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This paper reports an experimental study of turbulent wake of a two-dimensional rectangular cylinder in a 2500-
mm long, 186-mm wide, and 197-mm deep recirculating open channel. The water level upstream of the cylinder was
maintained at 100 mm while the aspect and blockage ratios, defined, respectively, as the cylinder’s length to thickness
and the cylinder thickness to water depth, were 9 and 0.12. The cylinder was mounted across the channel at three
different vertical locations: relatively close to the plane wall, close to the free surface, and relatively remote from both
the plane wall and the free surface. For each of the preceding three locations, a particle image velocimetry technique
was used to conduct detailed measurements at various streamwise—transverse planes around and downstream of the
cylinder. For each test condition, the freestream velocity of the approach flow was kept constant at 0.356 m/s. The
Reynolds number based on the cylinder thickness was 4270 and the Froude number was 0.36. From these
measurements, the streamlines, isocontours of mean vorticity, as well as the mean velocities and turbulent quantities
were obtained to document the effects of the plane wall and the free surface on the flow characteristics.

Nomenclature

= thickness of cylinder

ax maximum free surface dip

Froude number

= gap between lower surface of cylinder and

plane wall

= distance from top surface of cylinder to
undisturbed free surface

= water depth or channel height

cylinder length

vortex formation length

R length of mean recirculation zone

= maximum streamwise length of free surface

dip

Reynolds number based on freestream velocity

and thickness of cylinder

Reynolds number based on freestream velocity

and depth of flow

streamwise and transverse components of

mean velocity

. = freestream velocity

local maximum and minimum values of U

= local maximum values of U obtained above

and below the wake centerline

= average of maximum mean velocity above and

below wake axis

fluctuating velocity components in streamwise

and transverse directions

= maxima of u and v

Reynolds shear stress

streamwise, transverse, and spanwise

coordinates
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Y = vertical location above channel wall where
cylinder was mounted

) = boundary layer thickness

84 =y location where (Umax,a'U)/(Umax‘a'Umin) =
0.5

8[» =y location where (Umax.b'U)/(Umax.b'Umin) =
0.5

Q. = spanwise mean vorticity

Superscript

* = normalization by U, .v-Upin

I. Introduction

LUID flows over bluff bodies have diverse and important

engineering applications and have been investigated exten-
sively in the past. The vast majority of prior studies were experiments
performed behind circular cylinders in an infinite fluid medium.
Excellent reviews of earlier articles can be found in [1] by Berger and
Wille and Williamson in [2]. A number of studies were performed
more recently using direct numerical simulation (DNS) and large
eddy simulation (LES) [3]. It is reasonable to assert that the structure
and fluid dynamics of turbulent flow past a circular cylinder in an
infinite fluid medium are relatively well understood. A number of
studies were also conducted to understand the characteristics of
turbulent flow past square and rectangular cylinders in an infinite
fluid medium [4-6]. Nakagawa et al. [7] studied the turbulent near
wake region of square and rectangular cylinders. Their study was
conducted for the following four aspect ratios, defined as the ratio of
the cylinder length L (in the flow direction) to the thickness
D: L/D=0.5, 1, 2, and 3. The blockage ratio, defined as the
cylinder thickness (D) to the channel height # was D/h = 0.2 in all
the experiments. Among others, they concluded that the maxima of
streamwise and transverse turbulent intensities (#,,,, and v ,,,) along
the wake centerline occur in the vicinity of the rear stagnation point
of the recirculation region. Their results show that the structure of the
wake flow depends strongly on L/D.

Itis customary to classify the flow downstream of a bluff body into
the near wake, intermediate wake, and far wake regions. It is,
however, difficult to provide exact boundaries for these regions
because the evolution of the flow depends on a variety of geometry
and flow parameters such as blockage ratio, end effects, Reynolds
number, and freestream turbulence. For circular cylinders,
Matsumura and Antonia [8] proposed the following classifications:


http://dx.doi.org/10.2514/1.31933

AGELINCHAAB ET AL. 105

very near wake (x/D < 3), near wake (3 < x/D < 10), intermediate
(10 < x/D <50), and far wake (x/D > 50). It is generally
acknowledged that the very near wake region is dominated by the
dynamics of the separated shear layer.

