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Seaquakes are caused by propagation of the vibration of the seabed through
seawater. From the viewpoint of structural design, the effects of seaquake must be taken
into account in considerations of the safety of structures in the earthquake zone.

In this paper, hydrodynamic forces caused by a seaquake are analyzed and their
effects on the floating structures are investigated, A numerical method is proposed, and
employed to make clear the effects of seaquakes on floating structures.

Effects of seaquakes depend on the width of the seismic seabed and water depth.

INTRODUCTION

There is not much research on response analysis on floating structures by
earthquakes, but due to waves, This is the reason why it was generally considered that
floating structures do not suffer the effects of an earthquake.

Earthquake waves, however, propagate from seabed through seawater to floating
structures or streaming ships near the field where the vertical components of
earthquake becomes more vibrated. Its waves generate some damage to these structures.
This is called the "seaquake" phenoinena, and its existence is evident fromship damage
reports,

From the above viewpoint, the structure design must be required in the
consideration of seaquakes. The object of this study is to propose a numerical method in
order to make clear the effects of seaquakes on floating structures.

In this paper, the Helmholtz equation is applied so that this mechanism, that is,
the pressure waves due to vertical vibration which are propagated from seabed through
seawater to floating structures, can be grasped. This problem is also formulated using
the Hybrid Boundary Element Method which has some merit in application of a fluid
problem and also in complex-shaped ocean structures. Thus, consideration on the effects
of this propagation by seaquakes is made.

SEAQUAKES AND THEIR STUDIES

The iinpact due to seaquakes have been actually reported by ship crews, who have
described these encountered seaquakes as: "The ship stroke on unknown shoal or rocks,"
"A sunken vessel refloated and collided against our ship," "We saw an underwater
eruption," and so on. Ambraseys �985! also reported a tanker which encountered a
seaquake during a cruise in the Atlantic Ocean and suffered serious damage to its
structures and functions,
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Recent records in Japan are left concerning ships which suffered damages by
seaquakes during the Niigata earthquake of 1964 and the Central Japan Sea earthquake
of 1983, as shown by Miyoshi �983!.

As a study on the effects of seaquakes to marine structures, one has been
performed by Baba �987! and Matsuoka �988! to analyze the behavior of a floating
structure due to a seaquake using the potential theory of incompressible fluid. The study
reports that a floating structure makes exactly the same movements as that of the seabed
when a flat seabed of an open sea area makes vertical movements over a wide range.

As a method of analyzing wave motion by seaquakes, Watanabe �988! proposed a
nonlinear analytical method in one dimension based on his understanding that the
effects of seaquakes are mainly caused by acoustic shock wave pressure, Okamoto and
Kato �989! proposed an analytical method in frequency domain using the I.aplace
equation.

Furthermore, Kiyokawa and Inada �989!, taking seaquakes as a propagation
phenomenon of acoustic waves in compressible fluid, have introduced a two-dimensional
Green function and formulated the velocity potential.

In experimental studies on seaquakes, vertical shaking tests were performed by
Baba �988! and Hagiwara, et al. �987!. According to Baba, the response magnification of
a floating body is nearly unity, irrespective of the distance between the floating body and
the tank floor.

l'ARCERICAL STUDY

In an elastic seabed, a seismic wave propagates with a compressional wave  P
wave! and a shear wave  S wave!. However, shear waves do not exist in sea water and
ground motion propagated with compressional and shear waves of earthquaks up to the
surface of the seabed is introduced into seawater with compressional waves.

Therefore, we have the wave equation with reference to Brebbia and Connor �976!,

84

Bt

where c is underwater acoustic velocity, and e is the velocity potential,

In order to analyze underwater propagation of compressional wave, the Helm-
holtz equation is introduced as a governing equation in the flow field,

Seawater is assumed to be a nonviscous, compressible and irrotational fluid. The
time dependence of the fluid motion to be considered is restricted to harnionic motion.
The coordinate system is shown in Figure 1, where l ii is the boundary at the wetted
floatingbody, IF the boundary at the sea surface, lH is one at the seabed, IE is one of the
wave source, and I sR denotes the virtual boundaries which divide the flow field into near
field inside the boundaries including the floating body and the far field outside the
boundaries.

-236-



Figure 1. Coordinate system and analytical model
B=body width, T=draft of body, h=depth, L= width of seismic seabed,
D=distance to imaginary boundary, P x,y!=observation point,
Q !,rI!=wave source point

�!

where 4 = 0 x,y! and it is assumed that the real part of «p is required. Then

V p+K >=0 in Q �!

where K = «o/c.

