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Abstract

The characteristics of flow structures around a colony-type emergent roughness model, hereafter called ‘colony model’,
mounted on a flat plate in uniform flow and the drag coefficient C,. for the colony model are investigated by flow
visualization, spectral analysis, velocity measurement and drag force measurement. Two types of colony models, each
comprising seven equally spaced cylinders with grid or staggered arrangement are mounted on a water flume bed. The flow
structure around the colony model changes depending on L/D and G/D (L: space between neighboring cylinders, D: diameter
of a cylinder, G: space between cylinders in the cross-stream direction). Two types of flow structures, a large-scale Karman
vortex street (LKV) behind the colony models and a primitive Karman vortex street (PKV) behind the individual cylinders,
are generated. LKV is formed along the shear layer for G/D < 0.4. When G/D > 1.8, PKV behind each cylinder is stably
formed because of the decrease in difference between the velocity through the colony model and that of the detour flow. The
velocity through the colony model, which plays a key role for the phenomenon change, strongly increases with G/D at first
and then gradually. The tendency of the velocity curve changes around G/D = 1.8 for each arrangement. It almost coincides
with the initiation of the formation of PKV. On the other hand, C,. for the colony model increases in the range of 0.08 < G/D
<0.75(0.25<L/D<1)and 0 < G/D <1 (1 <L/D < 3) for the grid and staggered arrangements, respectively. The changing
point of the tendency in the C,. curve is located in the middle of the transition zone for the two vortex structures (0.4 < G/D
< 1.8). Moreover, the C,. value for the colony model is nearly constant, independent of the two arrangements, when G/D >
1.8.
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1. Introduction

The effects of vegetation on resistance to river flow, such as flow discharge and water
depth have become one of the major interests of river engineers, and many experiments in
water flume and numerical analyses have been conducted (Kouwen et al., 1981; Helmio,
2002; Jarveld, 2002; Righetti and Armanini, 2002; Struve et al., 2003; Choi and Kang, 2004).
The effects of density and vegetation characteristics on the changes of drag force to flow are
also important for evaluating bulk roughness characteristics (Nepf, 1999).

In many previous studies, circular cylinders were substituted for vegetation and arranged
in a grid or staggered in a water flume (Smith ez al., 1990; Okamoto et al., 1994; Musick et al.,
1996). Li and Shen (1973) analyzed the flow characteristics considering the multicylinder
arrangement (staggered or parallel pattern) and spacing between the cylinders, L/D (L:
cross-stream space between neighboring cylinder, D: diameter of a cylinder), and reported the
dependence of drag coefficient C,on L/D. Nepf (1999) investigated the turbulence intensity
and bulk drag coefficient of vegetation in different arrangements using experimental data and
gave the bulk drag coefficient as a function of vegetation density. Many other studies also
demonstrated the importance of L/D, vegetation density and the arrangement of cylinders for
evaluation of C; (Thompson and Roberson, 1976; Okamoto et al., 1994).

A colony-type roughness, rather than a grid-type roughness, is sometimes observed in the
initial growth stage of trees (Jarveld, 2002), undershrubs or grasses in a river. Large amounts
of sand accumulate behind the colony-type vegetation, such as a willow tree or bushes, on a
floodplain or a sand bar, especially when the flood discharge is decreased. As the sand
accumulation accelerates the vegetation growth at the habitat, the shallow flow structure
around a colony-type vegetation should be elucidated. Only a few studies have been
conducted on the colony-type roughness except for the experiments using a group of circular
cylinders (Musick et al., 1996) and a perforated plate modeled for submerged silva (Castro,
1971). The drag coefficient increases with increasing porosity of the perforated plate (Castro,
1971). However, many aspects of the flow structures around colony-type roughness remain
unclear.

