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ABSTRACT
This thesis presents an experimental investigation on the effects of streamwise aspect ratio (AR)
on asymmetric wake flows around right-angled trapezoidal cylinders with AR (upper cylinder
length to height ratio) = 1, 2, 3, 4, and 5 using a particle image velocimetry (PIV) technique. The
Reynolds number based on the free-stream velocity and cylinder height was 14700. The flow
characteristics are examined in terms of the mean flow, Reynolds stresses, turbulent kinetic energy
(TKE), turbulent transport and production term of TKE, probability density function (PDF), joint

probability density function (JPDF) and two-point autocorrelations.

The results show that the primary vortex in the AR1 and AR2 cases extends into the wake region
but is confined to the surface of AR > 3 and two asymmetric wake vortexes are only observed in
these longer cases. Dual peaks of elevated streamwise Reynolds normal stress are observed in the
wake region, irrespective of the aspect ratio. The magnitudes of the Reynolds stresses, TKE, and
production term of TKE in the wake region are higher in the AR1, AR2 and AR3 cases compared
to the AR4 and AR5 cases. The turbulent transport of TKE by streamwise and vertical fluctuating
velocities show switches sign along the mean separating streamline, regardless of aspect ratios.
The PDF distributions show a bimodal asymmetric shape in the shorter cases but a nearly Gaussian
distribution in the AR5 case. Two-point autocorrelations of the streamwise and vertical velocity
fluctuations show that the spatial coherency of the turbulent structures is highly sensitive to the
streamwise aspect ratio and reference locations. Systematic comparisons between the present
asymmetric results and symmetric wakes generated by rectangular cylinders with similar aspect
ratios and Reynolds number show significant differences between the asymmetric and symmetric

wakes, especially for the shorter cases.
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1. INTRODUCTION
In this chapter, the motivation and background of the present study as well as the outline of

the reminder of this thesis, are presented.

1.1 Motivation and Background

Flow separation and reattachment induced by bluff bodies have received significant
research attention in the fluid dynamics community due to their complex nature and wide-spread
occurrence in many industrial and environmental applications. As shown in Figure 1.1, typical
examples of such flows include wind flow around elevated walkways, separated airflow induced
by ground vehicles, water current over pipelines laid on the seabed and unsteady wind flow
induced by wind turbines. A thorough understanding of the flow characteristics and coherent
structures formed around these bluff bodies is a prelude to the efficient design of the above

mentioned and many other fluid engineering applications.

When a square cylinder is placed in a uniform flow, for example, the oncoming flow
separates and accelerates past the upper and lower leading edges of the cylinder due to the surface
discontinuities which force separation, regardless of the local pressure gradient (Moore et al.,
2019a). According to Okajima (1982), Kiya and Sasaki (1983), and Bearman and Morel (1983),
when the Reynolds number (Re = U.h /v, where U, and v are free-stream velocity and kinematic
viscosity, respectively) is beyond 150, the separation point is fixed at both the upper and lower
leading edges of the cylinder. The separated shear layers from the upper and lower leading edges
are shed directly into the wake region. Schmid and Henningson (2001) reported that the small-

scale Kelvin-Helmholtz (KH) vortical structures formed near the leading edge grow in an



Figure 1.1: Pictures of the elevated walkway (Heathcote, 2017), (a), vehicle in the airflow
(Pachpute, 2022), (b), pipelines on the seabed (University of Aberdeen, 2023), (c), and the wind
turbine (Oboe, 2023), (d).

unbounded manner and subsequently pair up within the shear layers. Consequently, the upper and
lower separated shear layers undergo transition from laminar to turbulence and move across the
centerline of the cylinder in the wake region, shedding alternatively from each side of the cylinder.
These alternating large-scale vortical structures are the well-known von-Karman (VK) vortex
street in the cylinder wake region (Moore et al., 2019a; Addai et al., 2022). A depiction of the von
Kéarman vortex street in the wake of a square cylinder from the DNS simulation by Wu et al. (2016)

at a Reynolds number of Re = 2000 is shown in Figure 1.2.

According to Okajima (1982), Durao et al. (1988), Lyn et al. (1995), Aleyasin et al. (2021),
Kumahor and Tachie (2022) and Liu et al. (2022a), the flow dynamics of the wake flow induced

by bluff bodies can be significantly influenced by many factors, including the geometry of the



Figure 1.2: Depiction of the von K&rman vortex street in the wake region of a square cylinder (Wu
etal., 2016).

bluff body, Reynolds number and the oncoming turbulence intensity. Figure 1.3 shows the
schematics of the mean flow features over and behind a square cylinder (a), and a right-angled
trapezoidal cylinder (b), immersed in a uniform flow with a free-stream velocity, U,. The
streamwise aspect ratio (AR) of both square and trapezoidal cylinders are defined as, AR = L/h,
where h is the cylinder height and L is the streamwise length of the square cylinder and the upper
length of the trapezoidal cylinder, respectively. Since the flow topology is symmetric about the
horizontal centerline of the square cylinder (Moore et al., 2019a; Kumahor and Tachie, 2022;
Chalmers et al., 2022; Liu et al., 2022a), only the upper half is shown in Figure 1.3. The oncoming
flow separates at the leading edge and forms a separation bubble over the square cylinder, which
is hereafter referred to as the primary vortex (PV). Flow separation also occurs at the leading edge

of the trapezoidal cylinder (with AR = 1), but the primary vortex in the trapezoidal case starts at
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Figure 1.3: Schematics of the mean flow features over and behind a square cylinder and a right-
angled trapezoidal cylinder with AR= 1.

the leading edge, extends along the top surface and into the wake region. In the near wake region,
two symmetric recirculating bubbles are formed behind the square cylinder and are hereafter
referred to as the wake vortex (WV). However, the wake vortices are asymmetric about the
horizontal centerline behind the trapezoidal cylinder due to the modified trailing surface. The mean
recirculation length, L,., used to determine the size of the wake vortex, is defined as the streamwise
length measured from the upper trailing edge of the cylinder to the end of the recirculation region

indicated by a saddle point.

Over the past decades, symmetric wake flows generated by circular cylinders as well as
square, and rectangular cylinders in uniform flow have received significant research attention
(Dargahi, 1989; Yao et al., 2019; Kumahor and Tachie, 2022; Liu et al., 2022b). In contrast, the
present understanding of asymmetric turbulent flows induced by asymmetric bluff bodies is

comparatively deficient. In the current study, the right-angled trapezoidal cylinders of varying



streamwise extents are used as a canonical body geometry to investigate the characteristics of the
asymmetric bluff body wake. To this end, a planar particle image velocimetry (PIV) technique is
employed to perform whole-field velocity measurements to examine the spatial characteristics of

the separated shear layer and the wake flow behind the cylinders.

1.2 Thesis Outline

The remainder of this thesis is organized as follows: the literature review is presented in
Chapter 2 while the experimental setup and measurement procedure are described in Chapter 3.
The results and discussion are presented in Chapter 4, and the major findings and conclusions as

well as the recommendations for future work are summarized in Chapter 5.



2. LITERATURE REVIEW
A review of the pertinent literature on symmetric and asymmetric wake flows induced by

bluff bodies as well as the objectives of the present study are presented in this chapter.

Extensive investigations on the flow around cylinders in a uniform flow have been
conducted in the past. Due to their geometric simplicity, flow around circular cylinders (Kiya and
Tamura, 1989; Williamson, 1996; Khabbouchi et al., 2014) and rectangular cylinders (Okajima,
1982; Kiya and Sasaki, 1983; Bearman and Morel, 1983; Durao et al., 1988; Frank et al., 1990;
Lyn et al., 1995) has been extensively studied. Although the wake flows induced by these cylinders
are all symmetric about the horizontal centerline of the cylinder (Anagnostopoulos et al., 1996;
Dong et al., 2006; Moore et al., 2019a; Kumahor and Tachie, 2023b), significant differences are
observed among these flows. The separation point, for example, moves upstream of the circular
cylinder with increasing Reynolds number (Achenbach, 1968), but is fixed at the sharp leading
edge of rectangular cylinders, when the Reynolds number is beyond 150 (Bearman and Moreal,
1983; Frank et al., 1990; Portela et al., 2017). The literature review on the symmetric wake flows
in this document focuses only on the rectangular cylinders, which is followed by a review of the

literature on asymmetric wake flows.

2.1 Rectangular Cylinders in Uniform Flow

Separated flows over and behind sharp-edged square and rectangular cylinders have been
studied extensively including the experimental investigations by Okajima (1982), Lyn et al.
(1995), Moore et al. (2019a) and Kumahor and Tachie (2021), and numerical investigations by
Franke et al. (1990), Bosch and Rodi (1998) and Trias et al. (2015). Moore et al. (2019a)

investigate the Reynolds number effects on the reattachment location over an AR5 rectangular
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cylinder using hot wire anemometry (HWA) and particle image velocimetry (PI1V). They observed
that the reattachment location shows a weak Reynolds number dependency at a sufficiently high
value (Re >50000). Meanwhile, important differences have been observed in the near wake region
of the rectangular cylinders. The numerical investigation by Mashhadi et al. (2021) showed that
the recirculation length, L,., behind a square cylinder, increases linearly at low Reynolds numbers,
30 < Re < 200, reaching a maximum value of L,./h = 3.50 at Re = 50 followed by a decrease to
L./h = 150 at Re = 200 due to the transition from steady to unsteady flow. The flow
characteristics in the wake region of a square cylinder were also experimentally studied by
Sohankar (2006) and Bai and Alam (2018) at the Reynolds number range of 50 < Re < 45000 using
HWA and PIV. They observed that the vortex formation length (L,,), which is defined as the
streamwise distance between the location of peak streamwise Reynolds normal stress and the
trailing edge of the cylinder, reaches an asymptotic value of L,,, = 0.54 at Re > 1000. However,
this value is notably shorter than L,,/h = 0.8, observed over a square cylinder at Re = 3000
(Nakagawa et al., 1999). Using a PIV technique, Reynolds number effects on the separated flow
induced by rectangular cylinders with AR = 0.5 (Kumahor and Tachie, 2023a) and AR = 1 and 4
(Liu et al., 2022a) were investigated at 3000 < Re <21000. They reported that the wake vortex as
well as the recirculation length and vortex formation length (L,,), which is defined as the
streamwise distance between the location of peak vertical Reynolds normal stress and the trailing
edge of the cylinder, are largest at Re = 3000, and then decrease in size until a Reynolds number
independency was reached at Re > 14700. The asymptotic values of the recirculation and vortex
formation lengths are L,./h = 0.45, 0.54 and 0.72 and L,,,/h = 0.45, 1.07 and 1.79 for the ARO.5,

ARL1 and AR4 rectangular cases, respectively.



