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ABSTRACT: There are several types of groyne, such as T-type and L-type groynes, that have been con-
structed worldwide in accordance with different river environments. However, little information has been
obtained on the structures of local flow and the development of large-scale vortices around differently
shaped groynes. Because these flow structures are expected to significantly affect the formation of sand
waves further downstream, this phenomenon should be considered systematically and in detail. To reveal
such flow effects, flow is visualized around several types of groyne under emerged and submerged condi-
tions in the present study by means of particle tracking velocimetry, which was developed especially for
estimating velocity more accurately under conditions of large-velocity difference. To discuss the flow
pattern around the groynes, statistical analysis is applied to estimate mean properties such as the Rey-
nolds stress. In addition, conditional sampling analysis and the Weiss function are applied to reveal the
coherent structures. The results show high-turbulence areas near the tips of groynes and strong vortex de-
velopment downstream. The differences in flows around several types of groyne are the distributions of
large areas of turbulence downstream.

Keywords: T-type and L-type groynes, Submergence effect, Conditional sampling analysis, Weiss func-
tion

1 INTRODUCTION process between a main stream and an embayment
was studied by Altai & Chu (1997), Uijttewaal et
Several types of groyne have been used for the al. (2001), and Weitbrecht & Jirka (2001), who

stabilization of banks, creating a navigation chan- performed experimental studies using dye concen-
nel by confining the cross-sectional area and im- tration analysis. In addition to the above studies,
proving the habitat of flora and fauna, especially scouring processes were studied earlier by Garde
for large rivers worldwide. et al. (1961), Gill (1972), and Kuhnle et al.
The most important phenomena are local flow (2002), who considered flow dynamics around the
and local scour around the groyne tip. Therefore, groyne tip.
turbulent flows around groynes have been studied The former studies focused mainly on local
experimentally and numerically in recent decades. flow and local scour phenomena around straight
Furthermore, there have been various studies on (I-type) groynes. There are several types of
pollutant and sediment transport and related ero- groyne, such as T-type and L-type groynes, and
sion (or scouring) around groynes in rivers and these have been constructed worldwide in accor-
coastal regions. dance with different river environments. However,

The number of studies on flow patterns and little information has been obtained on detailed
transport processes around groyne-like structures flow structures and bed variations around diffe-
increased with improved experimental and com- rently shaped groynes. Because high shear forces
putational techniques. Chen & Ikeda (1997), Uijt- caused by coherent vortices in the mixing layer
tewaal et al. (2001), and Weitbrecht & Jirka between the main stream and dead zone behind
(2001) studied the flow patterns of gyres and mix- groynes largely affect the formation of sand waves
ing layers with respect to the aspect ratio (length further downstream, these flow phenomena should
of and distance between groynes). The exchange be considered systematically and in detail.
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Figure 1. Experimental setup

The present study focuses on the effects of
groyne shape on largely distributed and coherent
and mean flow-structures in horizontal plane at
downstream I-type, T-type, and L-type groynes.
These flow structures are expected to affect the
coherent vortices described the above. Experi-
ments were conducted with models of the three
types of groyne, and flow visualization and par-
ticle tracking velocimetry (PTV) were employed
to analyze the resulting images. This method is
preferred because of the large dynamic velocity
range in the horizontal plane between the outside
and inside of the dead zone behind the groyne. A
two-dimensional PTV code programmed by Ka-
dota et al. (2007) was used in this study. In this
code, the advantages of the fast Fourier transform
(FFT), combined with direct correlation methods,
are used to speed up the calculation process be-
cause of the large number of large-sized images.

The experimental setup and analytical proce-
dure are presented and the detailed flow structures
around the different types of groynes in emerged
and submerged conditions are discussed. Experi-
mental results show that the distribution of large,
shear-layer, coherent vortices changes greatly
with the groyne type, and the turbulence effect for
the L-type groyne is much smaller than that for
the I-type groyne. These results will be applicable
to the design of groynes for several purposes.

2 EXPERIMENTAL SETUP AND IMAGE
ACQUISITION PROCESS

Experiments were conducted by means of flow vi-
sualization. The experimental flume is made of
transparent acrylic materials and is 14 cm in width
and 300 cm in length, as shown in Figure 1. In the
flume, water flow is provided by a smoothly ad-
Justable pump (maximum discharge Omax = 3000
cm’/s) that is controlled by a frequency converter
(Toshiba VF-S9). The groyne model is also made
of transparent acrylic plate to obtain enough slit
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Figure 2. Types and scales of groyne model

light behind the groyne model. The groyne models
are arranged beside the channel wall, as shown in
Figure 1. The sizes and shapes of the scale models
are shown in Figure 2. The scales are determined
from the sizes of groyne length and river width in
existing small Japanese rivers. The thickness of
the transparent acrylic plate is 0.5 cm for all mod-
els. There are two L-type groyne models. One
runs upstream (LU-type) and the other down-
stream (LD-type). Stream-wise lengths (Ly are 2.5
cm for the L-type and T-type groyne models.
Span-wise lengths (Lg) and the heights (H,) of the
models are 2.5 and 4 0 cm respectively in all cas-
es. Flow discharge is defined as O = 1000 cm’/s in
all cases and flow depths are 3.9 and 4.5 cm for
emerged and submerged conditions respectively.
The resulting Re number is about 7140.