Boundary conditions are shown as follow,

�a!on I ii

on I F

on I H

�b!

�c!

�d!on I E

where v is the velocity amplitude of vibration at the sea floor.
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Substituting the velocity potential of Eq. �! into Eq. �!, the governing equation can
be written as



The velocity potential in the near field is 4' and that of the far field is 4. Boundary
condition of the imaginary boundary are expressed by Eqs. �a! and �b!.

on 1 sR

on I sR

�a!

�b!

Formuhdiori of vejocity pciteiiitial

8

A�sink�ye' ""+ A�sink�ye'"""
n=l n=s+1 �!

where k� n=l,2,, .!, il� n=l,2,...!, il� n=s+I,s+2,,!; constants defined by Eqs. �a!, �b!
and �c!, respectively. Incidentally, s is the maximum integer which makes the right
side of the equation �b! positive.

kn =�n 1
2h

2
 �n,! ~ !z

cz 2h
2

 �n 1! + !z
2h cz

 Va!

�b!

�c!

The velocity potential P of the near field is analyzed using the Green's theorem.
Here, the fundamental solution 4 is defined in terms of the zeroth-order Hankel
function of the second kind.

Direct wave to floating body and reflected wave froin the sea surface are
considered, Namely,

 Ho  KR! H >  KR' !!
4'  8!

The first term of the right side of the equation represents directly reaching wave
and the second term, reflected wave from the sea surface. Here, R and R' are as follows,

 9a!

 9b!

where x,y are the coordinates of the observation point P and  ,il are the coordinates of
wave source point Q, respectively. R and R' refer to the distance from the observation
point to the source point and the iinage point, respectively.
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The velocity potential 0 of the far field is expressed by Eq. �! using
Eigenfunctions, referred by Morse and Feshbach �953!,



The boundary integral equation for velocity potential 0 is expressed as follows, in
the usual Boundary Element technique referred by Brebbia and Walker �980!,

gP! =- y dr- y dr

� ~* df
�0!

� � y* dr

Substituting the fundamental solution 0 by Eq.  9! into Eq. �0!, the boundary integral
equation is expressed as follows,

H !  KR! � H ! ' KR'!�
rsvp

4K Hy  KR!, Hy  KR'!  z � g! dl
R R'

l "HI " ZR! '" H'," KR'! dr
R R

f   H ' KR! � H  KR'!jv
IE

 lR R

l ~ H  KR! ~ H ' KR'! di
R

2ig =

akb
p = � p � = � 1PQ/D

dt �2!

F = -iprs 4 � dl
�n �3!

where P is the fluid density and 8yl+ denotes the normal dervative of y component,
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Determining the velocity potential 4 from Eq. �1! and the hydrodynamic pressure
from Eq, �2!, the total seaquake force acting on the entire floating body is given by
Eq. �3!,



Calculation is carried out for a barge-type fioating body. The seaquake forces are
computed for harmonic inputs of varying frequency between Kr = 0.01 to 0.60, where r is
the half width of the body.

The results of the seaquake forces are represented by the nondiinensional values
as a function of the nondimensional frequency. Here, B is the width of the barge, T is the
draft, h is the water depth, L is the width of the seismic seabed and D is the distance from
the origin to the imaginary boundary. The vertical displacement amplitude at the
seismic seabed denotes a, since v = i~4'/~ in Eq. �d!.

Motion af imaghiary bavn~

Therefore, the distance to be used in our calculation is the seven times value.
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Figure 2. Seaquake forces varying locations of the imaginary boundary
B=body width, T=draft of body, h=depth, L=width of seismic seabed,
D=distance to imaginary boundary, a=vertical displacement amplitude
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First, it is necessary to find out the reasonable location of the imaginary boundary.
Figure 2 shows the nondimensional distance D/r. From this figure, the stability of the
solution on seaquake forces can be determined when its distance becomes more than
seven times of the half width of a body.



ESects of width of seismic swabbed

Figure 3 shows the nondimensional seaquake forces with respect to the varying
the width of the seismic seabed. From these figures, the frequency at resonance does not
change, even if its width is shortened,

The magnitude of the seaquake force is also dependent on the width of the seismic
seabed. However, these theoretical calculations require further research, including
damping and diffusion in its propagation.

Hence, the width of the seismic seabed to be used in our calculations is using the
value L/r = 28.

Figure 4 shows the seaquake force compared with water depth. From this figure,
the magnitude of seaquake force is also dependent on frequency, and it increases
substantially at resonance, because of water compression, The number of resonant
frequencies for seaquake force increase according to the increase in water depth.