There is also a large body of research on flow past a circular
cylinder placed adjacent to a plane wall. Such flows can be used to
model many important engineering fluid flow phenomena, for
example, underground cables and pipeline on or close to a seabed. It
should be noted that the structure of this type of flow is more complex
than those found around a cylinder in an infinite medium. For
example, the no-slip boundary condition and the associated velocity
gradient imposed by the adjacent plane wall produce intense vortical
structures that interact with the vortices shed from the bluff bodies.
Obviously, the degree of interaction and complications will depend
on the cylinder’s proximity to the plane wall. One of the first well-
known studies to investigate such relatively more complex flows was
the flow visualization experiment conducted around a towing
circular cylinder in a stationary fluid medium by Taneda [9]. For his
experiments, the Reynolds number based on cylinder diameter and
towing velocity was Rep = 170. The study was conducted by
varying the gap (G) between the lower surface of the cylinder and the
plane wall. It was observed that a single row of vortices shed from the
cylinder for G/D = 0.1 and a regular double row of vortices was
shed for G/D = 0.6. Price et al. [10] employed flow visualization,
particle image velocimetry (PIV), and thermal anemometry to
document some of the salient features of flow around a circular
cylinder near a plane wall. Their Reynolds number was varied from
Rep = 1200 to 4960, and the gap-to-diameter ratio G/ D was varied
from O to 5.0. The authors reported that, for very small G/D, the gap
flow is suppressed and separation of the boundary layer occurred
both upstream and downstream of the cylinder. The immediate gap
ratios (0.5 < G/D < 0.75) were characterized by the onset of vortex
shedding from the cylinder, and for the largest gap ratios (G/D > 1),
no separation of the wall boundary layer was observed. Bearman and
Zdravkovich [11,12] performed extensive hot-wire measurements
and flow visualization in flow past a stationary cylinder. The
experiments were conducted for various values of G/D and G/,
where § is the boundary layer thickness, and the Reynolds number
was varied from Re;, = 25,000 to 45,000. Their results and those
from other earlier studies [13,14] are vividly summarized by Price
et al. [10]. More recently, Dipankar and Sengupta [15] used a
numerical technique to study the effects of G/D on lift and gap
coefficients.

Flow past circular cylinders placed adjacent to a free surface also
has diverse practical applications, for example, offshore structures,
submarines, and power generation equipment using tidal power.
Compared to classical bluff body flows in an infinite fluid medium,
the free surface introduces two additional parameters, namely,
Froude number F and gap ratio H/D, where H is the distance from
the top surface of the cylinder to the undisturbed free surface [16].
Reichl et al. [16] employed a numerical technique to investigate flow
past a circular cylinder close to a free surface for Rep = 180,
0<F <0.7,and 0.1 < H/D < 5.0. The characteristics of shallow
turbulent wake in open channels have been studied by Ingram and
Chu [17] and Ramachandran [18]. In these studies, the wake
generator was mounted on the floor of an open channel, and the goal
was to provide insight into the mixing and dilution processes of
effluent discharged into shallow water bodies. Balachandaretal. [19]
studied the effects of bed friction on the concentration fields in
shallow turbulent wakes downstream of a flat plate in open channels.
One of the major conclusions from the previous studies was that the
Karman vortex streets are annihilated and the spread rate is sup-
pressed if bed friction effects exceed a threshold value. The effects of
wall roughness on the development of shallow turbulent wakes have
been studied more recently by Tachie and Balachandar [20].

Although the characteristics of turbulent wake downstream of a
circular cylinder mounted adjacent to either a plane wall or a free
surface have been studied in the past, the effects of a plane wall or a
free surface on the characteristics of a turbulent wake downstream of
a rectangular cylinder have not yet been investigated in detail.
Therefore, the goal of the present study is to investigate the effects of

a plane wall and a free surface on the structure and evolution of
turbulent wake of a rectangular cylinder in the near and intermediate
wake regions in an open channel. A two-dimensional rectangular
cylinder with sharp leading and trailing edges was used as the wake
generator. The cylinder was placed at three different vertical loca-
tions, one at a time: 1) close to the floor of the open channel, 2) close
to the free surface, and 3) relatively remote from both the plane wall
and the free surface. A PIV was used to conduct detailed velocity
measurements in several streamwise—transverse (x—y) planes. The
instantaneous and ensemble-averaged flow patterns as well as mean
and turbulent statistics at selected locations were obtained to
document the salient features of the flow. The data sets presented in
this study will also be useful for validating turbulence models.

II. Experimental Setup and Measurement Procedure
A. Experimental Setup

The experiments were performed in a recirculating open channel
having a test section that was 2500 mm long, 200 mm wide, and
200 mm deep. The side and bottom walls of the channel were made of
clear acrylic to facilitate PIV measurements. A two-dimensional
acrylic rectangular cylinder with sharp leading and trailing edges was
used to generate the wakes. The length and width of the rectangular
cylinder were, respectively, L =110 mm and W = 186 mm,
whereas the nominal thickness provided by the supplier of the acrylic
plate was D = 12 mm so that L /D ~ 9. Vernier callipers were used
to measure the thickness of the bar at 30 randomly selected locations
along the cylinder, D, and then across the cylinder, D.. The mean
values were found to be D, =11.8 mm and D, =11.7 mm,
whereas the corresponding standard deviations were o, = 0.21 mm
and o, = 0.09 mm. A provisional test section made from a 6-mm
acrylic plate was inserted into the main channel to hold the cylinder in
place. The insert was 2500 mm long, 188 mm wide, and 197 mm
deep, and its base was tightly screwed onto the floor of the main
channel.