The local flow structures around colony-type emergent vegetation were assumed to be
similar to the flow phenomena observed around a single circular cylinder in previous research
(Baker, 1980; Okamoto and Yagita, 1973; Okamoto and Sunabashiri, 1992). However, the
mutual interference of many cylinders (Zdravkovich, 1977; Tatsuno et al., 1998; Akilli et al.,
2004) produces a flow structure significantly different from that of a single cylinder. Dalton
and Szabo (1977) investigated the interaction between two or three cylinders aligned in
longitudinal direction (Figs. la, 1b). In the case of two or three cylinders, Cy at the end
position (DST2 and DS3, in Figs. 1a and 1b), is smaller than that at the front (DST1 and DSI).
In the range of L/D < 2, Cy at the back position of three cylinders (DS3) is smaller than that
for the two cylinders (DST2) because of the velocity difference in approach flow to the back
cylinder. However, when the cylinder at the back is located outside the reattachment point of
the front cylinder (i.e., L/D is larger than approximately 4), the drag force acting on the back
cylinder in the second row (DST2) is smaller than that in the third row (DS3), indicating the
importance of whether the spacing is within the distance between the cylinder and the
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Fig. 1. Arrangements of roughness. (a), (b) Re = 2.78x10*-7.82x10* and Io/D (I¢: length of cylinder, D:
diameter of cylinder)=16 (Dalton and Szabo, 1977), (c) Re=2.25x10*5.18x10*, Io/D =17 (Lam et al.,
2003b), (d) Re=6.2x10", Io/D =20 (Tatsuno et al., 1991).

reattachment point. Sumner et al. (1999) reported that the flow pattern around two cylinders

changes depending on L/D and that the dependency on the Reynolds number Re (=UD/ v, U:

reference velocity (m/s), D: cylinder diameter as a reference length (m), w»:kinematic

viscosity (m*/s) of a fluid) is weak for the range of Re from 500 to 3000.
Four cylinders arranged in a square were studied by Lam et al. (2003a, 2003b) (see Fig.

I¢c). The drag coefficient with different approach angles « to the roughness was measured for

each cylinder, indicating the importance of the flow interaction between neighboring cylinders.
The importance was also demonstrated by an experiment of Tatsuno et al. (1991) (Fig. 1d).
The effects of the ratio of cylinder height and diameter (/./D, I.: cylinder height) on Cys
were discussed by Okamoto and Yagita (1973), and many studies were conducted with a high
l./D. However, it is difficult to apply the results of these past studies to evaluate the roughness
characteristics of colony-type vegetation in which low water depth affects the sedimentation
process at a flood event. For example, //D is less than 10 when the tree trunk diameters of the
colony are about 0.05 m and water depth is less than 0.5 m. As indicated by Melville and
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Fig. 2. Definition of the colony model and measurement points of velocity. D: Diameter of cylinder, L:
spacing of each cylinder, Dc: outer diameter of the colony model, G: spacing of each cylinder in
cross-stream direction, the number inside the cylinder, e.g., Al, distinguishes each cylinder’s position. (a)
grid arrangement, (b) staggered arrangement. The velocity of the detour flow past the colony model and the
velocity through the colony model are measured at points indicated by closed circles (X1-X3 and Y1-Y7).

Sutherland (1988), local scour depth around bridge piers varies for the water depth and
cylinder diameter ratio, H/D (H: water depth, H=/. when the roughness is in emergent
condition.) of about 3 but not much around 3-7. Therefore, the present study focuses on the
effect of spacing (L/D) on cylinders arranged like a colony with a low H/D = 5.



Table 1 Experimental conditions

Spacing of each cylinder in cross-

Spacing of adjacent cylinders (L) stream direction (G') Mean velocity (U) (m/s)
/ Diameter of each cylinder (D) / Diameter of each cylinder (D)
(L/D) (G/D) 0.04 0.1 0.4
grid staggered grid  staggered grid staggered grid  staggered
0.25 0.1 -0.4 - - g - d d
0.5 0.3 -0.3 g - g g c c
1 0.7 0 g - g g e d
2 1.6 0.5 - - g - a f
3 2.5 1 g - g g c d
5 4.2 2 g - g - d f
a : measurement of drag coefficient on colony model (C . ) and on each cylinder (C )
b : measurement of drag coefficient on colony model (C . ), flow visualization and frequency analysis
¢ : measurement of drag coefficient on colony model (C . ) and on each cylinder (C ), flow visualization and frequency analysis
d : measurement of drag coefficient on colony model (C ;.) and flow visualization
e : measurement of drag coefficient on colony model (C ;.) and on each cylinder (C ;) and flow visualization
f: measurement of drag coefficient on colony model (C ;)
g : flow visualization

: unmeasured

To elucidate the flow structures, we conduct flow visualization, velocity distribution
measurement, spectral analysis and drag-force measurement, paying special attention to the
flow structures in front of the obstacle and in the wake (Tamai ef al., 1987).