It is necessary to conduct recording large-scale
investigation with high accuracy because large
vortices generated downstream are related to the
separated flow at the tip of the groyne as de-
scribed above. Therefore, in this flow visualiza-
tion, two sets of digital cameras (ImperX
VGA120) and closed circuit television lenses
(Pentax C1614-M) are used. For illumination of
tracer particles, a YAG laser light sheet (Katoko-
ken, PIV Laser G50, 50 mW) is used with a light
slit 0.5 mm wide. The height of the slit is set close
to the surface of the groyne model. Images are
recorded using frame grabber (Epix PIXCI-CL1)
and image acquisition software (Epix XCAP-Ltd).
The image size for one camera is 520 x 480 pixels
in stream-wise and lateral directions respectively.
The frequency of the recording is 109 Hz and one
recording section with two cameras has an area of
17.65 cm by 8.17 cm with some overlap. For the
tracer particle and its supply, ion-exchange resin
(Diaion, Mitsubishi Chemical Co diameter of
250-600 pm, density of 1.02 g/cm ) with methyl
alcohol is applied and seeded in the flowing water
ensuring a homogeneous distribution. Two thou-
sand images are recorded for all measurements us-
ing the above-mentioned recording system and
processed as follows.

3 IMAGE PROCESSING AND ANALYSIS OF
TUBULENCE STATISTICS

In the present study, the PTV method, which was
coded for flow with a large velocity difference by
Kadota et al. (2006), is adopted and implemented
to calculate velocities quickly and accurately. This
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Figure 3. Magnitude of the mean velocity field around several types of groynes under emerged and submerged conditions

PTV code was programmed with consideration of
speeding up calculations using the advantages of
the FFT and direct correlation methods. The first
temporal velocity is estimated by FFT cross-
correlation and then the search area of direct cor-
relation is determined around the first estimated
vector point to estimate the more accurate second
velocity. This reduces the useless search area and
results in a procedure for fast correlation calcula-
tion. Before applying this code, some image pre-
processing is done, such as subtracting the back-
ground, removing noise, binarization, and labeling
of particle images.

In addition, interpolated vectors on a regular
grid are applied for statistical analysis of the tur-
bulence, as described below, because there is no
deficit of vector points and a series of instantane-
ous vector profiles have to be used.

To reveal the coherent structures around the
several types of groyne, conditional sampling
analysis is applied to determine the advection of a
coherent fluctuation pattern. The conditional aver-

aging of an arbitrary sampling signal
<6](X, z,Ax, Az, t,r)> is defined as
(q(x.2,Ax,Az,1,7))
.[q(x + AX’Z + AZ’t’T). [()C,Z,t)dt
_T )

[1(x,z,t)at
T

where ¢ represents the magnitude of the velocity
fluctuations and the fluctuations (u, w) are deter-
mined from stream- and span-wise instantaneous
velocities. x and z are the coordinates of the fixed
point in the stream- and span-wise directions re-
spectively. The fixed point is defined as near the
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tip of the groyne. Ax and Az are distances from the
fixed point. ¢ and t are the fixed and delay times
respectively. I(x, z, ) is the detection function for
target coherent flow structures. The procedure for
determining the detection function is described
below and the results discussed.

In addition to the conditional sampling analy-
sis, the Weiss function (Q-value) is applied for the
instantaneous flow field. The function is defined
as the difference between the squared shear ()
and squared vorticity (o):
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The first and second terms refer to the shear
forces and the third term refers to the rotation
force. Negative and positive Q-values indicate the
dominance of rotation and shear forces respective-
ly. The observation of an instantaneous Q-value-
distribution can be regarded as the coherent struc-
ture of the shear and rotational motions.

4 RESULTS AND DISCUSSIONS

The turbulence flow structures around T-type and
L-type groynes are compared with those around I-

type groynes.

4.1 Profiles of Mean Velocity and Reynolds
Stress

Figure 3 shows the mean vector profiles for I-
type, T-type, and the two L-type groyne models
under emerged and submerged conditions. These
plane profiles are at 4.0 cm height above the
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Figure 4. Reynolds stress distribution ( —E) [cm/s] under emerged and submerged conditions

channel bed (near the top surface of the groyne
model) and vectors are thinned to see clearly the
contour map, which indicates the magnitudes of
the vectors.