Figure 1 shows a schematic diagram of the top and side views of
the inserted test section, and also defines some of the flow
nomenclature and the Cartesian coordinate system used. Figure lc
also shows sketches of the mean velocity profile of the approach
boundary layer as well as profiles on and downstream of the cylinder.
Asshown, x, y, and z are, respectively, in the streamwise, transverse,
and spanwise directions; x = 0 at the rear or trailing edge of the
cylinder which is located 1310 mm downstream of the inlet to the test
section, y = 0 coincides with the midthickness of the plate, z = 0 at
the midplane of the channel, X' = 0 is at the leading edge of the
cylinder which is located at 1200 mm downstream of the inlet to the
test section, and y’ is at the surface of the plane wall. The water level
was maintained constant at # = 100 mm in all the experiments. The
blockage, defined as the cylinder thickness to water depth, was
D/h = 0.12. The cylinder was mounted at three different vertical
locations, Y = 20, 40, and 60 mm (one at a time) relative to the floor
of the channel by screwing it onto the side walls of the inserted
channel at x’ = 55 mm (see Fig. 1). This produced gap-to-thickness
ratios of G/D = 1.2, 2.8, and 4.5 relative to the floor of the inserted
channel while the corresponding values of the ratio H/D (where H is
the distance between the upper surface of the cylinder to the
undisturbed free surface) were H/D = 6.2, 4.5, and 2.8. Note that
the origin of y (relative to the plane wall or channel floor) changes
with G/D. The volume flow rate and approach velocity were
maintained constant to ensure a similar approach flow in all the
experiments. The approach boundary layer was tripped using
sanding mesh as shown in Fig. 1. With the cylinder mounted in the
test section, it was observed that the free surface around the cylinder
dipped below the undisturbed free surface upstream of the cylinder.
This is indicated by the dashed line close to the free surface in
Figs. 1b and Ic, and the dependence of this depression on G/D will
be discussed subsequently. As will be shown later, the local maxima
of U above and below the wake axis are not always identical because
of the cylinder’s proximity to the plane wall or free surface. These
local maxima above and below the wake axis are denoted by U, ,
and U, ,, respectively, in Fig. 1c while the corresponding wake
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Fig. 1 Schematic diagram of top view a), and side views b) and (c) of the
inserted test section that also serves to define the flow nomenclature and
the Cartesian coordinate system used.

half-widths are denoted by 8, and §,. The exact definitions of 6, and
8, will be provided in a later section.

B. PIV System

A PIV technique was used to conduct the velocity measurements.
The flow was seeded with 5 ;um polyamide seeding particles whose
specific gravity was 1.03. An Nd-YAG, 120 mJ/pulse laser of
532 nm wavelength was used to illuminate the flowfield. The laser
sheet was located at the midplane of the channel. A 12-bit high-
resolution digital camera (Dantec Dynamic HiSense 4M camera) that
uses a charge-coupled device (CCD) with 2048 x 2048 pixels and
has a 7.4 um pixel pitch was used to image the flowfield. The
measurements were made at a field of view of 95 x 95 mm, the
particle image diameter was 15 pm (2 pixels), and the sampling rate
was 5.8 Hz. The particle settling velocity and response time were,
respectively, 4.1 x 10~ um/s and 1.43 us. The instantaneous
images were processed using the adaptive correlation option of
FlowManager (version 4.50.17) developed by Dantec Dynamics. A
32 x 16 pixels interrogation window (IW) with 50% overlap and
moving average validation was used. The adaptive correlation uses a
multipass fast Fourier transform (FFT) cross-correlation algorithm to
determine the average particle displacement within the IW. A three-
point Gaussian curve fit was employed to determine particle
displacement with subpixel accuracy. The mean velocity and
turbulent statistics were calculated using a MATLAB script
developed in our laboratory, and based on preliminary convergence
tests, it was decided to use 2000 instantaneous image pairs to
compute the mean velocity and turbulent statistics reported
subsequently.

C. Measurement Uncertainty

Uncertainty analysis was made following the AIAA standard
derived and explained by Coleman and Steele [21]. In general, a

complete uncertainty analysis involves identifying and quantifying
both the bias and precision errors in each part of the measurement
chain. In a PIV technique, the accuracy of the velocity measurement
is limited by the accuracy of the subpixel interpolation of the
displacement correlation peak. Other sources of measurement
uncertainties include particle response to fluid motion, light sheet
positioning, light pulse timing, and size of interrogation area.
Detailed analyses of bias and precision errors inherent in the PIV
technique are available in Prasad et al. [22] and Forliti et al. [23].
Forliti et al. [23] showed that a Gaussian peak-fitting algorithm has
the lowest bias and precision errors. On the basis of the size of the
interrogation area and curve fitting algorithm used to calculate the
instantaneous vector maps, and the large number of instantaneous
images used to calculate the mean velocity and turbulent statistics,
the uncertainty in the mean velocities at 95% confidence level was
estimated to be +2%. The uncertainties in turbulence intensities and
Reynolds shear stress are estimated to be 6% and £10% of the
peak values. Close to the plane wall and the rectangular cylinder,
uncertainties in mean velocities and Reynolds stresses are estimated
to be £2.5 and £12.5%, respectively.
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Fig. 2 Mean velocity distribution in outer and inner coordinates a), the
dashed line is the law of the wall, U+ = y* and the solid line is the log law,
Ut =2.440y* + 5.0; turbulent intensities and Reynolds shear
stress b); and dip in the free surface close to the cylinder for the three
gap ratios c), the dashed line is drawn with reference to the free surface

upstream of cylinder, and the other lines through the symbols are for
visual aid only.
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D. Flow Qualification