Previous investigations have also demonstrated that even though the separation points are
fixed at the leading edge and flow properties asymptote at Re > 14700, the flow topology over and
behind the rectangular cylinders can be significantly affected by the streamwise aspect ratio
(Okajima, 1982; Nakagawa et al., 1999; Moore et al., 2019a; Liu et al., 2022b; Kumahor and
Tachie, 2023b). For cylinders with a low aspect ratio (AR < 2.5), the separated shear layer
emanating from the leading edge is shed directly into the wake region behind the cylinders so that
the separated shear layer and the wake vortex are dynamically coupled (Okajima, 1982; Durao et
al., 1988; Bosch and Rodi, 1998; Minguez et al., 2011; Portela et al., 2017; Moore et al., 2019a).
For relatively larger aspect ratios of AR > 3.5, on the other hand, the separated shear layer
reattaches on the cylinders, forming a primary vortex above the cylinder (Okajima, 1982; Kiya
and Sasaki, 1983; Shimada and Ishihara, 2002; Bruno et al., 2014; Cimarelli et al., 2018; Moore
et al., 2019a; Kumahor and Tachie, 2022). Under this condition, the flow separates again at the

upper and lower trailing edges of the cylinder, forming two symmetric wake vortexes.

The effects of streamwise aspect ratio on the dynamics of the primary vortex above the
cylinder and the wake vortex in the near wake region have been studied by many researchers
(Nakagawa et al., 1999; Shadaram et al., 2008; Moore et al., 2019a; Kumahor and Tachie, 2022;
Liu et al., 2022b). Kumahor and Tachie (2022), for example, investigated the streamwise aspect
ratio effects on the separated shear layer induced by square (AR1) and AR5 cylinders using a
planar PIV technique. They observed that the sizes of the primary and wake vortexes are smaller
for the square cylinder compared to the AR5 rectangular cylinder. Furthermore, the maximum
reverse flow velocities measured in the near wake region are the same for both cases, but the
recovery of the mean flow is faster behind the square cylinder. Liu et al. (2022b) investigated the

wake flow induced by AR1, AR2, AR3 and AR4 rectangular cylinders using PIV. They reported



that the AR2 cylinder features a distinctively larger wake vortex compared to the AR1, AR3, and
ARA4 cases, due to the intermittent reattachment of the separated shear layer on either the upper or
the lower surfaces of the AR2 cylinder. The wake region behind rectangular cylinders was also
studied by Nakagawa et al. (1999) using laser Doppler velocimetry (LDV), who reported that the
large wake vortex produced by AR2 leads to comparably faster recovery of the mean streamwise
velocity and longer recirculation and wake formation lengths compared to the AR0.5, AR1 and

AR3 cases.

Table 1.1 provides a summary of selected past investigations of relevance to the present
study. The table clearly shows that the streamwise aspect ratio has significant effects on the flow
characteristics around the rectangular cylinders. For example, the investigation by Liu et al.
(2022Db) illustrated that the reattachment length on the rectangular cylinder increases as the aspect
ratio increases. They reported that the mean reattachment length on the AR3 rectangular cylinder
is Ly /h = 2.90 at Re = 7200, which is approximately 20% shorter than the reattachment length
(Ly/h = 3.49) on the AR4 rectangular cylinder. A similar observation was also reported by Moore
et al. (2019b) on the AR3 and AR5 rectangular cylinders. Meanwhile, aspect ratio effects were
also observed in the wake region. Kumahor and Tachie (2022) reported that the recirculation length
is L,./h = 0.54 behind a square cylinder which is shorter than the recirculation length of L,./h =
0.96 behind an AR5 rectangular cylinder. The vortex formation lengths are also significantly
affected by the streamwise aspect ratio. At Re = 14700, Kumahor and Tachie (2023a) and Liu et
al. (2023) reported that the vortex formation lengths are different behind AR0.5, AR1, AR2, AR3

and ARA4 rectangular cylinders with L., /h = 0.45, 1.07, 3.64, 1.30, and 1.79, respectively.

Significant scatter has also been observed in the Reynolds stresses, turbulent kinetic energy

(TKE) and turbulent transport of TKE (Sohankar, 2006; Mohebi et al., 2017; Moore et al., 2019a;

9



Table 1.1: Summary of previous studies on rectangular cylinders.

Author Measurement | Re | AR | Ly/h | L,/h | Ly, /h | L, /h

0.5 - 0.70 | 0.70 | 5.10

Nakagawa et al. (1999) HWA 3000 | 1 ) 0.60 | 0.80 | 6.20
2 - 180 | 200 | 4.30

3 - 0.90 | 1.00 | 4.20

1 - - - -

Moore et al. (2019a) PIV.HWA | 50000 ° | Z%0 | ] ]
5 | 44 - - -

1 - 0.54 - 1.10

Kumahor and Tachie (2022) PIV 16200 | 5 | 4.30 | 0.96 - 2.20
Addai et al. (2022) PIV 12750 | 1 - o057 ] - ]095
1 - 0.74 | 0.74 | 1.19

2 - 3.10 | 3.48 | 4.29

Liu et al. (2022b) PIV 7200 | 3 | 2.90 | 0.98 | 1.65 | 2.04

4 | 349 | 096 | 215 | 259

1 - 054 | 0.60 | 1.07

2 - 0.64 | 3.23 | 3.64

Liu et al. (2023) PIV 14700 | 3 285 | 062 | 0.83 | 1.30

4 | 358 | 0.72 | 153 | 1.79

Kumahor and Tachie (2023a) PIV 14700 | 0.5 - 0.45 - 0.45

10



Kumahor and Tachie, 2022; Liu et al., 2022b). It has been demonstrated that the dominant
fluctuating velocity above the rectangular cylinder is the streamwise fluctuating velocity, while
the vertical fluctuating velocity is dominant in the wake region behind the cylinder, resulting from
the formation of von Karman vortex street. However, differences in the magnitudes of Reynolds
stresses occur due to variation in streamwise aspect ratios. Kumahor and Tachie (2022) reported
that the Reynolds stresses are an order of magnitude higher for the square cylinder compared to
the AR5 cylinder. Furthermore, unlike the AR5 rectangular cylinder, no distinct region of elevated
vertical Reynolds stress is observed over the square cylinder. For the turbulent Kinetic energy, it is
observed that the TKE peak is located along the centerline in the wake region of square cylinder
(Sahankar, 2006) and rectangular cylinders with 0.05 < AR < 1.92 (Mohebi et al., 2017).
Nevertheless, Kumahor and Tachie (2023b) observed that the TKE peaks in the wake of the AR4
cylinder occurred away from the centerline. Additionally, turbulent transport of TKE over the
AR1, AR2, AR3 and AR4 rectangular cylinders by streamwise and vertical fluctuating velocities
were analyzed by Liu et al. (2022b) using the third order moments. The topology of these third
order moments shows low-speed ejection and high-speed sweep events, transporting fluid away and
toward the cylinders, respectively. It is observed that the switch between ejection and sweep events
occurs along the mean separating streamline emanating from the leading edge, regardless of the

aspect ratio.

2.2 Asymmetric wake flows
The asymmetric wake flow has also been investigated in the past (Herry et al., 2011,
Schewe, 2013; Moore et al., 2019a; Chalmers et al., 2022; Addai et al., 2022). For example,

asymmetric wake flows behind a square cylinder placed in the vicinity of smooth and rough walls

11



were investigated by Shi et al. (2010), Chalmers et al. (2022) and Addai et al. (2022). Shi et al.
(2010) observed that two asymmetric recirculation bubbles formed in the cylinder wake of gap
ratio G/h = 0.4 and 0.8 (where G is the vertical offset distance from the bottom wall), but only a
single recirculation bubble was formed at G/h = 0.1 and 0.2. As the gap distance changes,
Chalmers et al. (2022) and Addai et al. (2022) reported significant changes in the levels of the
streamwise Reynolds normal stress (u'u’) in the upper and lower shear layers. Specifically, the
magnitude of u’u’ decreases as the gap ratio decreases and the peak magnitude in the lower shear
layer is higher than that in the upper shear layer. They also observed that the maximum vertical
Reynolds normal stress (v'v’) is no longer located on the horizontal centerline of the cylinder due

to the lack of symmetry.

The asymmetric wake flows produced by varying the angle of attack of rectangular
cylinders were experimentally investigated by Nemes et al. (2012), Schewe (2013) and Moore et
al. (2019b). They demonstrated that the behaviour of the separated flow induced by the rectangular
cylinders can be significantly different on the upper and lower sides of the cylinder, when the
symmetry is broken by changing the angle of attack, a. At high angles of attack (o > 4°), for
instance, the unsteady load is no longer contributed equally from both sides of the cylinder, but
mainly due to the shear layer on the pressure side. This results in a significant skewness of the
PDF distribution of lift fluctuations at angles of attack o > 4° compared to the Gaussian distribution
observed at a. = 0° (Moore et al, 2019b). Schewe (2013) and Moore et al. (2019b) also observed
discrepancy in the reattachment lengths on the upper and lower surfaces of both AR3 and AR5
rectangular cylinders at o > 4°, compared to AR3 and AR5 cylinders at o = 0° for which the

reattachment lengths on the upper and lower surfaces are the same.
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Although previous studies have shown that the asymmetric wake flow can be induced by
bluff bodies with asymmetric body geometries, the existing experimental (Herry et al., 2011; Rao
et al., 2019; Kumahor and Tachie, 2022) and numerical investigations (Spalart et al., 1997; Kang,
2021) for such flows are limited compared to symmetric wake flow induced by bluff bodies with
symmetric body geometries. Herry et al. (2011) and Rao et al. (2019), for example, investigated
the flow around the double backward facing steps. They observed two asymmetric vortices behind
the top step with a larger vortex on one side and a smaller elliptical-shaped vortex on the opposite
side of the vertical midplane. Behind the bottom step, one of the vortices is closer to the base of
the body and the other is farther away from the base. Asymmetric wake flow induced by the Ahmed
body was numerically and experimentally investigated by Kang (2021) and Aleyasin et al. (2021),
respectively. A pair of asymmetric recirculation bubbles form behind the body due to unequal
strength of the downwash and upwash flows from the top and bottom sides of the body,
respectively. Aleyasin et al (2021) also reported that the regions of elevated Reynolds stresses are
larger in the upper shear layer compared to the lower shear layer. More recently, asymmetric wake
flows induced by the asymmetric body geometry of bluff bodies in the form of the right-angled
trapezoidal cylinder were investigated by Kumahor et al. (2022). They observed that the mean
recirculation bubble over the AR1 trapezoidal cylinder is along the upper surface and extends into

the wake region, which results in a larger recirculation region compared to the square cylinder.

