BEHAVIOR OF FISH REEF BLOCKS FALLING THROUGH WATER
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An accurate and economical placement method forréief blocks utilizing free fall in the deep seaaais presented
in this paper. Falling behavior of concrete blogksvater was investigated by hydraulic model experits and 3-D
numerical computations. As a result, a new fishi béack which falls through water with highly stabbehavior was
developed. The distribution range of the develdpedk on the sea bottom was predicted by a stoichastdel and it
was proved to be sufficiently narrow. In additicm,quick estimation method for the placement pasitieas
developed to determine the release point of thekilo actual construction. By using hydrodynamiccéocoefficients
to evaluate the forces acting on the block, thehowttan estimate the falling behavior of the bloctla flow field
with sufficient accuracy and in a short time.
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INTRODUCTION

Snow crabs are an important fishery resourcepardaThe snow crab catch in the western part of
the Sea of Japan decreased sharply from around the6bgh the late 1970s due to overfishing. In
recent years it is steadily recovering thanks twhcdimits (Moriyama, 2011). For the purpose of a
more reliable recovery to a high-level amount forece, the Fisheries Agency of Japan has been
construct nursery reefs for snow crabs in the &ght years since 2007. The nursery reefs are
constructed placing concrete blocks at intervalalmbut 250m in an area 2kms square. The water
depth of the construction area is about 250m wisithe habitation depth of female snow crabs.

Generally, the concrete blocks are placed oneghebsttom using wire ropes (Fig. 1(a)). However,
this method is uneconomical in the case of deepmmcause it takes a long time to anchor a flgatin
crane and install the blocks in such deep waterth@rother hand, though a method by free fall (Fig.
1(b)) is more economical, the accuracy of instalfabf the blocks becomes a problem. The accuracy
requested for the placement position is a rangkinvBOm in radius around the planned position. To
make this method possible, the following two coiedis must be met.
» The block must be a shape which falls with stableakir in water.
» The placement position of the block in a flow fieldist be predictable to decide the release point.

In this study, a new fish reef block which fallsthwstable behavior was developed by hydraulic
model experiments and 3-D numerical computatiortsfirdt a fundamental shape of the block was
decided from the results of hydraulic model experits. Then the shape was improved by using
numerical analysis. The probability distribution thfe developed block on the sea bottom was
predicted by stochastic model. It was confirmed tha distribution range of the placement position
satisfies the requested one. In the rest of thjgepaa quick estimation method of the placement
position is described. In the method, hydrodynéaimice coefficients calculated beforehand were used
to evaluate the forces acting on the block to redhe computation time. The method was validated by
comparison with experimental results in a flowdiel

(a) Conventional method (b) New method

Figure 1. Comparison of construction methods.
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DEVELOPMENT OF A NEW FISH REEF BLOCK

Hydraulic Model Experiments

Hydraulic model experiments were conducted to diea fundamental shape of a block which
would fall with stable behavior in water. Fig. 2o8¥s the experimental setup. The model scale is 1/60.
A water tank made of acrylic of size 1.0m squaré 2:3m high was used. The water depth was 2.0m
(120m in prototype scale). The model block made oftan was released gently from just under the
water surface. The behavior of the block was reabmdith two video cameras from two directions
orthogonal to each other. The position of the blatckach moment was obtained from the video image.

Several kinds of model blocks with frame strucsunesre tested, for example cubic, prismoid and
circular cylinder, etc. The cubic type shown in B¢r) (hereafter the “Prototype block”) was seldcte
as it fell without rotation and the amplitude oflir@ motion was smallest among them. The block was
improved by numerical analysis as mentioned belod shown in Fig. 3(b) (hereafter the “Improved
block”™ was also tested. The tests with the “Impbvdock” were repeated about 100 times to
investigate the probabilistic distribution of thegement position.

As the falling behavior is influenced by curreiglds in actual construction, experiments in a flow
field were also conducted. A submersible pump wasalled in the flume to generate a steady flow.
The water depth was about 0.9m (54m in prototypkesead the flow velocity about 5cm/s (0.39m/s
in prototype scale) and was vertically uniform. Hx@eriments in the flow fields were conducted with
the “Improved block”.
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Figure 2. Experimental setup.
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(a) Prototype block (b) Improved block
Figure 3. Shapes of the blocks.