Calculabon example of protc4ype

A calculation example for the prototype is preformed. The conditions of cal-
culation are indicated: length = 28.7 m, width = 72.0 m, draft = 30,0 m, and water depth =
500,0 m.

The frequency to be use is the predominant one from the Kanai-Tajimi power
spectrum as the acceleration sepectrum for the vertical vibration at seabed, as referred to
by Tanjimi �960!, so that the frequency is 2,5 Hz which is equivalent to Kr = 0.38 and also
indicates the acceleration of the seabed is 100 cm/sec~,

The computed seaquake force indicates 35 MN, that is, the seaquake force becomes
30%, comparing the initial tension of the tendon if it is assumed to be the tension leg
platform.

CONCLUSIONS

In order to grasp the effects of floating structures due to seaquakes, the
formulation was performed by the Hybrid Boundary Element Method, and also a
computation calculation was carried out,

Seaquake force is dependent on frequency, and it increases substantially at
resonance because of water compression, The number of resonant frequencies for
seaquake force increases according to the increase in water depth.

From the calculation example for the prototype, the seaquake force becomes 30%,
compared with the initial tension of tendon on the tension leg platform.
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Figure 3. Seaquake forces varying width of vibration seabed
B=body width, T=draft of body, h=depth, L=width of seismic seabed,
D=distance to imaginary boundary, a=vertical displacement amplitude
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Figure 4. Seaquake forces varying water depth
8=body width, T=draft ofbody, h=depth, L=width of seismic seabed,
D=distance to imaginary boundary, a=vertical displacement amplitude
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A NUh'IERICAL ALGORlTEVH FOR THE FREE Eh~OR OSCILLATION
ANALYSIS WITH FINITE ELHIIENTS

Yeon-Sun Ryu, Byung-Gul he, and Kyu-Dae Cho
National Fisheries University of Pusan

Pusan, Korea

A general-purpose computer program is developed based on the algorithm and
typical problems are solved. From the study, finite element method is found to be efficient
and practically useful for the analysis of free harbor oscillation.

INTRODUCTION

The understanding and evaluation of long waves is of great importance to the
engineers in the design and operation of harbors and in the development and mainte-
nance of estuaries and bays. This is mainly because the long wave of the proper period
can cause the resonance in a harbor or estuaries  Dean and Dalrymple, 1984; Horikawa,
1978!.

For the study of long waves in two-dimensional domain, linearized continuity
equation and linearized frictionless long wave equations of motion are usually consid-
ered. They can be combined and expressed as;

».« = gl hn�!., + h»�

where rj=g x,y,t! is the surface elevation, g is gravitational acceleration, h=h x,y! is
water depth, and the subscript following a comma denotes the partial derivative. Under
the assuinption of constant water depth over the domain, Eq. �! is written as the so-
called wave equation;

2
t l>xx 9>yy ! l>tt

where c= ~gh is the phase velocity,
�!

A solution of Eq. �! or Eq. �! with proper initial and boundary conditions consists
of space-dependent functions f x,y! and time-dependent functions. The evaluation of
ftx,y!, which is variously called as free oscillation mode, characteristic mode, or
eigenfunction, is the major concern of this study, The results of the study can be also
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This paper presents a robust numerical algorithm for the free harbor oscillation.
Mathematical difficulties in the solution of governing Helmholtz equation are numeri-
cally overcome through the application of finite element technique. Eigenvalue shifting
and coefficient scaling are incorporated in the subspace iteration method of
eigenanalysis to treat inherent numerical singularity and ill-conditioning.



used in the solution procedure of forced oscillation problems since they may be represent-
ed as a linear combination of free oscillation modes  Courant and Hilbert, 1962!.

Derivation and property of governing equation, solution me thods and numerical
techniques with the emphasis on the finite element method, and associated numeri-
cal algorithm for the development of computer code are addressed in order, Finally, a
few numerical examples are presented and the results are discussed before the
general applicability of finite element technique is assured.