2. Experimental arrangement and procedures
2.1. Experimental apparatus

Laboratory experiments are conducted in a water flume (bed slope gradient range: 0~1/50,
maximum discharge: 0.1 m*/s) that is 15 m in length and 0.5 m in width. The colony model is
mounted on the water-flume bed at 8.5 m from the upstream inlet and in the center in a
cross-stream direction. The mean flow velocity U in the flow cross-sectional area normal to
the streamwise direction of the open channel flow is set at 0.04, 0.1 and 0.4 m/s for L/D=0.25,
0.5,1,2,3 and 5 (D =1 cm). The corresponding Reynolds number based on the diameter of a
single cylinder and the mean velocity of approach flow ranges from 400 to 4000. The
experiments are carried out with a fixed 1/1000 bed slope and 0.05 m water depth. The flow
discharge is controlled by a valve and gate system at the end of the water flume. The bed
slope and water surface gradient from the section 2 m upstream of the roughness to the
section 4 m downstream are confirmed to be almost the same by point gage measurements.
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Fig. 3. Schematic of the colony model and load cell mounted in the water flume. (a)
measurement of drag force on a cylinder, (b) measurement of drag force on the colony model.

2.2. Colony model

The drag forces on two or three cylinders with different positions were investigated in
previous studies (Dalton and Szabo, 1977; Kiya et al., 1980; Kim and Durbin, 1988; Tatsuno
et al., 1991), but a larger number of cylinders should be investigated to elucidate the drag
force on colony-type vegetation. In the present study, the colony model includes three types of
alignments, i.e. two cylinders in a longitudinal direction, three cylinders in a longitudinal
direction and two cylinders in a cross-stream direction. The colony model is made of seven
wood cylinders, which are placed equidistantly at the vertices of a hexagon and at the center
(Fig. 2). The weights of the colony model and individual cylinders for drag measurement are
around 125 g and 53 g, respectively, independent of L/D. The experiments are conducted in
grid and staggered arrangements (see Figs. 2a, 2b). Free damping oscillation experiments
show that the undamped natural frequency of the colony model is between 11.8 - 12.6 Hz in
air and 8.3 - 9.3 Hz in water, and damping ratio, logarithmic decrement rate of amplitude, of
the colony model is 1 % in air. The experimental conditions (Table 1) are chosen to make
comparison with the previous roughness type shown in Figs.1(a)-(d) (Dalton and Szabo,
1977, Tatsuno et al., 1991; Lam et al., 2003a, 2003b).

Considering the importance of the space between neighboring cylinders and the distance
between a cylinder and the reattachment point of the wake (Dalton and Szabo, 1977), we set
the experimental condition so that the upper limit of L/D is 5.

2.3. Drag force and velocity measurement

A two-axis load cell (streamwise (X) and transverse (Y) directions, type LB-60, SSK Co.,
Ltd.) that has a resolution of 1/1000 and can measure 1 N for the maximum load is used to



measure the drag force on the colony model. A schematic of the cylinder locations in the
water flume is shown in Fig. 3.