Numerical Computation Method

Numerical computation of the falling behavior bétblock in water was conducted to improve the
shape of the block. An open source CFD softwarenB@&AM was used. The governing equations for
the fluid domain consist of the 3-dimentional ingoassible Navier-Stokes equation and the
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continuity equation. For the rigid body, the eqoias of motion for the translation and rotation were
solved. The finite volume method was used and atrugtared grid subdivided around the rigid body
shown in Fig. 4 was used. At every time step, tirefutation of the fluid domain and the computation
of the motion of the rigid body are done alternatdlhe computational grid of the fluid domain is
deformed along with the movement of the rigid botlye flux generated by the movement of the grid
is considered in the advection term. Fig. 5 showexample of the deformation of the grid. One &f th
features of this method is that the grid aroundrig&® body could be kept fine and that the fluid
domain around the rigid body could be computed Withh accuracy. The method of the movement of
the grid is detailed in Jasak and Tukovic (2007). pteeedure of the computation is as follows:

1.Compute the fluid domain (solve the Navier-Stokquation and the continuity equation).

2.Compute the force and torque acting on the hgidly.

3.Compute the motion of the rigid body (solve ¢igiation of motion).

4.Move the boundary of the rigid body and the cotafional grid.

5.Move to the next time step.

6.Repeat 1-5.

Figure 4. Sectional view of the computational grid of the “Improved block”.
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Figure 5. Example of the deformation of the computa  tional grid.

Computation was conducted with the “Prototype kloand the “Improved block”. The
“Improved block” was designed based on the “Prgietplock” and has an extra shelf area on the
upper and lower frames attached to act as a s@hiliThe conditions of the computation are
summarized in Table 1. As an initial condition, armgalar velocity of 1.0 rad/s in the clockwise
direction viewed from the negative direction of fhaxis was given in the block for the purpose of
giving a small disturbance.

Table 1. Conditions of the computation.
Time step Autor_natic
(maximum Courant number = 0.35)
Discretization method Finite volume method
Computational grid Unstructured collocated grid
Flui Solution algorithm for N-S equation PISO algorithm
uid
. - . TVD scheme
Discretization scheme for advection term
(second-order accurate)
Turbulence model -
Rigid body Time integration method Runge-Kutta method
Kinematic viscosity coefficient 10° [m%s]
Physical properties Mass density of water 1000 [kg/m]
Mass density of the block 2300 [kg/m’]
Boundary conditions Surface of the block No-slip
Initial conditions Velocity of the block 0 [m/s]
Angular velocity of the block w, = 1.0 [rad/s]

Results of the Numerical Computation

Fig. 6 shows a comparison of the falling behavimfore and after improvement. Both
computational and experimental results are showtihénfigure. It can be seen that both blocks fall
with a swing motion and that the amplitude of tivéing motion and the rotation angle of the
“Improved block” has been reduced compared to #etbtype block” due to the extra shelf area.
Although the numerical computation predicts the ke of the swing motion excessively compared
to the experimental results with regard to the t®gpe block”, the computational result of the
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“Improved block” agreed well with the experimentaie. Fig. 7 shows the settling velocity of the

“Improved block”. The value of the settling velocity the experiment means the average velocity
obtained from the time taken to pass through eatdrval of 0.2m in the vertical direction. It was

found that the computational result shows good eagemnt with the experimental one in terms of
terminal velocity. The water depth which reaches theminal velocity also agrees with the

experimental one.
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Figure 6. Comparison of falling behavior before and after improvement.
(The time interval of display is 0.2s in model scal  e)
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Figure 7. Settling velocity of the “Improved block”
(Experimental values show the mean velocities of ea  ch 12m section)

Distribution Range of the Placement Position
The distribution range of the placement positionthe “Improved block” was investigated by
using a stochastic model. In this study, the stsihanodel for spatial geometry of a dischargedtab
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mound given by Matsumi and Kimura (1992) was apbliehe model assumes that the horizontal
displacement of the settling block in a certainticat section follows the same Gaussian distributio
independent of the vertical position. The model @ssumes the Markov chain theory with respect to
the horizontal displacement in a certain sectioratT$ the next state depends only on the curtatd s
and not on the sequence of events that preceded it.