CONSIDERATIONS ON GOVERNING EQUATION

Since Eq. �! is linear, the solution can be expressed as a sum of monochromatic
wave functions

i! x,y,t! = af x,y!e'"'

Hence the governing equation for the free harbor oscillation can be expressed as
the Helmholtz equation in a harbor domain D

c  f, +f,~!+I f =0 �!

with the boundary condition on all boundary

f,� = 0

where n is unit outward normal vector at boundaries. Eigenvalues co2 and
eigenfunctions l x,y! have the physical meaning of natural frequencies squared, and the
corresponding inodes respectively. Natural period of each mode is recovered as T=24e,

AVAH~LE METHODS OF ANALYSIS

For the analysis of free harbor oscillation, field observations and hydraulic model
experiments have been used  Ippen, 1966!. But they cannot be pursued or are very
expensive in case of newly-designed harbors. Therefore, analytical or nuinerical
methods must be developed and some of them are shown to be applicable  Wilson, 1966;
Ryu and Lee, 1985!.

The governing Helmholtz equation, Eq. �!, is a homogeneous linear partial
differential equation of eigenproblem. The boundary condition of Eq. �! is of
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Although the governing Helmholtz equation has been derived under the assump-
tion of constant water depth, it is no more constant in real harbors. Thus Eq. �! cannot be
directly solved for the free oscillation analysis in a harbor with complex bottom topogra-
phy, Furthermore, it is not easy at all to analytically impose the boundary conditions of
Eq. �! when the general geometric boundary is involved. In this regard, an efficient and
practically applicable scheme to evaluate free oscillation periods and modes in a real
harbor should be provided.



Among the various numerical methods, finite difference method  FDM! and finite
element method  FEM! have been widely used for such a class of problems. But the FDM,
due to an over siinplification or approximation of governing equation, inay yield poor
solutions when highly complex boundary or bottom topography is involved  Tacker, 1977!.
A pilot application of FEM for the free oscillation analysis of geometrically simple harbor
can be found  Ralston and Wilf, 1967!. However, successful application of FEM in other
fields related to the characteristic analysis may be found  Zienkiewicz, 1971!, where the
FEM is shown to be robust, Therefore the application of FEM on the free oscillation
analysis in a real harbor should be taken into consideration and a numerical algorithm
as well as a general-purpose computer program for the practical use should be
developed.

FINITE ELEMENT EQUATION

For the numerical solution of Eqs. �! and �! with FEM, the domain is idealized
using proper number and size of finite elements. Then, the water depth in a subdomain
or a finite element is kept constant so that Eq. �! will be valid. Although this is an only
approximation in FEM, bottoni topography in situ can be realized through the proper
mesh refinement.

To derive a finite element equation, the eigenfunction in an element
interpolated with element nodal values f «> as

is

f x,y! = N; x, y!f, ' �!

where N; is properly chosen interpolation polynomial, and the summation convention is
used for the repeated subscripts herein. Then, the Galerkin's procedure may be used to
get an element equation, where the interpolation functions N, are used as weighting
functions of the residual integral over the element domain D«1.

Superposition of element equations or element matrices K«! and M«i with
boundary condition, Eq. �!, leads to the system finite element equation to be solved. It is
a generalized algebraic eigenvalue equations for the whole domain and boundary

KR � oi MR=0 �!

«! 1e!
where K = gK and M = QM
The eigenvalue e> represents the numerical solution of natural frequency squared and
the corresponding eigenvector R contains nodal values of engenfunction F,«i. Element
matrices are expressed as

-247-

homogeneous Neumann type. Thus, the first solution of rigid body mode is always
expected, which is trivial, Like other kind of differential equations, it can be analytically
solved only when the doniain and the boundary are geometrically simple and
mathematically tractable. Some of them are available and summarized by Wilson �966!,
If any geometric complexity in the domain and the boundary is involved, analytical
methods may not be applied or fail to get the solution, In such a case, which is very
common in real-world problems, numerical methods have to be devised and applied.



i! «!

n

where c" = Jgh~"', and h'" is constant water depth in each element,

 8!

Here, several notes are addressed on the finite element equation in relation to
numerical computations. Theoretically, matrix eigenproblem of Eq, �! is solvable as
inatrices K and M must be positive definite or semi-definite. However, in most numerical
methods, positive definiteness of K and positive semi-definiteness of M are required, The
inatrix K does not satisfy the positive-definite condition since it contains the rigid body
mode due to the Neumann type boundary conditions of Eq. �!, Thus it is singular in
nature. The singularity of matrix K usually causes the numerical difficulties in the
numerical eigensolution procedure.