Before conducting measurements around and downstream of the
cylinder, measurements were obtained at x’/ D = —25 (i.e., upstream
of the leading edge of the cylinder) to characterize the nature of the
approach flow. The freestream velocity was U, = 0.356 m/s while
the Reynolds numbers based on depth of flow and cylinder thickness
were, respectively, Re;, = 35,600 and Re;, = 4270, and the Froude
number was F =0.36. The approach flow was, therefore, in
turbulent and subcritical regimes. The mean velocity distributions in
outer and inner coordinates are shown in Fig. 2a while the turbulent
intensities and Reynolds shear stress are shown in Fig. 2b. These
profiles are similar to previous laser Doppler anemometry (LDA) and
PIV measurements in open channel flows [24,25]. The boundary
layer thickness, defined as the y location where U/U, = 0.99, was
8 = 12 mm, and so the mean velocity is uniform across the outer

1.0

0.54

0.0 4
y/D
-0.51

-1.04

a)

1.

(e}

0.

W

yID
-0.5 4

-1.0 - e

b)

0.5

0.0 S
yID

c)

107

88% of the water depth. The background turbulence level close to the
free surface was u/ U, = 0.04 which is an order of magnitude higher
than typical values reported in wind-tunnel experiments.

It was observed that the approach flow was substantially distorted
by the presence of the cylinder, and the degree of distortion varied
with the gap ratio. As an example, Fig. 2c shows the dip in the free
surface close to the cylinder (relative to the undisturbed free surface)
for the three different gap ratios. Note that x’ = 0 corresponds to the
leading edge of the cylinder. The dip is larger and extends over a
longer streamwise distance when the cylinder is mounted closest to
the free surface. For example, with the cylinder closest to the plane
wall (G/D =1.2, H/D = 6.2), the maximum dip was d,, =
1.2 mm and it extended a streamwise distance of /,,, = 200 mm.
When the cylinder is mounted closest to the free surface (G/D = 4.5,
H/D = 2.8), the corresponding values are d,,,, =4.3 mm and
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Fig. 3 Streamlines a)—c) and isocontours of the mean vorticities d)—f) close the leading edge of the cylinder. a),d): G/D = 1.2; b),e): G/D = 2.8; and ¢),

f): G/D = 4.5.
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lnax =300 mm. The implications of this observation for the
development of the wake will be discussed subsequently.

III. Results and Discussion
A. Streamlines and Isocontours of Mean Vorticity

The streamlines and isocontours of spanwise vorticity
(Q,=0V/dx—0U/dy) were obtained to reveal some of the
qualitative features of the mean flow pattern close to the leading edge
(Fig. 3) and the trailing edge (Fig. 4) of the cylinder. The vorticity is
made dimensionless using the approach freestream velocity
(U, =0.356 m/s) and the cylinder thickness (D = 0.012 m). The
approximate location of the cylinder is shown in each figure. The
vorticity is predominantly negative above the cylinder and positive
beneath it which is in accordance with the orientation of the shear
layer. The streamlines shown in Figs. 3b and 3¢ revealed that, for
G/D = 2.8 and 4.5, two distinct vortices are formed close to the
leading edge: a clockwise rotating vortex above the cylinder and a
counterclockwise rotating vortex beneath it. When the cylinder is
mounted close to the plane wall (G/D = 1.2), a well-defined
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clockwise rotating vortex is also observed above the cylinder but no
distinct vortex was found below the cylinder. The quality of the
images in the gap between the plane wall and the cylinder for
G/D = 1.2is somehow compromised, and it is not clear if the lack of
vortex below the cylinder for G/D = 1.2 is due to poor quality of the
images or if it is annihilated by the plane wall. The size of the vortices
formed above the cylinder is largest for the smallest gap ratio
(Fig. 3a) and smallest for the largest gap ratio (Fig. 3c). On the other
hand, the size of the vortices below the cylinder increases with the
gap ratio. It should be noted that the vortices below and above the
cylinder for the intermediate gap ratio are nearly similar in size.
Similar to the streamlines, for the largest gap ratio, the vortex above
the cylinder is shallower than that formed beneath it (Fig. 3f), while
the reverse is true for the smallest gap ratio (Fig. 3d). It appears,
therefore, that the plane wall and free surface have the same
qualitative effects of the mean flow patterns close to the leading edge;
that is, the plane wall tends to suppress the lower vortices when the
cylinder is mounted close to the wall while the free surface
suppresses the upper vortices when the cylinder is mounted close to
the free surface. A salient feature of cylinders with large L/D is the
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Fig. 4 Streamlines a)—c) and isocontours of the mean vorticities d)-f) close the trailing edge of the cylinder. a),d): G/D = 1.2;b),e): G/D = 2.8; and ¢),

f): G/D = 4.5.
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observation that the vortices that are shed at the leading edge
periodically reattach on the bottom and top surfaces of the cylinder
[7]. Similar observations were made in the experimental study by
Taniguchi and Miyakoshi [13] and in the DNS study by Hermann
et al. [26] over arrays of a rectangular cylinder with L/D = 10. The
instantaneous vorticity contours obtained in the present study (not
shown) are in general agreement with prior results.