At first, the probabilistic distribution of the hipontal displacementx in a certain vertical section
was investigated by analyzing the experimental ddtahe “Improved block”. Fig. 8 shows the
standard deviation of the displacement in each@ecThe length of each vertical section was 0.2m
(12m in prototype scale). In the figure, the stadd#eviation is expressed in the dimensionlessevalu
by dividing by the length of the block, which i$Bm (3.3m in prototype scale). It can be considered
that the standard deviation is almost constantdaddent of the vertical position. Also it is foutnt
the influence of the flow field is small as the mealue of the standard deviation in the flow field
experiments is 0.101, which is slightly smallenthiat in the still water experiments, at 0.131.
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Figure 8. Standard deviation of the horizontal disp ~ lacement dx in each vertical section.

Secondly, the Gaussian distribution was fittethi distribution of the horizontal displacemelrt
of the still water experiments to confirm the shiligy. Fig. 9 shows examples of the results. Thame
value of the Gaussian distribution was set to z&w the standard deviation was set to the mear valu
in the still water experiments which was 0.13kdh be seen that the Gaussian distribution fit$ twel
the experimental results.
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Fig. 10 shows the predicted distribution of therizumtal position of the “Improved block”
compared with the experimental results. The Gaustigtribution with zero mean value and standard
deviation of 0.131 was used in the model. It carsden that the predicted results reproduce how the
distribution spread as the blocks fall deeper. Bing the predicted result at the water depth of252
the range of 99% of non-exceedance probabilityisutated to be -5.1m to +5.1m. Since the accuracy
requested for the placement is a range within 3®madius, it can be concluded that the “Improved

block” can be placed with sufficient accuracy.
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Figure 10. Probabilistic distribution of the horizo ntal position of the “Improved block”.

DEVELOPMENT OF A QUICK ESTIMATION METHOD FOR THE PL ACEMENT POSITION

Basic Concept

In actual construction, it is necessary to forettas placement position in a short time because th
release point would be determined on the floatirsge taking the flow field in the site into accaunt
The computational method which solves the Naviek&taequation mentioned above is not practical
to forecast on site since it takes a long timedmpute. Therefore, a quick estimation method was
developed.

To reduce the computational time, the hydrodynafoice acting on the block was evaluated
using the hydrodynamic force coefficients insteddcamputing the pressure field by solving the
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Navier-Stokes equation. In addition, the rotatiomattion of the block was ignored because the effect
of the rotational motion to the average fallingckravould be small.

Quick Estimation Method

Fig. 11(a) shows the coordinate system for theutafion. Kumagai et al. (2004) proposed a
prediction method for a falling behavior of a bloftk the construction of an artificial mound for
upwelling generation. In their method, the hydraaiyic force acting on the block is evaluated by
using drag coefficient. Then the displacement of ltleck is obtained by solving the equation of
motion. In this study, not only the drag force higo the forces in two other directions orthogdoal
each other are considered by using three hydrodignfance coefficients to enhance the accuracy. The
equation of motion is shown as follows:

(M +,0kaV)%= F+(M-pV)g D

where,M : the mass of the bloclg, : the density of watelk,, : the added mass coefficieM,: the
volume of the blockE : the hydrodynamic forcé is expressed as follows:

1

F==
2

Cop AN [1+-Cop, A [ m+ Cop, A0 @

V.=V, -V, (3)

where,Cp, C., Cs : the hydrodynamic force coefficients, : the flow velocity,v, : the relative flow
velocity viewed from the block (fig. 11(b)}\ : the representative area of the block, which defthed
as the projected area viewed framxis.|, m, n are the unit vectors orthogonal to each otheras
defined as the vector of the same direction toréative flow velocity,m was defined as the vector
perpendicular td andn, n was defined as the vector perpendicular to thativel flow vector and
axis. Thereforel, m, n are expressed as follows:

| :% (4)
m= o )xw ©
\(kxvr)xvr
k xv
= r 6
n ooy, (6)

where,k is the unit vector in the direction of tzeaxis. The hydrodynamic force coefficier@g, C,,
Cs were calculated beforehand by the method which el described in the next section. The
coefficients corresponding to various angles wedeuated in advance because it is considered that
the values of the coefficients depend on the doratf the relative flow velocity. The direction tife
relative flow velocity is expressed by two angi&sand 8;. &, was defined as the angle formed by the
relative flow velocity andz axis, 8, was defined as the one formed kyaxis and the horizontal
component of the relative velocity as shown in HEityc).

The equation of motion (Eqg. 1) is solved by using Mewmarkg method which is one of the
implicit numerical integration methods. When sotyigqg. 1, the values d@p, C., Cs are updated at
every time step depending on the direction of &lative flow velocityv;.
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Figure 11. Definition of the coordinate system, the relative flow velocity, and the direction of the r  elative flow
velocity.