Another computational difficulty of numerical ill-conditioning can arise when
the magnitudes of eleinents in K and M are of signifiicant difference. The orders of
element magnitude in K and M are of O h«~/D«~! and O D«>! as can be respectively seen
in Eqs.  8! and  9!. Thus, such a undesirable situation will happen in case the area D~~~ of
the finite element would become considerably larger than the water depth h«!, which is
the common case in reality with very large domain in relatively shallow water, In order
to overcome above-mentioned difficulties during the numerical computation, effective
techniques should be devised in the computational algorithm,

SOLUTION ALGORITHlVI

Since the matrices in the generalized algebraic eigenvalue problem of Eq. �! are
real and symmetric, all the eigenvalues are real. The number of linearly independent
eigenvectors that can be constructed is the same as the size of matrices, even if there
exist inultiple eigenvalues. In practice, however, the lowest few eigensolutions are of
engineers' concern. Among a variety of available numerical methods for the solution of
generalized algebraic eigenvalue problems the subspace iteration method is suitable for
the partial eigensolution of large scale problems  Bathe, 1982; Ryu, 1984!.

Prior to the application of any numerical eigensolution method, proper
modifications on Eq. �! need be made to treat the problems of numerical ill-conditioning
and singularity. To alleviate numerical ill-conditioning, scaling of M is introduced in Eq.
�! as

M» = 10'M �0!
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Depending on the problems at hand a scaling factor s is so chosen that the orders of
magnitude in the elements of matrices K and M» are made approximately the same.
Hence the numerical ill-conditioning can be avoided. For the treatment of singularity,
shifting strategy is effectively applied in the computational procedure



where is a shifting parameter, which must be so chosen that K~ is no longer singular
matrix. Thus, a modified equation to be numerically solved and recovery procedure of
original eigenvalues are respectively expressed as

K'= K+oM+

K~R = ZN*R
�2!

The solution procedure described above is transcribed in the following step
algorithm, which is ready to be coded,

STEP I. Input data, which includes the information of finite elements and nodal
points.

STEP 2, Construct element matrices and assemble them to form system matrices
K and M,

STEP 3. Choose or calculate a and s, and modify the matrices to get K* and M~.

STEP 4. Call the subroutine SUBSPACE to solve Eq. �2!,

STEP 5. Recover the eigenvalues using Eq. �3! and calculate natural periods.

STEP 6. Normalize the eigenvectors as R; ~R;/max R; ~.

STEP 7. Output the results.

NUINERICAL %3~PLKS

Based on the step algorithm in the previous section, a computer program FEHOA
 Finite Element Harbor Oscillation Analysis! is developed using the linear triangular
elements, Automatic mesh generation routine is incorporated in the program, The
program has been tested for several exainple problems and a real harbor, Only a few
typical examples are presented herein. Domain, boundary, and bottom topography of
these are described in Table 1.

For the cases SC and CC, analytical solutions are available  Proudman,1953;
Defant, 1960; Horikawa, 1978!;

k,m =0,1,2...

where a and b are two sides of rectangular domain in x and y direction, J o and Ji are the
zeroth and first order Bessel functions, r, 0 are polar coordinates, and p the radius of
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where the foregoing modifications do not affect eigenvectors,

SC - ai =c~ir  k /a +m /b'!
f x,y! = cos knx/a!cos kxy/b!

CC: J> rip/c! = 0

f r, !! = Jo av /c!

�4a!

�4&!

�5a!

�5b!



circular domain, respectively. Analytical eigenvalues for a few lowest modes are listed in
Table 2 and they are to be used for the quantitative comparison with numerical results,

For the cases SV and CV, trends of the results can be investigated, For this
purpose, Hidaka's result will be referred, which states that the wave amplitudes in
shallower region are consistently larger than those in deeper region  Hidaka, 1932!,

Table 1. Description of example problems

Table 2. Lowest eigenvalues and natural periods for example cases

CV

Nuaer i ca 1
CC

Analyt lc Numerical
SV

Numeri ca 1
SC

Ana ly t i c Numer i ca 1

18740. 0 18383. 3

18740. 0 18383. 3

10236, 1 10982. 3

10236, 1 10982. 3

7058. 3 8294. 0

22857. 1 22485. 5

22857. 1 22485. 5

16162. 4 15705. 5

11428. 6 11035. 9

11428. 6 11033, 9

T

 sec !
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.755E-07

.755E-07

,151E-06

. 302E-06

. 302E-06

. 781 E-07

. 781E-07

.160E-06

. 324E-06

.324E-06

, 246E-07
. 290E-07

. 561E-07

. 664E-07

. 963E-07

40039. 8

36924.3

26534. 9

24374.6

20249,2

. 112E-06

.112E-06

.377E-06

.377E-06

.792E-06

, 117E-06

, 117E-06

. 327E-06

, 327E-06

,574E-06

.447E-07
, 447E-07

. 989E-07

.989E-07

,184E-06

29724.2

29724.2

19977, 5

19977. 5

14665. 2



RESUL'ls AND DISCUSSIONS

Finite Element Meshes

For both cases SC and SV, 81 nodal points are equally spaced in the square domain
and boundary. Center node  node number 41! is taken as origin of rectangular coordinate
axes. Table 3 contains nodal coordinates for a half domain and the rest are
symmetrically located. Bottom topography data are not listed since they can be easily
evaluated from the topography functions given in Table 1. The idealized square domain
consists of 128 right triangular finite elements,