Aniline blue is used to visualize the flow around the colony model at three velocities,
0.04, 0.1 and 0.4 m/s. The images are recorded directly on a PC by using a 3CCD digital
video camera (Panasonic Co. Ltd.; NV-GS100K; 720 pixels x 480 pixels, 30 fps). Vortex
shedding frequencies are counted using 20 different sets of time series data of visualized flow
patterns with 30 seconds in each. Velocity is measured by an electromagnetic flow meter (type
of main amplifier: VM-2000, type of sensor: VMT2-200-04P, KENEK Co., Ltd.; the sensor is
15 mm in length and 4 mm in diameter, and the measurement point is located at the middle
height of the sensor), with 30-second and 100 Hz sampling frequencies. The water velocities
through the colony model are measured at the points marked with black circles in Fig. 2. The
mean flow velocity U is obtained by averaging velocities at 36 points of a cross-section (9 for
the cross-stream direction every 50 mm between 50 and 450 mm points and 4 for the vertical
direction every 10 mm between 10 and 40 mm from the water flume bed). The water velocity
calculated from the discharge measurement by a triangular weir and that calculated by an
electromagnetic flow meter have a difference of only 2 %. The water velocity field around the
colony model is measured by a PIV system. Flow visualization is carried out using a 50 mW
green-laser sheet (YAG/YVO, laser) and aluminum powder. The turbulence intensity,

[ 2
u U (u' being the fluctuation velocity in the streamwise direction), measured by the PIV

method in a vertical direction takes 0.5-1.2 % from the bed to the water surface. The mean
water velocity analyzed by the PIV system and that calculated by the electromagnetic flow
meter agree within 3 %. The power spectrum of the drag force and the velocity fluctuation
through the colony model in direction Y at points A and B (Fig. 2) are analyzed by using the
maximum entropy method.

The drag coefticients and Strouhal numbers (denoted by C,. and S;;, for the colony model,
Cys and S, for each solid circular cylinder) are defined by

2F. 2F,
Cdc = 26 ° Cds = 2 s (1)
pU4, pU*DH
ﬂDc f’D
Stsh = T ° Slg = ;] (2)

Here, F, (N) is the total drag force on solid circular cylinders in the colony model, and F; (N)
is the drag force on each solid circular cylinder. p (kg/m3) is the fluid density. 4p (m?) is the
frontal projection area (i.e. the number of visible solid circular cylinders in the colony model
from upstream xD xH). f, (Hz) is the shedding frequency from each circular cylinder. f; (Hz)
is that of the generated vortices from the colony model and D, (m) is the outer diameter of the
colony model.

For measuring the drag force, a gap is required between a cylinder or the colony model
and the flume bottom. The influences of the gap on drag coefficient are investigated by
changing the gap distance from the water flume bed. Gaps of 0.002 m and 0.006 m
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Fig. 4. Visualized flow pattern around the colony model with a grid arrangement for U = 0.4 m/s. (a) L/D

=3, (b) L/D =0.5. The arrow shows the flow direction. /: the width of the separation zone in front of the
Al cylinder.

cause 2% and 9% losses of drag force, respectively, compared with a gap of 0.001 m. The
experiments are conducted with the smallest possible gap, 0.001 m, for the measurement of
drag forces. With this gap, the separation line in front of the colony model is not different
from the no gap case, as explained in the following section.

3. Results
3.1. Flow structures around the colony model

Flow structures in front of the colony model with a grid arrangement are different
depending on L/D (Fig. 4). Not horseshoe vortices around the cylinders but separation zones
appear because the dye at bottom is removed by the horseshoe vortices. A separation zone
around the colony model is observed for L/D = 0.5, while small separation zones around each
cylinder are generated by horseshoe vortices for L/D > 2. When the mean velocity increases
from 0.1 to 0.4 m/s (Re = 1.0 x 10° - 4.0 x 10%), the non-dimensional length for the separation
line, Is/D (see Fig. 4), increases from 0.6 to 0.8 for L/D = 0.25-0.5, while it increases only
from 0.15 to 0.2 with the same velocity conditions for L/D = 2-3.