The difference between the profiles is seen in
the areas downstream and upstream of the groyne
tip. Especially for T-type and L-type groynes run-
ning upstream (LU-type), the dead zone is en-
larged behind the groyne for submerged condi-
tions compared with emerged conditions. On the
other hand, the dead zone on the upstream side of
the groyne is reduced. It is considered that the
submerged flow on the surface of the groyne de-
celerates the flow near the groyne and thus pro-
duces a small difference of velocity. Under
emerged conditions for these cases, flow from the
upstream end is entrained into the upstream dead
zone of the groyne. Therefore, the downstream
dead zone is reduced. These tendencies are similar
to experimental results from shallow flow visuali-
zation of an inclined groyne model (Weitbrecht
2004). In the case of the groyne running down-
stream (LD-type), there is less difference in the
dead zone between emerged and submerged con-
ditions.

In the vicinity of the groyne tip, a different ve-
locity profile is seen around the LU-type groyne
under submerged conditions. The velocity differ-
ence between the main stream and dead zone is
significantly less. It is supposed that shear stress
in the vicinity of the groyne tip is weakened, and
thus, the effects on the transport phenomena of
sediment and pollutant are small. The profile of
the L-type groyne running downstream (LD-type)
is similar to that of the I-type groyne, whereas the
profile of the T-type groyne is similar to that of
the LU-type. It is considered that these velocity
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profile areas are affected by the protuberance of
the groyne. In terms of stabilizing the flow and
bed conditions, the LU-type groyne is more suita-
ble.

The above-mentioned typical patterns are also
seen for profiles of the Reynolds stress in the
cross-wise direction. Figure 4 shows the profiles
of the Reynolds stress (—uw) for emerged and
submerged conditions. The Reynolds stress is
largely related to shear stress, which affects trans-
port phenomena such as those of sediment and
pollutant materials, and is an important parameter
for considering coherent flow structures.

In the cases of I-type and LD-type groynes,
there is large negative stress distributed near the
edge of the groyne under both emerged and sub-
merged conditions. However, a different distribu-
tion is seen for T-type and L-type groynes. The
large negative stress shifts downstream under the
submerged condition, especially for the LU-type
groyne, and it is distributed on the side surface of
the groyne. This tendency is related to the dead
zone and velocity difference area around the LU-
type groyne as shown in the mean velocity pro-
files in Figure 3. The velocity difference area also
shifts downstream.

Downstream of the groyne, there is large Rey-
nolds stress distributed from the tip of the groyne
caused by the velocity difference between the
dead zone and main stream. In the cases of the
groynes running upstream (T-type and LU-type),
there is a significant large positive Reynolds
stress. It is considered that a large-scale vortex
structure will be generated in the downstream
area.

Figure 5 shows the profiles of mean vorticity
(). Clockwise (negative) circulating patterns are



2(cm)

2z(cm)

2z(cm)

1
x(em)

2z(cm)

2z(cm)

2z(cm)

2z(cm)

Figure 5. Mean vorticity distribution () [cm/s] under emerged and submerged conditions

seen in both upstream and downstream areas
around the groynes because the flow from up-
stream is entrained into dead zones.

In the case of a groyne running upstream (LU-
type) under emerged conditions, there is a signifi-
cant clockwise motion concentrated in the vicinity
of the groyne tip because of the large velocity dif-
ference. Under submerged conditions, the clock-
wise motion grows downstream for the groyne
running downstream (LD-type). Comparing with
the mean velocity profile in Figure 3, the area of
clockwise motion corresponds to the dead zone
around the groyne. In the case where the dead
zone on the upstream side of the groyne is smaller
(I-type and LD-type), the clockwise motion tends
to expand stream-wise.

In this section, the Reynolds stress and vor-
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ticity were mainly discussed in terms of mean
flow structure. In the following section, the in-
stantaneous coherent-flow structures are discussed
by means of conditional sampling analysis and the
Weiss function as instantaneous flow structures.

4.2 Advection of instantaneous coherent flow
pattern

Figure 6 shows profiles and time variations of the
Weiss function (Q-value) estimated from Equation
(2) as instantaneous coherent flow patterns. In this
figure, a white area indicates the domlnance of
shear force with a O-value over +30 (1/s%), and a
gray area indicates the domlnance of rotation with
a O-value less than —30 (1/s%).