2.3 Objectives
Despite the extensive literature on the flow dynamics around symmetric bluff bodies such
as square and rectangular cylinders, research on the flow dynamics around asymmetric bluff bodies

in uniform flow has not received significant attention. Therefore, the objectives of the present
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study are: 1) to investigate the effects of streamwise aspect ratio on the characteristics of
asymmetric wake flows induced by right-angled trapezoidal cylinders, and to compare these results
with symmetric wake flows generated by rectangular cylinders of similar aspect ratios; 2) to
provide comprehensive benchmark datasets that will guide the development and of future

numerical results.

To achieve these objectives, experiments were performed using trapezoidal cylinders with
AR =1, 2, 3, 4 and 5. According to Liu et al. (2022a) and Kumahor and Tachie (2023a), who
investigated wake characteristics of rectangular cylinders over the AR range of 1I<AR <5 and
Reynolds number range of 3000 < Re < 21000 in the same test facility as in the present study, the
wake flow characteristics are independent of Reynolds number for Re > 14700. Therefore, the
experiments were performed at a Reynolds number of 14700. The velocity measurements were
performed using a planar particle image velocimetry, and the results are discussed in terms of the
mean flow, Reynolds stresses, turbulent kinetic energy (TKE) and its transport and production,
probability density function (PDF) and joint probability density function (JPDF), and two-point

autocorrelations.
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3. EXPERIMENTAL SET-UP AND MEASUREMENT PROCEDURE
This chapter presents the experimental set-up and measurement procedure employed to
obtain the velocity data. Specifically, a description of the test facility, the particle image
velocimetry system as well as a summary of the test cases and measurement procedures are
included in this chapter. Also, measurement uncertainty analysis is provided at the end of this

chapter.

3.1 Test Facility
The experiments were conducted in a recirculating open water channel located in the
Turbulence and Hydraulic Engineering Laboratory (THEL) at the University of Manitoba. A

picture of the water channel facility is shown in Figure 3.1. The length of the open water channel

Flow conditioning unit

¥

Figure 3.1: A picture of the open recirculating water channel showing the various components of
the facility.
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system is 12.00 m. The system includes a flow conditioning unit, a test section and a return plenum.
The flow conditioning unit consists of a perforated plate, a hexagonal honeycomb, and mesh
screens of various sizes and a 4.88:1 converging section, which is employed to reduce the turbulent
motion, and make the flow uniform before entering the test section. The dimension of the test
section is 6.00 m long x 0.60 m wide x 0.45 m high. To facilitate optical access to flow, the side
and bottom walls of the test section were manufactured from a 31.8 mm thick transparent Super
Abrasion Resistant® (SAR) acrylic plate. The water flow is driven by a 40 HP variable-speed

motor which controls the flow velocity from 0.03 m/s up to 2.0 m/s.

3.2 Particle Image Velocimetry System

The particle image velocimetry (PIV) system includes three 12-bit complementary metal
oxide semiconductor (CMQOS) cameras, a diode pumped dual-cavity high-speed Neodymium-doped
yttrium lithium fluoride (Nd:YLF) laser and a computer equipped with the data acquisition and post-
processing software. Figure 3.2 shows a picture of the PIV system with two high-speed side-by-side
COMS cameras mounted on a transverse system. Also shown is the Nd: YLF laser placed above
the water channel. The Nd: YLF laser is employed to illuminate the seeding particles by emitting
the green laser light of wavelength 527 nm at a maximum pulse energy of 30 mJ/pulse per cavity.
The illuminated particles are then captured by the CMOS cameras which have a full resolution of
2560 pixel x 1600 pixel and are able to achieve the image acquisition rates up to 807 Hz. Higher
image acquisition rates up to 10 kHz can also be achieved but the resolution of the camera needs
to be reduced. A commercial software, DaVis supplied by LaVision Inc., is used to perform the

data acquisition, image-processing and vector calculations.
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Computer

Figure 3.2: A picture of the particle image velocimetry (PIV) system.

3.3 Test Cases and Measurement Procedures

The schematics of the front and side views of the experimental set-up for the present study
are shown in Figure 3.3. The test cylinders were machined from a smooth acrylic plate with a
constant vertical height of h = 0.03 m and spanwise width of w = 0.588 m. Right-angled
trapezoidal cylinders with an angle, @ = 45°, fixed bottom length L, = 0.03 m and various lower
lengths, L = 0.03m, 0.06 m, 0.09 m, 0.12 m, and 0.15 m corresponding to streamwise aspect ratios
of AR (= L/h) =1, 2, 3,4 and 5, respectively, were mounted in position between two 6-mm thick
acrylic plates that were clamped to the sidewalls of the test section. The origin of the Cartesian
coordinate system, marked as O, with x and y representing the streamwise and vertical directions,

respectively, is located at the right upper corner of the cylinder. The water depth in the channel
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Figure 3.3: Schematics (not to scale) of the side view (a) and front view (b) of the
experimental set-up for the current study.

was maintained at H,, = 0.43 m, as such the blockage ratio was BR (= h/H,) = 7%. According
to Fang and Tachie (2019), the side-wall effects at channel mid-span are negligible when w/h >
12. The spanwise ratio in the present study was w/h = 19.6 and is deemed sufficient to minimize
side-wall effects on the results. The free-stream velocity was set to U, = 0.49 m/s and the

kinematic viscosity of the water flow was v = 10® m?/s, at a room temperature of 20°C. The

Reynolds number was Re = 14700. Meanwhile, the Froude number was Fr (= U,//gH,, ) =
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0.24, where g = 9.81 m/s is the acceleration due to gravity, which implies that the free surface had

negligible influence on the flow dynamics over the cylinder. The free-stream turbulent intensity

was Tu = vu'u'/U, = 1% for all test cases.

Two-component velocity measurements were performed in the x — y plane at the channel
mid-span, using a planar particle image velocimetry (PIV) technique. The seeding particles used
in the experiments are silver-coated hollow glass spheres with a mean diameter of 10 um and
specific gravity of 1.4. Following Raffel et al. (2007), the slip velocity (U,) of the seeding particle
was 2.18 x 10®° m/s and the relaxation time (t,) was 2.2 x 10 s, using equations (1) and (2),

respectively.

_ dp*(pp—py)g

Us=—"—"5 > orv (1)
_ dp*(pp—py)

Tp - 18prv (2)

where p,, = 1.4 g/cm?and py =1 g/cm? are the density of the seeding particle and the density of

water, respectively. The characteristic time scale, (= Ui) = 6.1 x 10°%s, and the Stokes number,

Sk(= Z—”) = 0.000036. Since the value of S, is within the recommended range of S, < 0.05
f

(Samimy et al., 1991), the seeding particles are assumed to follow the fluid motions faithfully.

The seeding particles were illuminated using a diode-pumped dual-cavity, high-speed
Neodymium-doped yttrium lithium fluoride (Nd: YLF) laser with a maximum pulse energy of 30
mJ/pulse per cavity. The wavelength of the laser is 527 nm. A transparent acrylic plate with a
thickness of 9 mm and streamwise length of 0.60 m spanning the entire width of the test section

was submerged 2 mm into the water to minimize the distortion of the laser light by the free surface,
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as shown in Figure 3.3. Ebenezer et al. (2021) investigated the effect of the same plate on the wake
flow generated by circular cylinders and observed no flow separation. Their results showed that
the boundary layer thickness formed on the plate is very thin (6p = 6.5 mm, where ¢, is based on
the wall-normal location of 0.99U. from the plate) and that the plate has no significant influence
on the wake flow. The illuminated seeding particles were imaged by two side-by-side high-speed
12-bit Phantom VEO340L complementary metal-oxide-semiconductor (CMOS) cameras with a
resolution of 2560 pixels x 1600 pixels. The dimensions of the fields of view (FOV) of these two
cameras were: FOV1 = FOV, = 218.50 mm X 136.60 mm. Also, there was a 10 mm overlap
between the two fields of view in the streamwise direction. 12000 statistically independent image
pairs were collected per field of view at a sampling frequency of 3 Hz. The data acquisition, image
processing, and velocity vector calculation were performed using commercial software, DaVis
Version 10.0.5, supplied by LaVision Inc. (Ypsilanti, Michigan, United States of America). An
interrogation area (1A) of 64 pixels x 64 pixels with 50% overlap was used as a first pass followed

by four final passes with 24 pixels x 24 pixels with 75% overlap.

3.4 Measurement Uncertainty
Following Bendat and Piersol (2010), Ebenezer et al. (2015) and Sciacchitano and Wieneke
(2016), the measurement uncertainties in the streamwise mean velocity (¢;), Reynolds normal

stresses (&,,,.,;) and Reynolds shear stress (&,,,) were quantified using the following equations:

ZC ™ ms
Sy === (3)
1 wuug
fuiui = ZC\/E (u(u,u,)l; -1 4)
Uil



1+p2,
Suv = Z¢ N_l—jl (5)

In equation (5), p,, = ————, is the cross-correlation coefficient between u’, and v'.

