 0.08 m,
0.12 m).

15% error lines. The deviations between these experimental data could
be attributed to the difference in the Reynolds numbers (Re) and
approach flow conditions such as the thickness of the boundary layer.

As aforementioned in Section 2.2.1, the relationship between the
non-dimensional shear parameter (K) and the gap ratio (e/D) can be
explicitly expressed with Eq. (5). Substituting Eq. (5) into Eq. (9), one
can further derive the relationship between St and e/D:

St =0.25 — 0.06 tanh(0.56 ¢/D + 0.04) (for 0.10 < ¢/D < 2.0) (10)
which may provide a reference for evaluating the lee-wake fluctuations
of a free-spanning pipeline.

4. Conclusions

The bed-proximity effects on the vortex shedding frequency (or
Strouhal number) of flow past a cylinder in the subcritical flow regime
were investigated experimentally. The velocity fluctuations of lee-wake
were measured with an Acoustic Doppler Velocimeter (ADV) and
interpreted with power spectral analysis; meanwhile, the visualizations
of wake flow behind the cylinder were conducted with an upward-
illumination PIV system. Based on the dimensional analyses and flume
observations, the following conclusions can be drawn:

(1) The shear parameter (K) is introduced to examine the bed-
proximity effects on the Strouhal number for a circular cylinder
in a boundary shear flow in the subcritical flow regime, and an
explicit expression for the relationship between K and e/D is
derived based on the boundary layer theory and verified with
experimental data for a circular cylinder fully immersed in the
turbulent boundary layer.

(2) The wake velocity fluctuations and the corresponding power
spectra for the cylinders with three typical diameters were care-
fully examined by the ADV measurements. The variation trends
of the Strouhal number with K were kept unchanged for different
cylinder diameters. However, the values of e/D to cause the
appearance of the multi-peak spectrum were related to the cyl-
inder diameters. The PIV measurements indicate that the emer-
gence of multi-peak spectra may be attributed to the significant
interactions between the lower shear layer and the wall boundary
layer.
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Fig. 14. (a) Variation of St with K for different Reynolds numbers (Re); (b) Comparison between the measured and the predicted values of St.

(3) Based on the present data and previous investigations, the
empirical relationship between the Strouhal number (St) and K is
established in the subcritical flow regime. Under the condition of
K < 0.04, St seems to be independent of K and keeps almost
constant, and then St increase with the increasing K for the case of
K > 0.04. The maximum value of the Strouhal number (0.246)
increased by approximately 30% more than that in the uniform
flow condition (0.190).

It should be noted that the present study is predominantly limited to
the sub-critical flow condition (300 < Re < 3.0 x 10°). Higher Reynolds
numbers could be encountered in the fields. If the shear flow condition
doesn’t fall into the sub-critical region, certain deviations may exist
when evaluating the Strouhal number with Eq. (10). The characteriza-
tions for the Strouhal number around a near-wall cylinder in the su-
percritical flow regime need to be further investigated.
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fs Wake vortex shedding frequency

fwallfree  Vortex shedding frequency for wall-free cylinder

fo Dominant shedding frequency

f1, f2 Other discernible shedding frequency

G Transverse velocity gradient of the shear flow

h Water depth

Him Shape factor

K Shear parameter

L Spanwise length

n Empirical parameter in Eq. (2)

Re Reynolds number

St Strouhal number

T Vortex shedding period

u Streamwise velocity along with the water depth

U Approach velocity at cylinder center position

Ue Approach Velocity at the water surface

u Approach velocity at the level of the lower surface of the cylinder
Uy Approach velocity at the level of the upper surface of the cylinder
Uavg The average value of eight neighbor vectors

URMS The root-mean-square value of eight neighbor vectors
x Streamwise coordinate axis
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y Vertical coordinate axis

A Discriminant defined in Eq. (7)

vu Velocity gradient tensor

8 Boundary layer thickness

84 Displacement thickness of the boundary layer

Om Momentum thickness of the boundary layer

Aci Imaginary part of complex eigenvalues for the velocity gradient tensor
Acr Real part of complex eigenvalues for the velocity gradient tensor
p Mass density of fluid

v Kinematic viscosity of the fluid

Q Swirling strength
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