For all three gap ratios, two counter-rotating vortices are observed
at the trailing edge. It is evident that, for the largest gap ratio (Fig. 4c),
the lower counter-rotating vortex is larger than the clockwise rotating
vortex above the cylinder while the pair of vortices for the immediate
and smallest G/D values are approximately similar in size. The
peak vorticity is nearly the same for the three gap ratios but those
found at the trailing edge are smaller than the corresponding leading

1.00
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edge values. It is also important to note that, as the flow exits the
relatively narrow gap between the cylinder and the plane wall for
G/D = 1.2 and 2.8, the vortex is “sucked” upward from the plane
wall.

B. Shear Layers Close to Plane Wall and Free Surface

When a cylinder is placed in an infinite fluid medium, the wake
flow will evolve free from any interference from a solid boundary or a
free surface. As observed earlier, however, the flow patterns in this
study are somewhat modified by the proximity of the cylinder to the
plane wall or the free surface. To complement the -earlier
observations, plots of the mean velocity and turbulent intensity
profiles were used to reveal the effects of the plane wall on the shear
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layer that developed between the lower surface of the cylinder and
the plane wall (referred to as the lower shear layer, LSL). Similar
plots were obtained to study free surface effects on the shear layer
that developed between the top surface of the cylinder and the free
surface (referred to as the upper shear layer, USL). The mean
streamwise velocity profiles obtained around the cylinder at x'/D =
4 and 7 for the LSL and USL are plotted, respectively, in Figs. 5a and
5b. All velocities are normalized by U, = 0.356 m/s, and it should
be noted that, for the LSL (Fig. 5a), y" is measured relative to the
plane wall and normalized by G while for the USL (Fig. 5b), y is
measured relative to the upper surface of the cylinder and normalized
by H. When the cylinder was mounted close to the plane wall
(G/D =1.2), U is nearly zero across the upper half of the LSL
(Fig. 5a). The blockage produced by the cylinder increased the local
maximum of U compared to the approach freestream velocity
(Fig. 5a). The profiles for the USL resemble those obtained in classi-
cal open channel flows. However, significant distortion produced by
depression in free surface (as documented in Fig. 2¢) can be observed
in the outer regions of the USL profiles for G/D = 2.8 and 4.5
(Fig. 5b). The substantial dip and concomitant flow acceleration
around the cylinder for G/D = 4.5 produced local values of U that
are typically 10 to 40% higher than the approach velocity.

The profiles of mean velocity and turbulent intensities at x/D = 3,
5, 10, and 20 are shown in Figs. S5c—5h to demonstrate the subsequent
downstream development of the LSL and USL. Note that x is
measured relative to the trailing edge of the cylinder. For the USL
profiles shown in Figs. 5d, 5f, and 5h, y is measured relative to the
wake axis and normalized by the distance from the wake axis to the
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free surface (H + D/2). The effects of the plane wall are evident in
the lower half of the profiles plotted in Figs. 5c, Se, and 5g. These
effects include a substantial decrease in the mean velocity outside the
wake of G/D = 1.2 below the approach freestream velocity. This is
likely caused by an intense interaction between the vortical structures
produced by the strong shear generated by the plane wall and the
vortices shed from the bluff bodies. In contrast to wake flow in an
infinite medium, it is observed that the local value of U, tends to
decrease with increasing streamwise distance even for a given gap
ratio. For G/D = 1.2, U remains flat into the wake region, an
indication that the plane wall annihilated the lower wake region a
short distance downstream of the cylinder. The turbulent intensities
decreased outside the wake region but increased as the plane wall is
approached. In some cases, the near-wall peak values of u are higher
than those found in the wake region.

For the upper shear layer, it is observed that U remains nearly
uniform outside the wake region with a few exceptions (which
correspond to a region of significant dip of the free surface). Outside
the wake region, values of U are typically larger when the cylinder is
mounted close to the free surface (i.e., for G/D = 4.5) than for the
other two (smaller) gap ratios. Close to the free surface, the
turbulence levels are substantially high (typically S to 10% of U,)
and in general, the background turbulence levels outside the wake
region are also higher for G/D =4.5. As expected, Fig. 5
demonstrates that the most significant effects of the plane wall are
observed in the lower shear layers for the smallest gap ratio
(G/D = 1.2), and it appears that the effects of the free surface are
minimal for G/D = 1.2 compared to G/D = 2.8 and 4.5.
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Fig. 6 Mean velocities a) streamwise and b) transverse; and turbulent quantities c) streamwise intensities, and d) transverse turbulent intensities;
turbulent momentum flux e); and mean momentum flux f) along the wake axis. VV: data from Paul [27]; %: data from Nagakawa et al. [7] for L/D = 1; :

data from Nagakawa et al. [7] for L/D = 2.
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C. Wake Flow
1. Mean Velocities and Turbulent Quantities Along the Wake Axis