UrmsX Vrms
Since the samples are uncorrelated, the effective number of samples is equal to the total sample
size, N = 12000. A confidence coefficient, Z. = 1.96, is applied to qualify the measurement
uncertainty within 95% confident level (Sciacchitano et al., 2016). In the present study, the
measurement uncertainties in the mean streamwise velocity and Reynolds stresses were 0.1% and
1.8%, respectively, in the uniform flow. The uncertainty in the mean velocity increased to 3.2%
along the shear layer and in the wake region due to the local turbulent levels in those regions, while
the maximum uncertainties in the Reynolds normal and shear stresses were 5.0% and 2.2%,
respectively. Since the level of uncertainty is not the same through the separated shear layer, the
distributions of uncertainties in the streamwise mean velocity, Reynolds normal stresses and

Reynolds shear stress for the AR1 and AR3 cases are shown as examples in A.1 in the appendix.
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4. RESULTS AND DISCUSSION
This chapter presents the discussion of the findings of the present study. The discussion is
based on the published journal paper: Kang, J., and Tachie, M. F., 2023, “Experimental Study of

Turbulent Wake Flow Around Trapezoidal Cylinders with Varying Streamwise Aspect Ratios,”

Journal of Fluid Engineering, 1-49. DOI: 10.1115/1.4062086.

The results and discussion in this chapter are categorized as follows: In Section 4.1, the
topological similarities and differences in the mean flow field among the various streamwise aspect
ratios are examined. The analysis of the Reynolds stresses and turbulent kinetic energy (TKE) are
presented in Section 4.2, and the turbulent transport and production term of TKE are analyzed in
Section 4.3. In Section 4.4, one-dimensional profiles at some selected locations are examined while
the probability density function (PDF) and joint probability density function (JPDF) are used to
examine the characteristics of the asymmetric wake flow in Section 4.5. The effects of aspect ratio
on the large-scale structures over and behind the cylinder are discussed in terms of two-point

autocorrelations in Section 4.6.

4.1 Mean Flow Characteristics

Figure 4.1 shows contours of the streamwise mean velocity (U) and vertical mean velocity
(V). Since the laser was shot from the top, the region beneath the cylinders could not be imaged
due to the shadow cast by the cylinders and have been zeroed out in all the contours. The mean
flow separates at the leading edge, irrespective of the aspect ratio, and accelerates past the cylinder.

The mean streamlines (continuous lines) show that the separated shear layer forms a recirculation
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Figure 4.1. Contours of streamwise mean velocity (U ) and vertical mean velocity (V),
superimposed with mean streamlines (continuous lines), the isopleth of U = 0 (thick solid line)
and the horizontal centerline of the cylinder (dashed line). The additional dashed line in the V
contour is the isopleth of V = 0. Symbols of 4+ and x represent the local peaks over the cylinder
and in the near wake region, respectively.
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bubble which is confined to the surface of the longer cylinders (AR3, AR4 and ARS5) but extends
into the wake region in the AR1 and AR2 cases. This recirculation bubble is hereafter referred to
as the primary vortex. In the case of the AR1 and AR2 rectangular cylinders, the separated shear
layer forms a primary vortex above the cylinder and then descends into the near wake region,
forming a recirculation bubble in the wake behind the trailing edge, which is referred to as the
wake vortex (Cimarelli et al., 2018; Kumahor and Tachie, 2022; Liu et al., 2022b). Due to the
modified trailing edge in the present study, the reversing flow in the near wake region is redirected
along the inclined surface of the AR1 and AR2 trapezoidal cases towards the upper surface of the
cylinder. Therefore, the primary vortex and the wake vortex in the AR1 and AR2 cases are merged
into a massive vortex behind the trailing edge. Additionally, a distinct but smaller vortex is
observed in the lower shear layer of the AR1 and AR2 trapezoidal cases. As the streamwise extent
of the cylinder increases, two wake vortexes are formed in the near wake region of the longer
cylinders and are increasingly asymmetric about the horizontal centerline of the cylinder (dashed
line). Specifically, the lower vortex diminishes in comparison to the upper vortex in the AR3 case
and tends to disappear at the largest aspect ratios (AR4 and AR5). These two wake vortexes were
also observed in the AR3, AR4 and AR5 rectangular cases (Bruno et al., 2014; Guissart et al.,
2019; Moore et al., 2019a; Moore et al., 2019b; Kumahor and Tachie, 2022; Liu et al., 2022a), but
they are symmetric about the horizontal centerline due to the symmetric body geometry of the

rectangular cylinders.

The isopleth of U = 0 (thick solid line), which is used to determine the mean reattachment
point (i.e. the streamwise location where U = 0 isopleth intersects with the top surface of the
cylinder), shows that the mean flow reattaches on the surface of AR4 and AR5 cylinders, but no

mean reattachment occurs over the AR1, AR2 and ARS3 cylinders. The reattachment length,
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defined as the streamwise distance from the leading edge to the reattachment point, is 3.70h and
3.79h, respectively, in the AR4 and AR5 cases. The former is in good agreement with a
reattachment length of 3.60h reported for an AR4 rectangular cylinder at the same Reynolds
number (Liu at al., 2022b). The latter is also in good agreement with 3.65h reported by Cimarelli
et al. (2018) for an AR5 rectangular case at Re = 3000 but is shorter than the value of 4.30h
reported by Kumahor and Tachie (2022) at Re = 16200. Additionally, the maximum streamwise
mean velocity (U) shown in Figures 4.1(a, c, e, g, i) is observed along the upper shear layer and
prior to the trailing edge of the cylinders, except in the AR1 case. In the lower shear layer, another
distinct positive peak occurred close to the lower trailing edge. This peak has a similar value as
the maximum U above the cylinder in the AR1 and AR2 cases but is comparatively smaller in the

longer cases.

In Figures 4.1(b, d, f, h, j), identical positive V peak region is observed upstream of the
cylinder, regardless of the aspect ratio, due to the same front face and separation point.
Downstream the leading edge, the mean vertical velocity switches sign from positive to negative
on the upper surface of the longer cases (AR3, AR4 and ARb) but it occurs on the inclined surface
of the AR1 and AR2 cases. The negative V region is associated with the entrainment of the free-
stream fluid into the mean recirculation bubbles, enhancing mixing in the wake flows (Addai et
al., 2022). The delayed sign switch in the AR1 and AR2 cases is due to the massive primary vortex
behind the cylinder, which indicates the more significant downward deflection of the mean flow
from the upper surface of the AR1 and AR2 cases compared to the longer cases. It is also expected
that the larger wake vortex close to the upper trialing edge of the longer cylinders (AR3, AR4 and
ARS5) could be associated to the stronger downward deflection of the mean flow due to the

modified upper trailing edge.
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Figure 4.2 compares the contours of the mean spanwise vorticity (w, = dV/dx — dU/dy),
superimposed with the isopleth of U = 0. Figures (b), (d), (f), (h) and (j) show the contour of mean
spanwise vorticity, superimposed with mean velocity vector plots around the upper trailing edge
of the cylinder. It is observed that the spanwise vorticity is concentrated at the leading edge of the
cylinder and diffuses as the streamwise distance increases, regardless of the aspect ratio (Moore et
al., 2019a; Addai et al., 2022). Above the upper trailing edge, the vorticity contours clearly show
which of those test cases experience mean reattachment by the occurrence of distinct positive and
negative w, regions. Specifically, the positive w, region results from the flow close to the upper
surface separating off the upper trailing edge corner of the shorter cylinders before flowing
upstream. As depicted in Figures (b), (d), (f), (h) and (j), the vector plots show that part of the
mean recirculating flow in the near wake region of the cylinders is redirected upstream along the
inclined surface and onto the upper surface of the cylinder for AR1, AR2 and AR3. However, no
such observation is made for the AR4 and ARS5. Additionally, two w, peaks are observed. The
magnitude of the upper peak near the leading edge of the cylinder is significantly larger compared
to the lower peak, irrespective of the aspect ratio. This is due to the strong mean shear (U /dy)
associated with the flow at the leading edge of the cylinder (Addai et al., 2022). In the wake region,
the lower peak is located near the lower trailing edge of the cylinder. It is noteworthy that the

largest magnitude of the lower peak is observed in the AR1 case.

To further assess the effects of streamwise aspect ratio and body geometry on the mean
flow topology, metrics such as the maximum streamwise mean velocity (U,qa,), maximum
backflow velocity (U,), reattachment possibility on the top surface of the cylinders and the upper
and lower vortex core locations in the wake region, are examined in Figure 4.3. The data for

rectangular cylinders reported in previous studies (Trias et al., 2015; Kumahor and Tachie, 2022;
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Figure 4.2: Contours of spanwise vorticity (w,), superimposed with the isopleth of U = 0 (solid

line) and the horizontal centerline of the cylinder (dashed line). Figures (b), (d), (), (h) and (j)
show the w, contours and the superimposed mean velocity vectors around the upper trailing edge
of the cylinder. Symbols of + and X represent the local peaks over the cylinder and in the near
wake region, respectively.

27



Liuetal., 2023) are included for comparison. From Figure 4.3(a), the distribution shows that U,
drops from 1.43U, (AR1 case) to 1.35U, (AR2 case) and then increases monotonically to 1.59U,
(AR5 case). In the range of AR > 2, the distribution of U,,,, is approximately given by the
function, U4, /U. = 0.076AR + 1.19, as shown by the dashed line in Figure 4.3(a). The U,,,,, for
the trapezoidal case is smaller than those for the rectangular cylinders with AR = 1 and 2 but is
nearly the same for AR = 3 and larger for the AR4 and AR5 cylinders. It is also noted that, for
both trapezoidal and rectangular cylinders, U,,,, is lowest at AR = 2. In Figure 4.3(b), the
magnitude of U, decreases linearly for AR < 4, and then reaches an asymptotic value of -0.11U,,
at AR = 4 and 5. The linear region follows the correlation: U, /U, = 0.067AR — 0.38. According
to Kumahor and Tachie (2022), the largest magnitude of reverse flow in the AR1 case is the reason
for the formation of the largest wake region behind the AR1 cylinder, as shown in Figure 4.1(a).
In comparison to rectangular cylinders, notable differences are observed at AR < 3, where the
magnitudes of the maximum backflow velocities are larger in AR1 and AR3 trapezoidal cases but
are similar in the AR2 trapezoidal and rectangular cases, at approximately 0.23U,. For the larger

aspect ratios, the maximum backflow reaches asymptotic value of 0.12U, + 0.01U,.