In all cases of emerged conditions in Figure
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Figure 6(a). Distributions and time variations of Weiss function (Q-value) [1/s] under emerged condition
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Figure 6(b). Distributions and time variations of Weiss function (Q-value) [1/s] under submerged condition

6(a), the shear force and rotation are distributed
alternatively from the tip of the groyne to the
downstream end. In the case of groynes running
upstream (T-type and LU-type), the distributions
cluster on the right side of the channel. The Rey-
nolds stress in Figure 4 also has a similar profile
and is distributed near the right side.

The Q-value under submerged conditions is
distributed similarly and alternately as shown in
Figure 6(b). However, the distribution has a
smaller scale of shear force and rotation compar-
ing with the distribution under the emerged condi-
tions, and the distribution clusters in the main
stream. The velocity difference between the main
stream and dead zone decreases because of the ef-
fect of submerged flow on the top surface of the
groyne. Therefore, the shear force and rotation
decrease. This tendency is significant in the vi-
cinity of the groyne tip.

The areas of shear force and rotation generated
from the groyne tip to the downstream show the
time variation of stream-wise advection. In the
case of groynes running upstream (T-type and
LU-type) under emerged conditions, the advection
is relatively large whereas it is smaller under
submerged conditions owing to a small velocity
difference. It is considered that the tracing of
these areas with time enables estimation of the
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generation frequency of shear and rotation motion
quantitatively.

As an alternative method to analyze the cohe-
rent motions, conditional sampling analysis is ap-
plied. For the purpose of strict conditional sam-
pling, the detection function and threshold value
have to be defined carefully. The detection func-
tion in Equation (1) is defined as

liu<0,w> O&|uw/u'w'
I(x,z,t) =

where u' and w' are the root-mean-square val-
ues for u and w fluctuations respectively. H is the
threshold value, which is estimated from the dis-
tribution of the power spectrum density and the
typical frequency of instantaneous velocity signals
at the fixed point of Equation (1), as shown in
Figure 7. The fixed point (x, z) is defined very
close to the tips of several types of groynes. The
directions of u# and w in Equation (1) are defined
to select the ejection-like motion developed from
the fixed point in this study. The coherent flow
structure as a magnitude of velocity (g) is reason-
ably sampled by means of the detection function
(3) and Equation (1).

Figures 8(a) and 8(b) show the conditionally
sampled space—time correlations of the velocity
magnitude under emerged and submerged condi-

>H
€)

0: otherwise

The threshold value H is defined
under sum(-juw| > H) = frequency

threshold H

Figure 7. Procedure to determine the threshold value A for the conditional sampling analysis
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Figure 8(a). Conditionally sampled space-time correlations of velocity magnitude under emerged condition

tions respectively. The sequence of figures indi-
cates the evolution of velocity magnitude since
lag time T = 0 s and at each fixed point.

In the case of groynes running upstream (T-
type and LU-type) under emerged conditions, the
momentum transport and the sampled velocity
magnitude are larger than in other cases, as shown
in Figure 8(a). However, a large velocity magni-
tude is seen around the edge and downstream of
the LD-type groyne under submerged conditions,
as shown in Figure 8(b). It is considered that these
opposing phenomena are related to the vicinity of
the vertical flow structure to the groyne. It is sup-
posed that submerged flow over the surface of a
groyne generates a vertical downward flow and
then a different coherent structure is generated
downstream.

The coherent pattern of large velocity magni-
tude is also seen around tip of LU-type groyne
under submerged condition. This pattern is related
with velocity difference in plane areas of dead
zone and main stream. It is considered that differ-

ent structure occurs with different types of groyne
and submergence.

As for time variations of these coherent pat-
terns, large advection is seen downstream side of
emerged groyne heading upstream (T-type and
LU-type). The coherent patterns distribute whole
area of channel and show similar distribution to
the distribution of Reynolds stress of Figure 4. In
submerged condition, large coherent pattern is
seen near groyne tip and far downstream area of
T-type groyne whereas the large pattern is seen
only in downstream area of LU-type and LD-type
groynes. It can be considered that these coherent
flow structures are associated with three dimen-
sional structures and related with shear force
around the different shaped groyne.

5 CONCLUSION

The present study focuses on the effects of
groyne shapes on the instantaneous-coherent flow
and mean flow structures around I-type, T-type,
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Figure 8(b). Conditionally sampled space-time correlations of velocity magnitude under submerged condition

and L-type groynes. Experiments were conducted
with three types of groyne model, using flow vi-
sualization and PTV to analyze the resulting im-
ages. The experiments investigated a wide area in
detail because large-scale vortices are generated
downstream of the groynes. Conditional sampling
analysis and the Weiss function were applied to
reveal the coherent structures and their advection.

The experimental results show the distribution
of a large shear layer. Coherent patterns change
greatly with the groyne type especially for, L-type
groyne. The largely distributed coherent structures
are related with formation of sand waves down-
stream the groyne. To control the bed morpholo-
gy, these results will be applicable.
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