Computation of the Hydrodynamic Force Coefficients

The hydrodynamic force coefficients were obtaingccbmputing the hydrodynamic force acting
on a block fixed in a steady flow. As shown in Fi@, the block was placed at the center of the
computational domain of 0.6m x 0.6m x 0.6m. A umifcflow of 1.0 m/s was given from the lower
boundary of the computational domain. Computatias werformed with varying the angle of the
block. A steady-state incompressible flow solver OpenFOAM was used. Table 2 shows the
conditions of the computation. Fig. 13 shows thmgoted coefficients of the “Improved block”. The
coefficients used in the computation of the fallingck can be obtained by linear interpolationtaf t
values shown in the figure.
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Figure 12. Computational domain for the computation of the hydrodynamic force coefficients.
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Table 2. Conditions of the computation of the hydro dynamic force coefficients.

Discretization method Finite Volume method
Computational grid Unstructured collocated grid
Solution algorithm for N-S equation SIMPLE algorithm

TVD scheme

Discretization scheme for advection term
(second-order accurate)

Turbulence model

. i Mass density of water 1000 [kg/m’]
Physical properties Kinematic viscosity coefficient 10° [m?/s]
Surface of the block No-slip
o Lateral boundary Slip
Boundary conditions Lower boundary Uz : 1.0 [m/s], p : Zero normal gradient
Upper boundary U : Zero normal gradient, p : 0 [N/m?]
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Figure 13. Hydrodynamic force coefficients of the “ Improved block”.

Validation of the Estimation Method

To validate the estimation method, computed falbiegavior in a flow field was compared to the
experimental one. The flow field was set to the saomitions as in the experiments in a flow field.
That is, the flow velocity was set to 5cm/s (0.39m/rototype scale) and vertically uniform. The
computation was conducted with the “Improved blocKhe conditions of the computation are
summarized in Table 3.

Table 3. Conditions of the computation of the estim ation method.
Model scale 1/60

Mass of the block 5.357 x 107 [kg]

Volume of the block 2.329 x 10° [m’]
Representative area of the block 1.619 x 10° [m]

Time integration method Newmark-8 (8= 0.1666)
Time step 0.001 [s]

Mass density of water 1000 [kg/m’]

Mass density of the block 2300 [kg/m’]

Added mass coefficient 1.2
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Fig. 14(a) shows a comparison of the falling teadRecause the rotational motion is ignored in
this method, it did not reproduce the oscillatingh&avior. However, it was found that this method
could sufficiently predict the average falling tkad=ig. 14(b) shows a comparison of the settling
velocity. Although the quick estimation method pogsl slightly increased speed at the beginning of
the fall, the terminal velocity agreed well wittetexperimental and computational results. Furtheemo
the computational time decreased remarkably tova deconds. All things considered, this quick
estimation method can be applied to predict thegpteent position on site.
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Figure 14. Comparison of the falling tracks and the settling velocities of the “Improved block” in a f low field.

CONCLUSIONS AND FUTURE WORK

A new fish reef block utilizing free fall in theedp sea area was developed. The block is based on
a cube-shaped frame structure with an extra shedf added on the upper and lower frames attached to
act as a stabilizer. The falling behavior of thecklon water was investigated by hydraulic model
experiments and 3-D numerical computations. It fsasd that the amplitude of the swing motion and
the rotation angle had been reduced due to tha skelf area. Also, the falling behavior of thedilo
with such a complicated shape was found to be ctadpaccurately by the numerical computation
method shown in this paper. The distribution rao§dehe developed block on the sea bottom was
predicted by stochastic model and it was provdgktsufficiently narrow.

In addition, a quick estimation method for thecgiment position was developed to determine the
release point of the block in actual constructi®y.using hydrodynamic force coefficients to evatuat
the forces acting on the block, the method camasé the falling behavior of the block in a flowelt
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with sufficient accuracy and in a short time. Aault, it has become possible to place fish rémfkds
in deep sea areas economically and accurately.

Considering actual construction, further studypegeded. For example, it is necessary to examine
the falling behavior when the block is released state where the block is tilted, and where tloekbl
is moving at certain speeds. Also, aiming at apapiibn to more general fish reef blocks, the
mechanism of falling behavior in water will be iistigated by numerical analysis.
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