The reattachment possibility of the test case is determined by the isopleths of forward flow
fraction originating from the leading edge and terminating at the trailing edge of the cylinder
(Kumahor and Tachie, 2022). Figure 4.3(c) shows that the reattachment possibility can be
significantly affected by both aspect ratio and geometry of the cylinder. For trapezoidal cylinders,
the AR1 and AR2 cases have similar and smaller reattachment possibilities (6%) compared to the
cases with larger aspect ratios. As the aspect ratios increase from 2 to 5, the reattachment

possibility increases linearly to 90% as follows: Reattachment Possibility = 29.02AR — 51.87. The
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marked increase from AR2 to AR5 is a reflection of significant flow differences induced by the
aspect ratio changes. Compared to rectangular cases, the reattachment possibilities for the AR1
and AR3 trapezoidal cases (6% and 32%) are considerably smaller than the corresponding values
for the AR1 and AR3 rectangular cases (33% and 81%), respectively. The reason can be related to
part of the mean recirculating flow in the near wake region of the AR1 and AR3 trapezoidal
cylinders flowing back to the upper surface along the inclined surface. However, the reattachment
possibilities of the AR4 and AR5 trapezoidal cases (72% and 90%) are in good agreement with
the values of 77% and 88%, respectively, for the AR4 and AR5 rectangular cases. These results
demonstrate that the modified trailing surface of the trapezoidal cylinder has less effect on flow
reattachment in the AR4 and AR5 cases, as the wake region is increasingly further away from the

point of flow separation, i.e. the leading edge of the cylinder.

Following Lyn et al. (1995), Moore et al. (2019a) and Addai et al. (2022), the vortex cores
are determined as the intersection of the isopleths of U = 0 and V = 0. Figures 4.3(d-e) show the
distributions of the streamwise location (x/h) of the vortex cores in the near wake region relative
to the trailing edge of the cylinder, and the vertical distances (Y /h), relative to the horizontal
centerline. Figure 4.3(d) shows that the upper vortex core is closer to the origin (trailing edge)
compared to the lower vortex core, irrespective of the aspect ratio. The x locations of both the
upper and lower vortex cores at AR = 1 and 2 are farther away from the trailing edge compared
to the larger aspect ratios. Additionally, the furthest and nearest x locations, with respect to the
trailing edge, of both the upper and lower vortex cores are observed at AR = 2 and AR = 3,
respectively. The farthest x location of the vortex core in the near wake region of rectangular
cylinders with the same aspect ratios (AR = 1, 2, 3, 4 and 5) was also observed in the AR2 case

due to the quasi-periodic attachment and detachment over the AR2 rectangular cylinder surface
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(Okajima, 1982; Nakagawa et al., 1999). In Figure 4.3(e), the distribution shows that the Y location
of the upper vortex core decreases from 0.47h to 0.11h as the aspect ratio increases, approaching
Y/h =0, (horizontal centerline of the cylinder). However, the Y location of the lower vortex core
from the centerline decreased from 0.65h at AR = 1 to an asymptotic value of 0.21h + 0.01h at
AR > 3. The furthest x/h and Y /h locations of the wake vortex in the AR1 and AR2 cases
indicate larger recirculation regions are formed behind these cases compared to the larger aspect
ratio cases (Kumahor and Tachie, 2023a), which is consistent with the observations in Figures 4.1

and 4.3(b).

4.2 Reynolds Stresses and Turbulent Kinetic Energy

The distributions of Reynolds stresses and TKE are presented to examine the effects of aspect
ratios on the second-order moments. Figure 4.4 shows contours of streamwise Reynolds normal
stresses (u'u’) and vertical Reynolds normal stress (v'v’). Elevated regions of the Reynolds
normal stresses are aligned along the mean separating streamline (continuous line) starting from
the leading edge and are more elongated as the aspect ratio increases. The strongest velocity

fluctuation associated with the separated shear layer over the cylinder is the streamwise Reynolds

stress (u'u’) which peaks above the cylinders, except in the AR1 case. Similar u'u’ peaks were

also observed above rectangular cylinders with AR =1, 2, 3, 4 and 5 (Nakagawa et al., 1999;

Chang et al., 2022; Liu et al., 2022b). In the near wake region, dual u'u’ peaks are observed and

distributed asymmetrically about the horizontal centerline due to the asymmetric body geometry

of the trapezoidal cylinder. These dual u'u’ peaks were also reported by Kumahor and Tachie

(2022) and Liu et al. (2022a) in the near wake region of a rectangular cylinder but they are
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Figure 4.4: Contours of streamwise Reynolds normal stress (u'u’) (a), (c), (e), (g) and (i), and
vertical Reynolds normal stress (v'v’) (b), (d), (f), (h) and (j) superimposed with mean separating
streamlines (continuous line), the isopleth of U = 0 (solid line) and the horizontal centerline of the
cylinder (dashed line). The 4+ symbol in the near wake region represents the rear stagnation point
recirculation region. Symbols of + and x over and behind the cylinder, respectively,
represent the local peaks.
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symmetric about the horizontal centerline. Similar to the rectangular cases (Guissart et al., 2019),

the elevated v'v’ peak regions of the trapezoidal cases occur along the horizontal centerline in the

near wake region of the cylinder. According to Nakagawa et al. (1999) and Liu et al. (2022a), this

elevated v’v’ region is associated with the alternate shedding of vortices from both the upper and
lower surfaces of the cylinder. The rear stagnation point of the recirculation region behind the
cylinder is characterized by the intersection of streamlines (Lyn et al., 1995) and is marked by the

‘+’ symbol in Figure 4.4. Similar to the rectangular cases (Durao et al., 1988; Lyn et al., 1995;

Nakagawa et al., 1999), the u’u’ and v’v’ peaks in the wake region are close to this rear stagnation

point.

Contours of the Reynolds shear stress (u’v’) and TKE are shown in Figure 4.5. Since the

spanwise velocity was not measured, the turbulent kinetic energy was estimated as follows: TKE
= 0.5 (u'u’ + v'v’). Due to the misalignment of the Cartesian coordinate with the local mean

streamlines (Kiya and Sasaki, 1983), a distinct positive u'v’ region is evident close to the leading
edge, regardless of the aspect ratios. The same observation was also reported in previous
investigations on rectangular cylinders in uniform flow (Kumahor et al., 2021) as well as wall-

mounted bluff bodies (Kumahor et al., 2021; Chalmers et al., 2022). Around the trailing surface,
the negative u'v’ region is more dominant than the positive u’v’ region in all case, except for a
small positive u’v’ region near the upper trailing edge of the AR2 cylinder. In the wake region,
the isopleth of u’v’ = 0 moves upwards and eventually overlaps with the horizontal centerline of
the cylinder. Additionally, two u'v’ peaks appear and are asymmetric about the horizontal
centerline of the cylinder. The magnitudes of the u’v’ peaks are larger in the AR1, AR2 and AR3

cases compared to the peaks in the AR4 and AR5 cases. Also, the magnitude of u’v’ peak in the
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upper shear layer is larger than the magnitude of u’v’ peak in the lower shear layer, irrespective

of the aspect ratio, except in the AR2 case.

In the TKE contours, the level of turbulence kinetic energy rises as the streamwise distance
increases from the leading edge and reaches peak values in the near wake region in the AR1, AR2
and AR3 cases. In the AR4 and AR5 cases, on the other hand, distinct peaks are also observed
over the cylinders with comparable magnitudes, 0.33U2 + 0.01UZ2, and at approximately the same
location, (x/h = -1.95, y/h = 0.45). The TKE peaks in the wake region show similar values for
the AR1 and AR2 cases but decrease as the aspect ratio increases. It is also noted that the TKE and
u'v’ peaks in the near wake region occur at the same streamwise location in the AR1 case, x/h =

3.42. In the AR2 case, however, the TKE peak location, x/h = 4.10, is further downstream of the

u'v’ peak locations, x/h = 3.32.

The peak values of u'u’ and v'v’ above the cylinder and in the wake region are shown in
Figures 4.6(a-c), respectively. Due to the similar frontal face and separation point at the leading

edge of the trapezoidal and rectangular cylinders, there are no evident aspect ratio and body
geometry effects in the peak values of u’u’ above the cylinders (Figure 4.6(a)). The present and
previous results for AR > 2 are within u'u’ /U2 = 0.13U2 + 0.03U2. However, aspect ratio effects
are evident in the distributions of the peak values of u'u’ (Figure 4.6(b)) and v'v' (Figure 4.6(c))
in the wake region. As the aspect ratio increases, u'u’ tends to decrease linearly and approximately

fits the function, u'u’/U2 = -0.041AR + 0.273. Meanwhile, v'v’ shows a similar peak value of
0.30U2 at AR < 3 and then decreases to 0.08U2 at AR > 4. Compared to the rectangular cases, a
significant difference is observed at AR = 1 (Figure 4.6(c)), where the v'v’ peak in the AR1

rectangular case is more than twice the value for the AR1 trapezoidal case. The comparatively
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Figure 4.6: Distributions of peak values of streamwise Reynolds normal stress (u'u’) above the

cylinder, (a), and peak values of Reynolds normal stresses (u'u’ and v'v’) in the wake region, (b)
and (c), respectively.

smaller v'v’ behind the AR1 trapezoidal case is consistent with the observation by Nakagawa et

al. (1999) and Liu et al. (2022b) that a larger recirculation region (shown in Figure 4.1) is always

associated with smaller turbulent intensities in the wake region.
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4.3 Turbulent Transport and Production of Turbulent Kinetic Energy

The turbulent transport of TKE by the streamwise fluctuating velocity (u") and vertical

fluctuating velocity (v') are examined in terms of third order moments, and are shown in Figure