Table 4 contains the same kind of information for the cases CC and CV. Nodal
points are located on 6 concentric circles whose radii are 2, 3, 5, 10, 20 and 40 k,
respectively. On each circle, nodes are generated with equal circumferential angle space
of 30'. Locations of nodes are so selected as to minimize the aspect ratio of a finite
element. Hence there are 73 nodes including center of domain andboundary. Polar
coordinates of these are listed in the table for a half domain, There are 132 triangular
elements in the finite element model for both CC and CV.

In the numerical computation, 0=0.1 and s=6 are used for all the cases, Number
of modes to be required in the subspace iteration method is 10.

Numerical Results and Discussions

Numerical results for the lowest few modes are also presented in Tables 2
through 4.

As expected from the anlaytical solutions for SC and CC, planar and polar
symmetry and skew-symmetry are represented in the numerical solution of each
eigenmode including typical rigid body modes. For the cases SV and CV, larger
amplitudes of the lowest eigenmodes consistently appear in the shallow region. They are
excellent representation of Hidaka's result. Hence the algorithm and developed
program are thought to have reasonable qualitative performance.

Numerical eigenvalues oP in Table 2 show a good agreement with analytical ones
for the cases SC and CC, Eigenvalues for the cases SV and CV are also reasonable since
the natural periods T are consistently larger than those for SC and CC, respectively.
Such a trend well represents the physical phenomena of free oscillation, which can be
also drawn froin the cross comparison of the results of all cases. Therefore the
robustness of the finite element numerical algorithm has been proven, which is based on
the qualitative trends and quantitative accuracy of finite element solutions,

CONCLUSION

A finite element program for the analysis of free oscillation in a hai'bor domain
with general bottom topography and geometrically complex boundary is developed and
successfully tested. Since the governing Helmholtz equation is valid only when the water
depth in a domain is constant, it is transformed into a generalized algebraic eigenvalue
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Nodes and eigenvectors in a half domain  square cases SC and SV!Table 3,

Xonoal ized Eigenvectors
hbde I ~bde 2 lbde 3 ibde 4

SC SV SC SV SC SV SC SV

Vode
'V'o,

Coord,

X  km! Mode 5
SC SV

0. 821 I-0. 439 -I, 000
0. 762I-0. 526 -0. 553
0,664I-0.711 0,431
0.493I-0.904 0.770
0.2IPI-0.997 0.063

t-p. 518I -80
2 -80 I-0. 540

I -0. 591
I -0. 665

3 -80
4 -80

I -0. 7525 -&0

0. 189 I-0.262 -0. 334
0.174I-0.328 -0.117
P. 164 I -0. 50S 0. 251
0.137I-0.696 0,316
0.06&I-0.783 -0.003

o-0,46$10 -60
I-0,486
I -0. 535
I -0, 609

11 -60
12 -60
13 -60

I -0. 696

I -0,310 0.246I 0.705 0.224I 0,672 -0. 186I 0.234 -0.067
0.245m 0. 647 0.154' 0.473 -0.171I 0,177 0.00$
0.249I 0.493 -O.OIPI-0.003 -0.119I 0.001 0,133
0,256m 0.266 -0.171'-0.481 -0.047I-0.1$3 O.I43
0, 265', 0. 000 -0, 233'-0. 682 0. 021I-0. 263 0. 020

19 -40
I -O. 325
I -O. 373

20 -40
21 -40

60
40

'-0,446
m-0. 533

22 -40
23 -40

20
0

I-0, 06S
I-O, 0$3
2 -0. 130

0. 0122 O. 393 0, 093I 0, 507 -0. 378m
O. 012m 0, 356 0. 060' 0. 305 -0. 348I
0, 015' 0, 266 -0, 0152-0. 174 -0, 261 I
0. 021 ' 0. 138 -0. 088 I-0. 654 -O. 135I
0, 027 I-O. 007 -O. 112 I-O. 854 O. 006I