Behind the colony model, on the other hand, three types of vortices are generated
depending on L/D for both arrangements (Fig. 5), which is similar to the results by Sayers
(1990). In the grid arrangement (Figs. 5a-5d), small separate vortices, hereafter called ‘small
vortices (SV)’, are formed behind the A3 cylinder for L/D = 0.5 (Fig. 5a) along the shear layer.
Downstream of SV, a large-scale vortex street, hereafter called ‘large-scale Kdrman vortex
street (LKV)’, is formed (Figs. 5a and 5b). When L/D = 1, SV are not generated behind the
A3 cylinder. For L/D = 3, a primitive Karman vortex street (PKV) behind each cylinder (A3
and A4) is generated (Figs. 5S¢ and 5d), but LKV is not clearly formed downstream of PKV. In
the staggered arrangement (Figs. Se and 5f), LKV is also generated clearly for L/D = 0.5.
However, for L/D = 3, PKV behind each cylinder is not clearly formed compared with the
grid arrangement.
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Fig. 5. Flow pattern in the wake of the colony model. (a) L/D=0.5, grid arrangement (Re=400; the zoom
photograph is inserted at the upper left corner, (b) L/D=0.5, grid arrangement (Re=4000), (c¢) L/D=3, grid
arrangement (Re=400), (d) L/D=3, grid arrangement (Re=4000), (e) L/D=0.5, staggered arrangement
(Re=400) and (f) L/D=3, staggered arrangement (Re=400). The small arrows show the positions of LKV
((a), (b) and (e)) or PKV ((c), (d) and (f)) behind the colony model.
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Fig. 6. Non-dimensionalized mean velocity (¢ /U ) in the streamwise direction contour map is shown

behind the colony model, U=0.4 m/s. (a) L/D=0.5 in grid arrangement, (b) L/D=0.5 in staggered
arrangement, (¢) L/D=3 in grid arrangement and (d) L/D=3 in staggered arrangement.

The differences in streamwise mean velocity u behind the colony model in the two

Karmén vortex streets, LKV and PKYV, are analyzed by non-dimensionalizing u with U for
the cases of L/D =0.5 and 3, as shown in Fig. 6.
In the grid and staggered arrangements with L/D = 0.5, a slow velocity field (;/ U <0.6)

is observed in a large area with long distance only behind cylinder A4 (Fig. 6a) and behind the
model (Fig. 6b).

10
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Fig. 7. The schematic of the flow structures behind the colony model with a grid arrangement. (a) L/D=0.5
and (b) L/D=3. The hatched areas show the recirculation zones or separation bubble (for Points A and B,

see Fig. 2).

In the grid arrangement with L/D = 3, the slow velocity field is observed in a small area
only behind cylinder A4 (Fig. 6¢). In the staggered arrangement with L/D =3, the slow
velocity fields are observed in small area behind the individual cylinders in the back side of
the colony model and these small velocity fields are not separated from each other (Fig. 6d).
The schematic of the flow structures behind the colony model is shown in Fig. 7.

3.2. Strouhal number of visualized vortices shed behind cylinders

The Strouhal number is calculated for twelve cases (L/D = 0.5, 1, 3 and U = 0.1, 0.4 m/s for
two arrangements) and six cases (L/D = 0.5 and U = 0.04, 0.1, 0.4 m/s for two arrangements)
to elucidate the vortex shedding characteristics. Fig. 8 shows the relationships between
Strouhal number and Reynolds number with different arrangements and L/D. This figure also
includes the data of previous results for a hemisphere on a flat plate (Tamai et al., 1987),
where the reference length is the height of the hemisphere. When L/D = 0.5 and 1, S, is
calculated based on the vortices shedding from individual cylinders (PKV or SV in grid and
staggered arrangements, A3 and S2), and S, 1s calculated for LK'V.

11
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Fig. 8. Strouhal numbers, S,; and S, for vortices from the colony model; solid line, S,,, Hemisphere (Tamai et
al., 1987); dashed line, S;;, Hemisphere (Tamai et al, 1987); e, L/D=0.5 (S, grid); o, L/D=0.5 (S,
staggered); m, L/D=0.5 (S, grid); o, L/D=0.5 (S, staggered); A, L/D=1 (S, grid); @, L/D=1 (S,
staggered); ¥, L/D=3 (S,,, grid); 0, L/D=3 (S, staggered).

To calculate the Strouhal number, the mean velocity in approach flow is used, but this
affects the decrease in S, for LKV because the velocity through the colony model is smaller
than the approach flow velocity. The results in Figs. 5 and 8 indicate that the flow and vortex
patterns change depending on L/D rather than the Reynolds number, and this is similar to the
results of Sumner et al. (1999). The variation of S,; with L/D is discussed in section 4.1.