4.7. In particular, (u'u'u’ + u'v'v’) represents the turbulent transport of instantaneous TKE by

u’ and (u'u'v’ + v'v'v') represents the turbulent transport of instantaneous TKE by v’. Above

the cylinder, contours of (u'u'u’ + u'v'v’") show a positive region above the mean separating

streamline and a negative region beneath the mean separating streamline, but the pattern is reversed

in (u'u'v’ + v'v'v’) contours, irrespective of the aspect ratio. It is observed that the high-speed
sweep events with ' > 0 and v’ < 0 beneath the mean separating streamline, transport TKE
downward and toward the cylinder while low-speed ejection events with ' < 0 and v’ > 0 above
the mean separating streamline, transport TKE upward and away from the cylinder. The switching
of sweep and ejection events, along the mean separating line, was also observed above rectangular
cylinders with different aspect ratios and Reynolds numbers in uniform flow (Kumahor and
Tachie, 2022; Liu et al., 2023), wall mounted rectangular cylinders (Fang and Tachie, 2020;
Chalmers et al., 2021) and a square cylinder with various gap ratios (Addai et al., 2022). It is also
noted that the location of the event switches is away from the body above the upper tailing edge
of the AR1, AR2, and AR3 trapezoidal cylinders, but close to the upper surface in the longer cases,

due to the flow reattachment occurs only on the AR4 and AR5 cylinders. With the exception of

the positive peak in the (uw'u'v’ + v'v'v') /U3 in the AR3 case, the magnitudes of both positive

and negative peak values in the wake region decrease as the aspect ratio increases, irrespective of

the transport of TKE by u' or v'. Additionally, the positive peaks in (u’u’u’ +u’v’v’)/U,§’

contour are comparatively smaller than the negative peaks but reversed in (u’u’v’ + v’v’v’)/Ug’
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contours, except in the AR2 case. Also, both (uw'u'u’ + u'v'v')/UZ and (v'u'v' + v'v'v')/US
contours show that the furthest peak locations are in the AR2 case, which is consistent with the

observation by Liu et al. (2022a) for the rectangular cases.

Figure 4.8 shows contours of the production term of the turbulent kinetic energy for the five
tested cases. According to Nematollahi (2019) and Amorin (2020), the production term in the

turbulent kinetic energy transport equation of a spanwise homogeneous flow is given by:
Pr = — (W U/ dx +v'v 9V / By + v (9U/ By + 0V/ 0x)) (6)

The production term was normalized by U2 /h. Similar to the Reynolds stresses, the elevated
regions of the production term are aligned along the mean separating streamline emanating from
the leading edge and are more elongated as the aspect ratio increases. Close to the leading edge of
the cylinder, a negative turbulent production region is observed, regardless of the aspect ratios.
The same negative production region was also reported by Nematollahi (2019) who investigated
the wake flow induced by surface-mounted rectangular cylinders. They illustrated that the negative
turbulence production is mainly due to the shear component, —u'v’ (U / dy + dV/ dx), close to
the leading edge of the cylinder. Downstream the leading edge, the transition from negative to
positive production occurs within x < 0.5h, irrespective of the aspect ratio. A similar transition
from positive to negative values also occurs in the contours of Reynolds shear stress in Figure 4.5.
As the streamwise distance increases, a positive peak appears above all cylinders with an
asymptotic value, P ~ 0.15 U3 /h, except in the AR3 case, where two positive peaks with the
same but smaller magnitude, P, = 0.12 U3 /h, are observed. In the wake region, two positive
peaks are observed, irrespective of aspect ratio. Similar to the Reynolds stresses, the magnitudes

of the peak are larger in the AR1, AR2 and AR3 cases compared to the AR4 and AR5 cases. It is
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also noticed that the magnitudes and locations of those production peaks are similar to the u'v’
peaks in the wake region in Figure 4.5, especially in the cases with lower aspect ratios (AR1, AR2

and AR3).

4.4 One-dimensional Profiles of Mean Velocities, Reynolds Stresses and Triple Velocity

Correlations.

Figure 4.9 shows distributions of the streamwise mean velocity and Reynolds normal
stresses along the centerline in the near wake region. The plots in Figures 4.9(d-f) show the

comparison between the trapezoidal cases and rectangular cases with AR = 1, 3 and 5 from
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Figure 4.9: Centerline distributions of streamwise mean velocity (U¢;), (a), Reynolds normal

stresses (u'u’ and v'v’), (b) and (c), respectively. Figures (d-f) show the comparison between the
present study and rectangular cases of AR1, AR3 and ARS5.
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Kumahor and Tachie (2022) and Liu et al. (2023). The mean velocity distributions, shown in
Figure 4.9(a), are negative within the recirculation region behind the trailing edge and then increase
sharply to positive values as the wake flow recovers. The distributions are strongly dependent on
the aspect ratio. For example, the streamwise extents of the recirculation region in the AR1 and
AR?2 cases, defined as the point of intersection of profiles with U.;, = 0 (dashed line), are x/h =
2.70 and 2.43, respectively, which are further downstream from the trailing surface of cylinder
compared to x/h = 1.0 for the larger aspect ratios. The distributions for AR1 and AR2 also
recover more slowly compared to the larger aspect ratios. In Figures 4.9(b-c), the Reynolds normal
stresses along the centerline of the trapezoidal cylinders increased in the immediate vicinity of the

cylinders to maxima and then decrease with increasing streamwise distances as the wake recovered.

Meanwhile, the peak values of u'u’ and v'v’ for AR3, AR4 and AR5 cases are smaller and closer

to the cylinder compared to the cases with smaller aspect ratios.

Figures 4.9(d-f) show that the recirculation region as well as the mean velocity and Reynolds
normal stresses along the centerline are also significantly affected by the body geometry, and the
differences between the rectangular and trapezoidal cases are more pronounced in the cylinders
with smaller aspect ratios (AR1 and AR3) compared to the larger aspect ratio (AR5). For instance,
the recirculation regions behind the AR1 and AR3 rectangular cylinders are limited to x/h = 0.5,
which is shorter than observed for the AR1 and AR3 trapezoidal cases. Furthermore, the AR1
rectangular case shows a more rapid recovery of the mean streamwise velocity compared to the
ARL trapezoidal case. At x/h = 3.5, for example, the mean velocity for the ARL1 rectangular
cylinder has recovered to 0.74U, compared to 0.32U,, in the AR1 trapezoidal case. In the case of
AR5, however, differences between the trapezoidal and rectangular cylinders are smaller with the

former and latter recovering to 0.40U, and 0.46U,, respectively, at x/h = 2.5. As shown in
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Figures 4.9(e) and 4.9(f), differences between the Reynolds stresses along the centerline are also
more evident in the AR1 and AR3 cases compared to the AR5 case. For instance, the u’'u’ and

v'v’ distributions of the AR1 rectangular case show higher peak values and the peak locations are

closer to the cylinder compared to the AR1 trapezoidal case. In the AR3 cases, the trapezoidal case

shows a larger u’'u’ peak but a smaller v’'v’ peak compared to the rectangular case. However, the
Reynolds normal stresses for both the rectangular and trapezoidal cases with a larger aspect ratio
(AR5) show similar peak values and peak locations (Figures 4.9(e) and 4.9(f)) and tend to collapse

as the streamwise distance increases.

Figures 4.10(a-c) show the distributions of recirculation length (L,) and wake formation
lengths (L,r and L,,). The recirculation length is measured from the trailing edge of the cylinder
to the location where U reaches zero along the centerline. Figure 4.10(a) shows that L,. can be
significantly affected by the streamwise aspect ratio and body geometry. Due to the merging of
the wake vortex and primary vortex in the wake region behind AR1 and AR2 trapezoidal cylinders,
a stronger reverse flow was produced and hence, the recirculation length in the present study is
longer at AR =1 and 2, compared to larger aspect ratios (AR = 3, 4 and 5). Compared to the
rectangular cases, L, is longer for the trapezoidal cases, irrespective of the aspect ratios. The

longest L, in the rectangular cases is observed at AR = 2 but at AR = 1 in the present study.

The wake formation lengths, L,,» and L., are measured from the upper trailing edge of the

cylinder to the maximum locations of u’u’ and v'v’, respectively, and their variations with aspect
ratios are presented in Figures 4.10(b-c). Similar to the recirculation length, the wake formation

lengths for the trapezoidal cases are also larger for AR = 1 and 2 compared to the larger aspect
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previous studies.

ratios. Compared to the rectangular cases, both L, and L, are consistently larger in the
trapezoidal cases, except for AR =5 in Figure 4.10(c), where no significant difference is observed.
Unlike the distribution of L,., however, both the rectangular and trapezoidal cases show the longest

wake formation lengths at AR = 2.

To further provide a quantitative comparison among various aspect ratios, one-

dimensional vertical profiles of mean velocities and Reynolds stresses at selected streamwise
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locations (x/L =-1.0 and -0.5 and x/h = 0.0, 0.5, 1.0, 2.0 and 3.0) are shown in Figures 4.11.
Since the front face and separation point are the same, the streamwise mean velocity profiles in
Figure 4.11(a) are nearly independent of the aspect ratio at the leading edge (x/L = -1.0). Within
the shear layer, a saddle point is developed at x/L = -0.5 due to the formation of the primary
vortex. It is also observed that the profiles for the AR1 and AR2 cases at x/L = -0.5 show a faster
recovery to uniform flow condition compared to the larger aspect ratios. As the streamwise
distance increases from the trailing edge (x/h = 0.0), however, the mean profiles of the AR1 and
AR2 cases show a slower recovery compared to the larger aspect ratios due to the larger
recirculation region and higher magnitudes of reverse flow behind the AR1 and AR2 cylinders, as
shown in Figures 4.1(a-b) and 4.3(a). In Figure 4.11(b), the vertical profiles of IV show the highest
magnitude at the leading edge of the cylinder (x/L = —1.0), regardless of the aspect ratio. Due to
mean flow reattachment on the AR4 and AR5 cylinders, a sign switch from positive to negative
occurs downstream of the leading edge (x/L = —0.5) in those cases. On the inclined surface, from
x/h = 0.0 to x/h = 1.0, the V profile of the shorter cylinders (AR1 and AR2) still show positive
peaks. This is consistent with the observation in Figure 4.1, where a larger recirculation region is
observed behind the AR1 and AR2 cylinders due to the stronger downward flection of the mean
flow and slower mean flow recovery in the AR1 and AR2 cases. As the streamwise distance
increases, wake double peaks are observed in the wake region, irrespective of the aspect ratio and

streamwise location.