Figure 6 shows the distributions of the mean velocities, turbulent
intensities, and both the mean and turbulent momentum fluxes along
the wake axis, y = 0. Corresponding data for a circular cylinder [27]
are shown for comparison. Note that, for the circular cylinder, x = 0
at its rear. As noted earlier, Nakagawa et al. [7] conducted
measurements in the wake of rectangular cylinders for which
L/D =0.5, 1, 2, and 3. Their data sets for L/D = 1 and 2 are also
shown in Fig. 6. Figure 6a shows that the gap ratio has a noticeable
effecton (U/U,) - For example, (U/U,) i varied from —0.12 for
G/D =1.2 to —0.16 for G/D = 2.8, and —0.19 for G/D =4.5.
This implies that the plane wall decreased the magnitude of
(U/U)min by 25% compared to the value measured for the
intermediate cylinder location, whereas the free surface increased the
magnitude of (U/U,)u, by about 20%. The (U/U,)pi, value
obtained for G/D = 4.5 is not markedly different from (U/U,) i, =
—0.18 reported for a circular cylinder but it is significantly different
from (U/U,)min = —0.25 for a rectangular cylinder with L/D = 2.
The mean velocity recovered more slowly in the present study than
for the circular and square cylinders but the recovery behind the
rectangular cylinder with L/D =2 is slower in the intermediate
wake region.

Figure 6b shows that the maximum value of V /U, rose to about
4% at x/D =~ 1.4, which corresponds approximately to the
downstream edge of the recirculation zone. The turbulent intensities
and the Reynolds shear stress increase rapidly along the wake axis to
a maximum followed by a gradual decay. The mean and turbulent
momentum fluxes are of the same order of magnitude. The large
values of u/U, and v/ U, in the near wake region can be attributed to
the alternate vortex shedding from the cylinder, and it is evident that
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the present values of u/U, and v/U, are comparable to those
reported behind the rectangular cylinder with L/D =2 but are
substantially lower than those measured behind the circular and
square cylinders. For example, (#/U, ). 1S approximately 20 to
25% in the present study compared to 40 and 44% in the circular and
square cylinder wakes, while (v/U, ).y is about 28% in the present
study and 58 and 100% in the circular and square cylinder wakes,
respectively. These results show that the transverse turbulent
intensity is substantially higher than the streamwise turbulent
intensity. The ratio Uy, /Um. i only 1.25 in the present study
compared to 1.5 and 2.0, respectively, for the circular and square
cylinders.

The length of the mean recirculation zone, defined as the distance
between the trailing edge of the cylinder and the downstream
location where U/U, = 0 (Fig. 6a), is foundtobe L, /D ~ 1.3 forall
three gap ratios studied in the present work. This value is not
significantly different from a value of 1.2 for the circular cylinder
[27]. Nakagawa et al. [7] reported a value of L, /D = 0.6 for a square
cylinder and L,/D = 1.8 and 0.9, respectively, for rectangular
cylinders of L/D =2 and 3. As noted earlier, for large values of
L/D, the separated shear layers at the leading edges reattached
periodically on the lower and upper surfaces of the cylinder. These
may partly explain the disparities observed in the present study and
the shorter rectangular bars studied by Nakagawa et al. [7]. The
proximity of the present cylinder to the plane wall or free surface and
differences in blockage are other possible reasons for the differences.
A vortex formation length L is defined as the downstream location
of the cylinder where the streamwise velocity fluctuation level has
grown to a maximum [7]. A value of L /D ~ 1.2 was obtained for
the present study and the circular cylinder. In their study, Nagakawa
et al. [7] reported values of Ly /D =0.7,0.8, 1, and 2, respectively,
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Fig. 7 The variation of a) the local minimum velocity, U,,;, ; b) maximum velocity difference, AU,,,; c) location of the U,,,;,, y.; and d) wake half-width
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for rectangular cylinders with L/D = 0.5, 1, 2, and 3. It should be
noted that in all these studies, the difference between L, and L is
0.2D or less.

2. Variation of Wake Width with Streamwise Distance

The shear layer growth is often characterized by the wake half-
width which is defined as the y location where the mean velocity
defect (U, — U) decays to 50% of the maximum value as one moves
away from the wake centerline (y = 0). For a cylinder in an infinite
medium, U, is constant (i.e., independent of x) but in the present
study, the local maximum varied with x because of the proximity of
the cylinder to the plane wall and/or free surface. Furthermore, at a
given x location, the maximum velocities outside the lower and
upper wake are different. The variation of U,,;, with x shows no
distinct dependence on the gap ratio (Fig. 7a). The figure shows that
U, increased rapidly in the very near wake region: x/D <3
(Upin = —0.177 4+ 0.124x/ D) than in the intermediate wake region:
10 < x/D <25 (Up, = 0.232 4+ 0.0029x/D). Consequently, the
maximum velocity difference, AUy, = Upnaxg — Umin  and
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AUax s = Unaxp — Unin (Fig. 7b) decayed more rapidly in the
very near wake region x/D < 3 (AU =0.50—0.11x/D than
further downstream: 5 < x/D < 25 (AU, = 0.16 — 0.004x/D).
Note that when the cylinder is mounted close to the plane wall,
AU .« » values decayed the most rapidly and became nearly zero for
x/D > 10. For the intermediate gap ratio, AU,,,,, , values are smaller
than AU .. values in the region x/D > 10 but the differences
between AU ., , and AU,,,, , values are not as dramatic as observed
for G/D = 1.2. As shown in Fig. 7c, the exact location of U,
tends to move away from the wake centerline and toward the free
surface.