There are significant variations in S;; with L/D but not between the two arrangements.
Thus, to validate the visualized shedding frequencies, spectral analyses are applied for
velocities in grid arrangement cases. The power spectral density of velocities with respect to
the frequencies of fluctuation at points A and B (Fig. 2) are shown in Figs. 9(a) and (b),
respectively. At point A, the characteristics of the spectrum change greatly with L/D (Fig. 9a).
There are two peaks around 7.8 Hz and 15.5 Hz when L/D = 3 and 0.5, respectively. These
peak frequencies appear in similar ranges to the visualized shedding frequencies of PKV and
SV, 8.5+ 1.2 Hz and 16.7 + 1.5 Hz. At point B, there is a peak around 1.9 Hz for L/D = 0.5,
but the peak is not clear for L/D = 3 (Fig. 9b). The peak frequency, 1.9 Hz, is in a similar
range to the visualized shedding frequencies of LKV, 2.2 + 0.5 Hz. When L/D = 1, there is no
clear major spectral peak because the velocity through the colony model increases with
increasing L/D, and the difference between the velocity through the colony and that of detour
flow decreases. Under the condition, SV and LKV are not formed clearly behind the colony
model.

12
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Fig. 9. Power spectral density variation with different frequencies of velocity fluctuation on Y direction in
the wake of a colony model with a grid arrangement. U=0.4m/s. (a) Point A and (b) Point B; solid line,
L/D=0.5; dashed line, L/D=3.

1.4 ‘ : ‘ 1.4 : :
12 ] 12 L \ ]
g 1! o ! =
208 1 ) 1
2 2z
2 0.6 ] 30 ]
G G,
> 0419 ] >0 ]
A
02| ] 0 ]
0 1 2 3 4 3
L/D L/D
(a) (b)

Fig. 10. The variation of three types of velocity ratios. u,,/U, u;/U and uge,/U, with respect to L/D. u,.:
average velocity through the colony model (Y1-Y7), u;: velocity through the colony model at Y4 for the grid
pattern model or at Y6 for the staggered pattern model and u,,,,: average velocity of detour flow at X1-X3.
(a) Grid arrangement. (b) Staggered arrangement. A, u,,./U; ®, u1/U; O, tye0,/ U.

3.3. Velocity through the colony models

Three velocities around the colony model, u,,. (average velocity through the colony
model), u; (average velocity through the colony model at Y4 in a grid arrangement or Y6 in a
staggered arrangement) and 4., (average velocity of detour flow at X1, X2 and X3) are
shown as a function of L/D in Fig. 10. In the case of the grid arrangement (Fig. 10a), both u,.
and u; increase rapidly with L/D from 0.25 to 0.5, but only gradually for L/D >1. On the other
hand, the detour flow velocity, ugeou, Shows the opposite tendency. ugeou decreases rapidly
with increasing L/D from 0.25 to 0.5, but gradually for L/D >1. In the flow visualization, the

13



recirculation zone behind cylinder C4 is observed clearly for L/D = 0.5. However, the zone is
not formed easily for L/D >1 because then the difference between the velocity through the
colony model and that of the detour flow is small. In the case of staggered arrangement (Fig.
10b), 4. exhibits a similar trend to the grid arrangement, but the trend for u; is rather
different. It increases with increasing L/D from 0.25 to 3. The velocity difference in both
arrangements is caused by the difference of G/D even for the same L/D.

3.4. Drag forces on the colony models

The relationship between the drag force on the colony model and L/D is shown in Fig.
11(a). The drag force value has a different increasing tendency in the two arrangements.
Bokaian and Geoola (1984) reported that Cy, of a backside cylinder were smaller than that of
the front and recovered about 98% of C, on the front cylinder in the distance of L/D > 20
when the two cylinders were arranged in a streamwise direction. In the staggered arrangement,
on the other hand, C, of the backside cylinder took about 98% value even at the close
distance of L/D = 1. The spacing between cylinders in the longitudinal direction (i.e., Al and
A5, S1 and S3) is different in both arrangements even if L/D is same, and this difference is
supposed to affect the increasing tendency of drag force. Moreover, the largeness of frontal
projection area in the staggered arrangement is one reason for the difference in drag force.