The profiles of the Reynolds normal stresses (Figures 4.11 (c-d)) clearly demonstrated that
the turbulence field is highly anisotropic. In particular, u’u’ is significantly higher than v'v’ above
the cylinder but lower than the v’v’ in the near wake region. This observation is consistent with

those made by Moore et al. (2019a) and Kumahor and Tachie (2023a) for rectangular cylinders.
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Figure 4.11: One-dimensional vertical profiles of streamwise mean velocity (U), (a), vertical mean
velocity (V), (b), Reynolds stresses (u'u’, v'v' and u'v’), (c), (d) and (e), and TKE, (f),

respectively.




As the downstream distance increases, double peaks are observed in the AR3 case at x/h = 1.0
(Figure 4.11(c)) but not until x/h = 2.0 in other cases. At x/h = 3.0, the double peaks are more

distinct in the AR1 and AR2 cases compared to the longer cases. In Figure 4.11(c), the peak of the
v'v’ profile of the AR3 case significantly increases, starting from x/h = 1.0 until x/h = 3,
whereas distinct increase in v'v’ peak for AR1 and AR2 cases is only observed at x/h = 3.0. The

profiles of Reynolds shear stress (u'v’) are shown in Figure 4.11(d). Although double peaks are
observed in the wake region (x/h = 2.0 and 3.0), irrespective of the aspect ratio, the magnitudes
of both positive and negative peaks are higher in the AR1, AR2 and AR3 cases compared to the
cases with the largest aspect ratios (AR4 and ARS). The profiles of TKE are shown in Figure
4.11(e). The double peaks of TKE are only observed in the AR3 case at x/h = 1.0. In the wake
region (x/h = 2.0 and 3.0), however, the evident double peaks are observed, irrespective of the

streamwise aspect ratio.

According to Nematollahi (2019), the structural differences in the Reynolds stress
producing motions can be explored by quantitively investigating the triple velocity correlations.
Therefore, the vertical profiles of the triple velocity correlations at selected streamwise locations
above and behind the cylinders (i.e., x/L = -0.5 and -1.0 and x/h = 0.0, 0.5, 1.0, 2.0 and 3.0) for
different aspect ratios are presented in Figure 4.12. Although no evident aspect ratio effects are
observed above the cylinder, significant differences occur in the wake region. Similar to the

vertical profiles of the streamwise Reynolds normal stress, characteristic dual peaks characterize
the u'u'u’ vertical profiles at x/h = 2.0 and 3.0 in Figure 4.12(a). Compared to the longer cases

(AR3, AR4 and AR5 cases), a more distinct u'u'u’ double peaks are observed for the shorter cases

(AR1 and AR2). Unlike the vertical profiles of Reynolds shear stress, both u'u’'v’ and u'v'v’
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Figure 4.12: One-dimensional vertical profiles of triple velocity correlations, u'u'u’, u'u'v’, u'v'v’

and v'v’v’, at selected streamwise locations, x/L = -1.0 and -0.5 and x/h = 0.0, 0.5, 1.0, 2.0, and

3.0, respectively.

profiles show multiple peaks in the wake region in Figures 4.12(b-c). The multiple peaks are more

evident in the AR3 case at x/h = 2.0 in both Figures 4.12(b) and 4.12(c) compared to the other

cases. Further away from the cylinder, at x/h = 3.0, however, the multiple peaks are more evident

in the shorter cases (AR1, AR2 and AR3) in Figure 4.12(b), but are evident, regardless of the

aspect ratio in Figure 4.12(c). In Figure 4.12(d), the most notable peak value of v'v'v’ is observed

in the AR3 case at x/h = 2.0 and in both AR1 and AR3 cases at x/h = 3.0 compared to the other

cases.
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4.5 Probability Density Function and Joint Probability Density Function

The PDF distributions of the streamwise fluctuating velocity at u'u’,,,, location and the

vertical fluctuating velocity at v'v’,,,,, location are presented in Figure 4.13. As shown in Figures
4.13(a-b), the PDF of u’ and v’ in the present study are strongly dependent on the streamwise
aspect ratio. For instance, the distributions of u' in the shorter cases (AR1, AR2 and AR3) in
Figure 4.13(a) show an asymmetric bimodal shape and are more negatively skewed in comparison
to the unimodal and nearly Gaussian distribution in the AR5 cases. Additionally, positive u', which
is indicative of high momentum fluid is more likely than negative u' in the case of the large aspect
ratio cylinders. Similar to u’, asymmetric bimodal distributions of v’ are also observed in the AR1,
AR2, and AR3 cases (Figure 4.13(b)). In the cases of AR2 and AR3, however, negative v’
associated with vortices shed from the upper trailing edge is more probable than positive v’ from

the lower shear layer.

Figures 4.13(c-d) show the comparison between the present study and the rectangular cases
for AR =1, 2, and 4 (Liu et al., 2023). In Figure 4.13(c), the AR1 rectangular cylinder shows an
asymmetric bimodal ' distribution, but with more distinct peaks compared to the AR1 trapezoidal
case, while the AR2 and AR4 rectangular cylinders show a distribution that is approximately
Gaussian. In Figure 4.13(d), the distributions of v’ for the rectangular cases are bimodal in the
AR1 and AR4 cases and unimodal shape in the AR2 case and approximately symmetric about the
v’ Jv.ms = 0 (Figure 4.13(d)), irrespective of aspect ratio. In the present study, however, an
asymmetric unimodal shape is observed in the AR4 case. The symmetric v’ distributions for the
rectangular cylinders indicate the periodically shed vortices with equal strengths induced by the

symmetric upper and lower surfaces of the rectangular cylinder move across the centerline of the
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Figure 4.13: Probability density function (PDF) distributions of streamwise fluctuating velocity
(u") at the location of u'u’,,4, (@), and vertical fluctuating velocity (v') at the location of

v'v 4 (D), OF five test cases. Figures (c) and (d) show the comparison between the present study
and the rectangular cases of AR1, AR2 and AR4.

cylinder alternatively (Nakagawa et al., 1999). It is likely that the asymmetric distributions of v’
in the present study result from positive and negative vortices with unequal strength and shedding
frequency induced by the unequal streamwise lengths of the upper and lower surfaces of the

trapezoidal cylinder.

Following Wallace and Brodkey (1977) and George (2013), the joint probability density

function (JPDF), defined as:
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wv' = [[ uv'P@,v') du' dv’ (6)

is employed to examine the correlation between the instantaneous velocity fluctuations. Figure

4.14 shows the joint probability density function (JPDF) contours of streamwise fluctuating
velocity (u') and vertical fluctuating velocity (v') at the locations Of w't/ 0y, V'V max @nd

u'v’ 4, N the wake region of various aspect ratios. The straight lines passing thought the origin
divide the plots into four quadrant regions: Q1, Q2, Q3 and Q4. Specifically, Q1 (u’, v') and Q2
(-u’, v") denote the ejection events of high-speed and low-speed fluid, respectively. Q3 (-u/, -v')
and Q4 (u, -v') denote the sweep events of low-speed and high-speed fluid, respectively. The
JPDF contours clearly show that aspect ratio effects are more evident in the cases with lower aspect
ratios (AR1, AR2 and AR3) compared to the cases with larger aspect ratios (AR4 and AR5). At
the upper peak location of u'u’ (Figures 4.14 (a, f, k, p, u)), for example, the distributions are
inclined towards Q2 and Q4, irrespective of the aspect ratios, indicating the larger contributions of
ejection and sweep events to the mean Reynolds shear stress at this location. In the AR1, AR2 and
AR3 cases, the maximum probability shifts to Q4, but no such observation is found in the AR4
and AR5 cases. In Figures 4.14(d, i, n, s, X), the JPDF distributions at the upper peak location of
u'v’ (negative u'v’ peak location) are also inclined towards Q2 and Q4, which are the same as the
observation reported by Liu et al. (2023) for AR1, AR2, AR3 and AR4 rectangular cases. Figures
4.14 (b, g, 1, g, v) show the JPDF contours at the lower peak location of u’u’. Due to the change
in the orientation of the mean shear in the lower shear layer, the distributions are inclined towards
Q1 and Q3, irrespective of the aspect ratio, except in the AR3 cases, indicating the predominance

of outward and inward interactions in the determination of the Reynolds shear stress. The similar

trends are also observed in the JPDF contours at the lower peak location of u'v’ (positive u’v’
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Figure 4.14: Joint probability density function (JPDF) contours of streamwise fluctuating velocity
(u") and vertical fluctuating velocity (v") at the locations of u'u/ 4y, V'V max @Nd W' V' 0y, in the

wake of five test cases. Contour levels of JPDF at intervals of 0.2 are from 0.0 to 0.8.

peak location), in Figures 4.14(e, j, 0, t, y). For the JPDF contours at v'v’,,,,, (Figures 4.14 (c, h,
m, r, w)), the maximum probability in the AR1 and AR3 cases shifts to Q4, however, an

approximately symmetric distribution is observed in the AR2 case due to the fact that the location

of v'v’,, 4, 1S ON the symmetry plane and further away from the body compared to the other tested

52




cases. At the larger aspect ratios, the JPDF contour of the AR5 case trends to toward Q1 and Q3,

but no such observation is found in the AR4 case.

4.6 Two-point Autocorrelation and Integral Length Scale

Two-point autocorrelation coefficient, defined in equation (7), is employed to assess the
effects of streamwise aspect ratio on the spatial coherency of the large-scale structures above the

trailing edge and in the wake region of the trapezoidal cylinders.