In the present study, the half-width of the wake above the wake
axis, 8,, is defined as the y location where (Upax o — U)/ (Umaxa —
Unin) = 0.5 as one moves from the wake axis toward the free surface
while that below the wake axis, d,, is the y location where (U .x, —
U)/(Upnaxs — Umin) = 0.5 as one moves from the wake axis toward
the plane wall. Figure 7d demonstrates the profound effects of the
plane wall and the free surface on the variation of the wake half-
widths with downstream distance. In general, the wake half-widths
are the largest when the cylinder is mounted close to the free surface
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Fig. 8 The streamwise mean velocities across the wake at selected streamwise locations (x) as shown on each plot. Note the §, =y location where

(Umax,a - U)/(Umax,a -

Upin) = 0.5 and §, =y location where (Uy,ux s — U)/ (Upax,o —

U,i) = 0.5.
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and the least when the cylinder is mounted close to the plane wall. For
the intermediate gap ratio (G/D = 2.8), values of §, and §,, are nearly
the same up to x/D = 10, and this observation is consistent with the
symmetric recirculation zones noted in Figs. 5c and 5d. Thereafter,
the plane wall caused values of §, to become somewhat lower. The
most dramatic effects are evident when the cylinder is mounted close
to the plane wall (G/D = 1.2) or near the free surface (G/D = 4.5).
For G/D = 1.2, 6, decayed very rapidly while values of §, collapsed
with those obtained for the intermediate gap ratio. This demonstrates
that the plane wall suppressed the growth of the lower wake and at
x/D =10, §, is only 25% of the corresponding §, value. In the
intermediate wake region, &, values for G/D = 4.5 are about 35%
lower than the corresponding values obtained below the wake axis

(8p)-

3. Mean Velocities and Turbulent Quantities Across the Wake

The normalized mean velocity defect profiles across the wake at
selected x/ D are shown in Fig. 8. Figures 8a and 8b show plots for the
three gap ratios in the near wake (x/D < 3) and intermediate wake
(x/D > 10), respectively. In these plots, y is made dimensionless by
the cylinder thickness, and the velocity difference is non-
dimensionalized by the average of the maximum mean velocity
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above and below the wake axis. In these and subsequent plots,
appropriate intermediate data points are skipped for clarity. As the
flow develops downstream of the cylinder, it entrains the ambient
fluid and the wake becomes wider. It should be noted that the profiles
are not exactly symmetrical due to the effects of the plane wall or the
free surface, and in the near wake region, departure from symmetry is
more severe for G/D = 1.2 and 4.5 compared to G/D =2.8. At
x/D > 10 (Fig. 8b), the bottom (or left) half of the wake for G/D =
1.2 almost disappeared due to the strong interaction between the
wake and the plane wall.

Profiles at selected locations (both in the near and intermediate
wake regions) for G/D = 1.2 are plotted in Fig. 8c. In this plot, the
bottom half is normalized by U, , and 8, while the upper half is
normalized by U, , and 8,. With this scaling, it is seen that the two
halves of the profiles are nearly symmetrical. The profiles obtained at
the various x/D also collapse reasonably well in the region:
—1.3 <y/8 < 1.3. Similar scaling is used to plot data obtained for
G/D =2.8 and 4.5, respectively, in Figs. 8d and 8e, and it is
observed that these profiles also collapsed onto each other. Figure 8f
demonstrates that profiles obtained for the three gap ratios are nearly
indistinguishable in the region —1.3 <y/§ < 1.3. Tt should be
remarked that a similar scaling was used to collapse profiles obtained
in shallow wakes behind a flat plate over smooth and rough surfaces
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Fig. 9 The transverse mean velocities across the wake at selected streamwise locations (x) as shown on each plot.
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[20], and also downstream of rectangular cylinders mounted
vertically on the floor of the open channel [28]. The ability of this
scaling to collapse the mean profiles in both the near and intermediate
wake regions and also for all three gap ratios (Figs. 8c—8f) is
remarkable because even for wake flow in an infinite medium, self-
similarity is achieved only in the far wake region if classical scaling is
used.