28 -20
29 -20
30 -20

m-o, 202
'-0, 2&S

31 -20
32 -20

20
0

-0.2442-0.786 -0.1592 0.021
-0, 225I-0. 725 -0. 15&I 0. OIO

0.032' 0.436 -0.460I
0.017I 0.237 -0.424I

I. 000 0. 010
0. 923 0. 018

-O. 171 I-0. 555 -O. 156I 0. DOO -0. 016I-0. 244 -O. 322 I
-0, 091 I-O, 300 -O. 152I-O, D07 -0.047I-O. 725 -0. 170I

0, 737 0,030
0. 550 O. 028

O. D03 I 0. 000 -0, 146 I -0. 010 -0. 053 I -0. 925 0.004I 0.47Z 0.011

-0.179I-0.696 -0.279I-0.355 0. 004 I 0. 508 -0. 485 I 0. 8II -0.004
-O. 165I-O. 635 -0, 278t-p, 335 -0. POII 0, 312 -0. 447I 0. 719 -0.002
-0.125I-O. 464 -0. 276I -0. 263 -0. 015 I-0. 171 -0. 339I
-0, D65I-O, 209 -O. 272I-0. 148 -0. 027I-0. 654 -0. 179t
0, 0052 0, 091 -O. 26&I-0. 007 -0. 026I-0. 854 0. 006I

80 I

40 I
20 I
0

0. 140 > 0. 620 0. 356 > O. 677 0. 007' 0. 689 -0. 483> 0.294 -0.021
-0, 129 I-0. 559 -0. 355 I-O. 630 -0. 009I O. 490 -0, 445I 0. 197 -0, 020
-O. 097 '-0. 387 -0. 353I-O. 4$4 -0. 014 I 0. P02 -0, 337I-0. Ppl -0. OI9
-0. 049'-O. 13I -O. 349I-0. 263 -0. 017I-0. 483 -0, 177I-0. 190 -0. OI9
0. 0072 O. 169 -P. 346I O. 000 -O. 012'.-O. 682 O. 009 I-O, 264 -0. 021

-0. 119I-0. 571 -O. 39&I-O, 900 -O. 012'
-0. 109t-0. 50$ -O. 396t-p, $28 -O. 012I

0, 8&3 -0, 476I-O. 251 -0. 032
0, 670 -0. 437 I -0. 341 -0. 031

-0, 0&I I-0.335 -O. 394t-0.630 -0.013I 0.171 -0,330I-0.533 -0.031
-0.040I-O.D78 -0.391'-0.336 -0.012I-0.316 -0.172m-0,717 -0,030
O. 007 I 0, 222 -O. 3&7 e 0. 010 -0. 007 I -0. 510 0. 011 I -0. 784 -O. 030

-0, 113'.-0, 559 -0, 412' ,-0, 999 0. 999 -0. 475I-O. 509 -0. 036-0. 013 I
-0.103I-0.490 -0.409,'-0, 900 -0, 013m 0, 741 -0.433I-0.575 -0, 035
0, 077i O. 315 O. 406' 0. 677 0. 013 I 0. 227 O. 326' 0. 761 0. 034

-0.037'-0.058 -0,403'-0,355 -O.OIII-0.257 -0.169I-0.939 -0.034
0. DP8' 0. 243 -0. 399' 0, 020 -0, 005,'-0, 439 O. 013 I -0. 999 -0. 033
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37
3&
39
40
41

46
47
48
49
50

55
56
57
58
59

64
65
66
67
68

73
74
75
76
77

20
20
20
20
20

40
40
40
40
40

80
SO
80
80
&0

$0
60
40

20 0

60
40
20

80
60
40

80
60
40

20 0
80

40

20 0

80
60
40

20 0
SD
60
40

20 0

0, 219
0, 205
0, 158
0, 086
0. 000

0. 510
0. 495
0. 447
0. 374
0, 2$8

0. 75$
0, 742
0, 693
0, 619
0, 533

0. 929
O. 910
0, &58
0. 783
0. 696

1, 000
0. 971
O. 916
0. $40
O. 752

-1. 000 , '-O. 999
-O. 936m-p.954
-0. 733 I -O. 79 I
-O. 422 I -O. 541
-0.049I-0.243

-0, 704I-0,994
-0, 652',-0.93$
-O. 504I-0.772
-O. 2SI I-O. 520
-O. PISI-0. ZZZ

-0.489I-0,94$
-D. 452' ,-0. &89
-D. 34$ I -0. 721
-0, 191'-0,468
-0.0072-0.169

-0,342I-O, &74
-0. 316 '-0. 814
-0. 242',-0. 645
-0. 131 I-0. 391
-0, 000 I-0. 091

0. 930 ' 0, 955 l. 000' O. $56
0. 923 < O. 906 O. 769 < O. 7I I
0. 927 ' O. 705 O. 116 ' 0, 258
0. 941 ' 0. 393 -O. 586 ' -O. 221
0. 959 , 'O. 020 -0. 935 I -O. 439