Ui (Xyef)uj(Xrep+AX) )

vt ul{,rms(XTef)uE,rms(XTé’f"'AX)

where X,..r and AX are the reference position and relative displacement, respectively. Figure 4.15
shows the contours of R, and R,,, at the following reference points: (x/h = 0.0, y/h = 0.25),
(x/h = 1.0, y/h = -0.5), V'V’ 4y and (x/h = 5.5, y/h = -0.5). Evidently, the R, and R, are
sensitive to the streamwise aspect ratios. Above the trailing edge (Figures 4.15(a, c, e, g and 1)),
for example, R, extends in both vertical and horizontal directions as the streamwise aspect ratio
increases and eventually, show similar shapes at larger aspect ratios (AR3, AR4, and AR5). This
implies that the vortices passing the upper trailing edge of the longer cylinders (AR3, AR4, and
AR5 cases) tend to maintain their structural integrity compared to the shorter cylinders (AR1 and
AR?2 cases). The pattern of R,,,, also expands as the aspect ratio increases (Figures 4.15(b, d, f, h
and j)), but a fairly similar shape is only observed over the upper trailing edge of the AR4 and AR5
cylinders. At (x/h = 1.0, y/h = -0.5), however, similar shapes are observed in the shorter cases
(AR1 and AR2 cases) for both R,,,, and R,,,, and are more stretched in the streamwise and vertical

directions, respectively, compared to the pattern above the trailing edge. In the AR3 case, both R,
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Figure 4.15: Two-point autocorrelations, R,,,,, (a), (¢), (e), (g) and (i), and R,,,,, (b), (d), (f), (h) and
(1), respectively. The selected reference points are at (x/h = 0.0, y/h = 0.25), (x/h = 1.0, y/h =
-0.5), V'V’ gy and (x/h = 5.5, y/h = -0.5) for five test cases, respectively. Contour levels of
R, at intervals of 0.1 are from 0.4 to 0.9. Contour levels of R, at intervals of 0.2 are from 0.1
t0 0.9.
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and R,,,, show notably different shapes compared to the other cases. As the streamwise aspect ratio

increases, the extents of the R, pattern become smaller in the AR4 and ARS cases. Further

downstream, the R,,,, patterns of AR1 with reference locations at v'v’,,,,, and (x/h = 5.5, y/h =-
0.5) are relatively larger in the streamwise direction. However, R, is less susceptible to changes
in aspect ratio and is more stretched in the vertical direction, irrespective of the locations of the

reference points.

To quantitatively investigate aspect ratio effects on the spatial coherence of the large-
scale structures, the centerline and vertical variations of R,,,, and R,,, with reference locations
along the horizontal centerline at x/h = 2.0 and 4.0 are shown in Figure 4.16. Both R, and R,,,
distributions clearly show that the large-scale structures in the wake region are highly sensitive to
streamwise aspect ratios and the streamwise location of the reference point. In figure 4.16(a), for
example, the R,,,, distributions with different reference locations collapsed reasonably well in the
cases with larger aspect ratios (AR4 and ARS5), especially in the AR5 case where the R,,,, is also
symmetric about the dashed line of 4x/h = 0. In the shorter cases (AR1, AR2 and AR3 cases), the
area of the space-correlated region of the autocorrelation (R,,, <0) increases in the AR1 and AR2
cases with the reference location moving further away from the body, except at the positive side
of AR2, and decreases in the AR3 case. These results indicate that the inhomogeneous nature of
wake flow is more pronounced in the AR1, AR2 and AR3 cases compared to the longer cases.
Unlike the R,, centreline distribution, the area of the space-correlated region of the
autocorrelation (R,,, < 0) in Figure 4.16(b) increases as the streamwise location of the reference
point increases, regardless of the aspect ratio. The increased area of the space-correlated region
implies the decreased decay rate of the R,,, distributions. Figures 4.16 (c-d) show the vertical

distributions of R,,,, and R,,,,. Due to the limited field of view in the vertical direction, only the
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Figure 4.16: Centerline and vertical distributions of R,,,,, (a) and (c), and R,,,, (b) and (d), at
reference points, (x/h = 2.0, y/h =-0.5) and (x/h = 4.0, y/h = -0.5), respectively.

distribution of R,,,, > 0.5 is shown in Figure 4.16(d). Similar to the centreline distributions of R,,,,,
the decay rates of both R,,, and R,,,, vertical distributions decrease as the reference point moves
further downstream of the cylinder in the streamwise direction, except the positive side of the

largest aspect ratios (AR4 and ARD) in Figure 4.16(c).
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The large-scale vortical structures in the wake region are further examined using the
integral length scales. According to George (2013), the longitudinal integral length scales based

on R, and R,,,, are defined as follows:
L3 = Jy Rup, (42) d(4x) ®)

where Ax is the displacement in the streamwise direction with respect to the reference point and s
is defined as Ry, ,,,(4x = s) = 0. Since the flow is inhomogeneous, the integral length scales are
evaluated on the positive and negative sides of the reference point, which for R,,,, are represented
by L;* and L}*, respectively. The corresponding average value of L;* and L7* is denoted by L%.
Similarly, L;* and L}* are the integral length scales on the positive and negative sides of the
reference point for R,,,, and the corresponding average value is L%. The selected reference locations
are along the horizontal centerline of the cylinder, at x/h = 1.0, 1.5, 2.0, 2.5, 3.0, 3.5, 4.0, 4.5, 5.0
and 5.5, respectively. The distributions of the integral length scales shown in Figure 4.17 indicate
that the large-scale vortical structures in the wake region are significantly affected by the
streamwise aspect ratio and the streamwise locations of the reference point. For example, it is
observed that the L}* and L;* distributions (Figures 4.17(a, ¢, €, g, i)) tend to collapse in the AR3,
AR4 and AR5 cases at the location of x/h > 3.0, but not for the AR1 and AR2 cases, which further
demonstrates the more pronounced inhomogeneity in the near wake region of the AR1 and AR2
cases. Unlike L,,, the L;* and L* values shown in Figures 4.17(b, d, f, h, j) collapsed reasonably
well farther downstream from the cylinders, x/h > 4.0, irrespective of aspect ratios, except in the
ARL case. For Lg, it increases as the reference (with the exception of the AR1 cylinder) and reach
asymptotic values of L¢ = 0.60h, 0.68h, 0.65h and 0.43h in the AR2, AR3, AR4 and AR5 cases,

respectively.
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Figure 4.17: Distributions of the integral length scales based on Ryw, (LX), and Ry, (L}),
respectively. The selected reference points are along the horizontal centerline of the cylinder, at
x/h=1.0,15,20,25,3.0,35,4.0,4.5,5.0 and 5.5, respectively.
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5. CONCLUSION AND RECOMMENDATIONS

The major findings from the present study and recommendations for future work are

presented in this chapter.

5.1 Summary and Conclusions

The characteristics of asymmetric wake flows over and behind right-angled trapezoidal
cylinders in a uniform flow with streamwise aspect ratios of AR = 1, 2, 3, 4, and 5 are investigated
using particle image velocimetry. The mean flow separates at the leading edge and forms a primary
vortex over the surface of the longer trapezoidal cylinders (AR3, AR4, and AR5) but extends into
the wake region in the AR1 and AR2 cases. A distinct vortex is observed in the lower shear layer
of the AR1 and AR2 cylinders but tends to diminish as the aspect ratio increases. Due to the
modified trailing edge, part of the recirculating flow in the wake region flows back onto the upper
surface of the AR1, AR2 and AR3 trapezoidal cylinders along the inclined surface and hence,
mean flow reattachment only occurs on the surface of the AR4 and AR5 cylinders. The vortex
cores in the wake region of the AR1 and AR2 cylinders extend further away from the trailing edge
in the streamwise direction and the horizontal centerline of the cylinder in the vertical direction

compared to the longer cylinders.

The dominant fluctuating velocity component over the cylinder is the streamwise fluctuating
velocity, while the vertical fluctuating velocity is dominant in the near wake region due to the
alternate vortices shedding from the upper and lower surfaces of the cylinder. Dual peaks of the
streamwise Reynolds stress, Reynolds shear stress and production term of the turbulent kinetic

energy are observed in the wake region but they are asymmetric about the horizontal centerline.
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The turbulent transport of turbulent kinetic energy by streamwise and vertical fluctuating velocities
show sign switches along the mean separating streamline, regardless of the aspect ratios. The
recirculation length and the wake formation length are longer in the AR1 and AR2 cases compared

to the longer cases.

The probability density functions (PDF) of the streamwise fluctuating velocity at the
maximum location of streamwise Reynolds normal stress and the vertical fluctuating velocity at
the maximum location of the vertical Reynolds normal stress in the near wake region show
asymmetric bimodal distributions for the shorter cylinders (AR1, AR2, and AR3) and nearly
Gaussian distributions in the longest cylinder (AR5 case). The asymmetry observed in the
distributions of the vertical fluctuating velocity is attributed to positive and negative vortices with
unequal strength induced by the unequal streamwise lengths of the upper and lower surfaces of the

trapezoidal cylinder.

The two-point autocorrelation coefficients of R,, and R, are sensitive to the streamwise
aspect ratios. The distributions of R,,,, and R,,,, above the trailing edge expand as the aspect ratio
increases and maintain similar shape for the larger aspect ratios (AR4 and ARb5). In the wake
region, R,,, isstretched more in the streamwise location while R,,,, is more stretched in the vertical

direction, irrespective of the aspect ratios.

5.2 Recommendation for the Future work

Based on the findings from the present study, the following recommendations are proposed

for future work:
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1. The region beneath the cylinder could not be imaged due to the shadow cast by the cylinder.
In future studies, it is recommended to investigate the effects of streamwise aspect ratio on
the flow beneath the cylinder, as it can differ from the flow above the cylinder due to the
asymmetric body geometry of the trapezoidal cylinder.

2. The experiments in the present study were conducted by two-component two-dimension PIV
in the x — y plane. As a result, the spanwise velocity component was not measured and the
turbulent kinetic energy was estimated based on the two in-plane velocity fluctuations. For
future works, it is recommended to use techniques, such as direct numerical simulation,
stereoscopic particle image velocimetry or tomographic particle image velocimetry to acquire
all three velocity components.

3. According to the literature review in Chapter 2, the Reynolds number can significantly
influence the flow dynamics. Therefore, the effects of Reynolds number on the characteristics
of the separated shear layer induced by the trapezoidal cylinders are recommended for future
works.

4. In future studies, time-resolved PIV and proper orthogonal decomposition (POD) analysis can
be applied to the flow fields to reveal the spatial-temporal characteristics of the dominant

eddies in the shear layer.
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APPENDIX

A.1 Measurement Uncertainty
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Figure A.1: Contours of uncertainties of streamwise mean velocity, (a-b), and Reynolds

stresses, (c-h), for AR1 and ARS3 cases, respectively.
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