The drag coefficient on the colony model varies with L/D, as shown in Fig. 11(b). In the
grid arrangement, C,.1s around 1 when L/D = 0.25, close to that of a single cylinder. Cg.
increases with L/D but becomes almost invariant around 1.3 when L/D > 1. On the other hand,
Cy. of the colony model with a staggered arrangement decreases around 10% with increasing
L/D from 0.25 to 1. In this range, the backside cylinders are sheltered by the front-side
cylinders (i.e., S1 and S4); hence, the frontal projection area increases with L/D. This causes
Cg. of the colony model with a staggered arrangement to decrease in spite of the increase in
drag force. Moreover, the gap, G (see Fig. 2), also vanishes due to the overlap of the cylinders
when L/D <1. Therefore, when L/D >1, the G/D increases with L/D. In this range, Cy. of the
colony model with staggered arrangement increases slightly with L/D until it attains almost
the same value as the grid arrangement case.

To understand the C, trend for the colony model, the variations of Cy for cylinders
A1-AS with L/D are investigated (Fig. 12). Cy of an individual cylinder increases with L/D
from 0.5 to 1 except for Al cylinder. Cys of Al decreases when L/D increases from 0.5 to 1.
There is a significant difference in Cy, (around 40%) between Al and A2 when L/D = 1. The
difference decreases with increasing L/D because the detour flow around Al does not have
much effect on A2, although the difference still remains around 10 % when L/D = 3. The
change of drag coefficient by the interaction between front-side two cylinders (L1 and L2 in

Fig. 1¢c when a=45°) as a function of L/D was also confirmed by Lam et al. (2003a). Thus, the

flow velocity through the colony model depends on the distance between Al and A2. An
increasing trend of Cy is noted in the cases of A4 and A5 when L/D increases from 0.5 to 3
because the velocity through the colony model increases with L/D.
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Fig. 11. Relationship between L/D and drag force or C,. for colony models (with a grid arrangement or a
staggered arrangement). Approach velocity U is 0.4 m/s. The error bar indicates standard deviation. (a) Drag
force, (b) Cy.; ®, grid arrangement; 0O, staggered arrangement.

Cqs of A3 has a peak value at L/D =2. With increasing L/D, the velocity passing through
the colony model increases and affects A3 cylinder, and Cy of A3 cylinder increases until L/D
=2. Cys of A3 cylinder decreases slightly from L/D =2 to L/D = 3 because the detour flow by
cylinder A1 passes between A3 and A4.
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4. Discussion
4.1. Global instability of shedding vortices behind colony model

The change of flow structures around colony model is discussed here with respect to L/D,
G/D, arrangement and the instabilities of vortex streets. Bearman (1967) reported by
experiments that the Strouhal number, based on the vortex shedding frequency, the flow
velocity at the separation point just outside the boundary layer on a circular cylinder and the
lateral displacement between the vortex rows, is close to 0.18. The largeness of S;, compared
with S, for L/D = 0.5 (Fig. 8) indicates that the spacing between the vortices is narrower than
that of the stable condition of Bearman (1967). Consequently, a similar flow structure forms
around a circular cylinder, a large separation bubble behind the colony model, the small
vortices along the separation bubble and LKV shedding to the downstream. The Strouhal
number S, in LKV is close to the value investigated by Bearman (1967) if we use u; as a
reference velocity of Sy The different Strouhal numbers between S, and S, and
reconfiguration of vortices were also observed behind a group of circular cylinders (Sayers,
1990), in the vortex street from a sphere in uniform flow (Sakamoto and Haniu, 1990) and in
flow structures behind a hemisphere located on a plate (Tamai et al., 1987), although the
vortex structures were different in each bluff body. In addition, two cylinders (Kim and
Durbin, 1988; Sumner et al., 1999; Akilli et al., 2004) and three cylinders (Sumner et al.,
1999; Akilli et al., 2004) arranged side-by-side in a steady cross-flow also produce such
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Fig. 13. Relationship between G/D and C,. for the colony model. Here, A and C indicate the range of G/D
where a LKV behind the colony model and a PKV from individual cylinders can be observed, respectively. B
is defined as the transition zone of the two flow structures. ®, grid arrangement; 0O, staggered arrangement.