Figure 9a shows that in the near wake, the mean transverse
velocity profiles are asymmetric about the wake axis. The values of V
are predominantly positive for y < 0 and negative for y > 0. Below
the wake axis (y <0), the peak values decrease with increasing
distance. At similar x/D locations, the peak values increase with
G/D and the y location where V = 0 increases with G/D. This
implies that, in the near wake region, entrainment of ambient fluid
into the lower wake region is higher for the higher G/D (when the
cylinder is mounted close to the free surface). Above the wake axis,
on the other hand, the magnitude of V and region of negative V
increase with decreasing G/D. In the intermediate wake, V is
predominantly negative (even below the wake axis) and the
magnitude of V decreased in comparison to values found in the near
wake region.

The profiles of streamwise turbulence intensity show the expected
double peak (Fig. 10). Atx/D = 1, they are nearly symmetric about
the wake axis. In the near wake region, the peak value increases with
x/D, irrespective of the gap ratio which implies that in this region

AGELINCHAAB ET AL.

U nax — Unin decayed more rapidly than u,,,, did. The effects of the
plane wall on the profiles for G/D = 1.2 can be seen from the
significant reduction of the left peak at x/D =2 and 3, and at
x/D = 10, no distinct peak is observed below the wake axis. The free
surface also tends to reduce the peak above the wake axis for
G/D = 4.5 notwithstanding the high background turbulence level
close to the free surface. The profiles for the intermediate gap ratio are
nearly symmetrical about the wake axis. Figure 11 shows that, unlike
the streamwise turbulent intensity, the peak values of the transverse
turbulent intensity profiles occurred on the wake axis. In the near
wake region, v}, also tends to increase with x/D for all gap ratios
but in the intermediate wake region, v}, remains nearly constant for
G/D =2.8 and 4.5.

The Reynolds shear stress is antisymmetric about the wake axis
(Fig. 12) in conformity with the shear layer. There is a substantial
increase in —uv* with increasing downstream distance. Below the
wake axis, profiles for G/D = 1.2 decayed to zero more rapidly than
the larger gap ratios while above the wake axis, profiles for G/D =
4.5 decayed to zero more rapidly than for the lower gap ratios. For the
intermediate gap ratio (G/D = 2.8, Fig. 12d), the peak values above
and below the wake axis are nearly the same at all locations. The
profiles at various axial locations also collapsed reasonably well in
the vicinity of the wake axis. For the smallest gap ratio, the left and
right peak values are similar in the near wake region while in the
intermediate wake region the plane wall reduced the left peak in
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Fig. 10 The streamwise turbulent intensities across the wake at selected streamwise locations (x) as shown on each plot.
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Fig. 11 The transverse turbulent intensities across the wake at selected streamwise locations (x) as shown on each plot.

comparison to the right peak. For the largest gap ratio, the lower
peaks are typically larger than corresponding values above the wake
axis.

IV. Conclusions

The results presented in this paper showed that the plane wall
decreased the magnitude of (U/U,) i, along the wake axis by 25%
compared to the value measured for the intermediate cylinder
location whereas the free surface increased the magnitude of
(U/U,)min by 20%. It was found that the variation of the turbulent
quantities along the wake axis was not significantly affected by the
cylinder’s proximity to the plane wall and free surface. The present
data showed that the transverse turbulent intensity was substantially
higher than the streamwise turbulent intensity. The turbulence levels
measured along the wake axis in the present work were significantly
lower than values reported for square and circular cylinders whereas
the length of the mean recirculation zone was found to be similar to
values reported in prior circular cylinder experiments but higher than
those reported for a square cylinder.

For the intermediate cylinder location, the flow patterns as well as
the profiles of the mean velocities and the turbulent quantities, and
the wake half-widths were nearly symmetric about the wake axis. It
was observed that the effects of the plane wall and the free surface on

the separated shear layer and wake downstream of a rectangular
cylinder in an open channel were qualitatively similar. This is based
on the premise that the plane wall tends to reduce the size of the
recirculation zone closer to the plane wall while the free surface
suppresses the recirculation zone closer to the free surface. When the
cylinder was mounted close to the plane wall, the lower half of the
wake was suppressed and eventually annihilated beyond 10 cylinder
thicknesses downstream of the trailing edge because of the strong
interaction with the plane wall. The plane wall also attenuated the
spread of the lower half of the wake substantially whereas the free
surface reduced the spread of the upper half of the wake compared to
values obtained for the lower half of the wake. For example, when the
cylinder is mounted close to the plane wall, the half-width of the
lower wake at x/D = 10 was only 25% of the corresponding value
for the upper wake. On the other hand, when the cylinder was
mounted close to the free surface, the half-width of the upper wake in
the intermediate wake region was about 35% lower than the
corresponding values for the lower wake. Notwithstanding these
qualitative similarities, it was observed that the half-widths were
significantly larger when the cylinder was mounted close to the free
surface than when it was mounted close to the plane wall. Unlike
classical scaling, the mean velocity defect profiles across the wake
showed a sense of similarity in the near and intermediate wake
regions when the local wake half-width and maximum velocity were
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Fig. 12 The Reynolds shear stress across the wake at selected streamwise locations (x) as shown on each plot.

used as the appropriate length and velocity scales for the upper and
lower halves of the wake. This scaling was, however, less successful
in collapsing the turbulent quantities.
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