complex structures as small-scale vortices and LKV. The ratio S, / Sy for L/D = 0.5 ranges
between about 2.2 ~ 2.7, and these values are similar to those of the cylinder and hemisphere
in Fig. 8. The ratio S,/ Si» 1n previous studies ranged between 2.5 ~ 4 (Sumner ef al., 1999),
1.3 ~3 (Akilli et al., 2004) for the flow behind two cylinders, and 3.2 ~ 4.3 (Sumner ef al.,
1999) behind three cylinders, depending on L/D or G/D. Our S, in the grid arrangement is
smaller than that in the staggered arrangement for L/D = 0.5, and S;; in both arrangements
decreases with L/D from 0.5 to 1 for fixed values of Re (Fig.8). These are caused by the
difference in the velocity between the flow through the colony model and the detour flow,
which decreases with increasing L/D (Fig.10). Moreover, S, for the grid arrangement with
L/D =3 is close to the value observed by Bearman (1967), and PKV can exist stably.

4.2. Effect of cylinder arrangement on flow structures around colony model

In this section, the effects of different arrangements of cylinders on the flow structures are
discussed with the change of L/D and the velocities around the colony model as shown in Fig.
10. The non-dimensional velocity u;/ U through the colony model increases rapidly at first
and then gradually with L/D in the both arrangements. The velocity ratio /U increases until
L/D =2 and 3, for grid and staggered arrangements, respectively. LKV is formed in the range
where u/ U increases greatly. Moreover, u;/ U for the staggered arrangement is smaller than
that for the grid arrangement when L/D is less than 3. Because, the values of G/D in the grid
and staggered arrangements are quite different, i.e. 0.7 and 0, respectively, for L/D =1. It
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means that the blocking effect is quite different for the two arrangements, even when the L/D
is the same. As a result, LKV is generated when L/D =1 with the staggered arrangement
because of the large velocity difference between the flow through the colony model and the
detour flow.

4.3. Variation of the drag coefficient Cy. for the colony model and flow structures with G/D

The results in section 4.2 indicate that L/D is not always a useful parameter for the flow
structures around the colony model. Then, Cj. of the colony model and the flow structure are
rearranged using G/D (Fig.13) because it affects the stability of PKV. The generation of LKV
is occurred for G/D <0.4 (L/D < 0.5 and L/D < 1 in the grid and staggered arrangements,
respectively). PKV is clearly formed behind individual cylinders in the colony model in the
range of G/D >1.8 (L/D >3 and L/D >5 in the grid and staggered arrangements, respectively),
where Cy. of the colony model is little changed because of the small velocity difference
between the flow through the colony model and the detour flow. In previous research, the
effect of cylinder arrangements on the flow around two or three cylinders arranged
side-by-side was also reported as negligible at G/D >1.5 (Sumner et al., 1999; Akilli et al.,
2004). However, in this study, the threshold of G/D is assumed about 1.8 because of the
difference in arrangement and number of cylinders. The range of 0.4<G/D<1.8 can be defined
as a transition region. In the transition region, the velocity through the colony model increases
with G/D; however, PKV is not formed stably because the spaces G/D are smaller than the
length for the stable length for two row vortices. The changing point of the Cy. curve is
located in the middle of this region. Thus, the vortex structures behind the colony model and
the trend of C,. are well represented by G/D.

5. Summary

The fluid force on colony-type vegetation and the flow structure around it were
investigated experimentally in a water flume. It was found that the change in large-scale and
small-scale vortex structures is related to the interaction and the instability of a primitive
Kérman vortex street behind each cylinder. The gap spacing G on cross-stream direction has
an important role for the variation in case of our proposed colony model. Further study is
required by changing the ratio of colony scale (D.)/ small scale (D) to consider the similarity
and apply C; to natural environment. In addition it is quite important to investigate the
transition region and the effects of the interaction between a horseshoe vortex and a Kdrman
vortex street on the drag coefficient with changing hydraulic conditions and G/D of the
colony.
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