0, 551 > 0. 906 0, 497 I O. 826
0.548' ,0,840 0,354, '0,640
0,552t 0,647 0,0127 0.173
0, 562 I O. 355 -0, 331 I -0, 305
0,575I 0.010 -0.478I-O. 510

0. 758 0. 006
0. 696 0. 031
O. 518 0. 071
0. 334 0. 069
0. 257 0. 024

0. 524 0. 000
0. 334 -0. 000
O. 256 -0. 006



Nodes and eigenvectors in a half domain  circular cases CC and CV!Table 4.

Yode Coord. sormal ized Eigenvectors
No. r 8 hhde I Mode 2 Mode 3 Mode 4 Mode 5

 ca!  '! CC CV CC CV CC CV CC CV CC CV

O. 000 f 0. 000 O. 000 f 0. 000 0. 000 f 0. 000 0.000' I. 000Of 0.000

-0. 001 f -0. 002
O. 000 f -0. 002
O. 001 f -0. 001
0.001 f 0.002
0.000f 0.002

-0, 001 f O. 001
-0. 001 f -0. 002

-0. 007 f -0, 008
-0. 003 f -O. 013
O. 004 f -0. 005
0,007f 0,008
O. 003' 0.013

-0.004f 0.005
-0. 007 f -0. 008

-0. 025'-0.030
-0. 010f-0.047
0. 016f-0.017
0.025f 0.030
0. 010 f 0. 047

-0. 016 f 0. 017
-0. 025 f -0, 030

-O. 094 f
-0. 036 f
0. 058 f
0,094f
0. 036 f

-0. 058 f
-0. 094 f

-0, 353 f -0, 351
-0. 127 f -0. 506
0. 226f-0. 155
0. 353f 0, 351
0,127f 0,506

-0, 226f 0. 155
-0. 353f-0. 351

-0, 317 f -0. 471 -0. 844
-0, 683 f -0, 470 -0, 843
-l. 000 f -0. 472 -0. 843
0. 317f-0. 469 -0. S43
I. 000f-0. 471 -0. 844
0. 683 f-0. 472 -0. 843

-0. 317 f -0. 470 -0. 843
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14
15
16
17
18
19
20

26
27
28
29
30
31
32

38
39
40
41
42
43
44

5I
52
53
54
55
56

62
63
64
65
66
67
68

10
10
10
10
10
10
10

20
20
20
20
20
20
20

40
40
40
40
40
40
40

80
80
80
80
80
80
80

-90,f -0. 023
-60f -0,004
-30f 0.016

Of 0.032
30f 0.039
SOf 0.036
90f 0.023

-90' -0. 057
-60f-0. 010
-30.' 0. 040

Of 0.079
30f '0.097
60f 0.089
90f 0,057

-90'-0. 113
-60f-0. 019
-30f 0.080

Of 0.158
30' 0,193
60f 0.177
90f 0, 113

-90f-0. 22I
-60f-0. 037
-30,' 0,158

Of 0,310
30f 0.379
60f 0.346
90f 0.221

-90f -0, 403
-60:-0. 061
-30f 0.296

Of 0.575
30f 0.699
60f 0,636
90f 0,403

-90f-0, 548
-30f 0.452
-60'-0, 056

0' 0.838
30f 1.000
60f 0.894
90f 0.548

-0. 003 f -0. 032
0, 009 f -0, 039
O. 018 f-O. 036
O. 022 f-0. 023
0.020f-0.004
0.013f 0.016
0. 003 f O. 032

-0. 007 f -0. 079
0. 022 f -0, 097
0. 045f-0. 089
0, 056f-0. 057
O. 052 f-o, OIO
0.034f 0.040
0.007f 0,079

-0,014f-0.158
0.045f-0.193
O. 092 '-0. 177
0.114f-0.113
0, 106f-0. 019
0. 069 f 0, 080
0. 014 f 0. 158

-0. 029 ' -0. 310
0. 095 f -0. 379
0.193 f -0. 346
0, 239 f -0. 22I
0. 221 f -0. 037
0.144f 0,158
O. 029f 0. 310

-0,058f-0.575
0. 206 f -O. 699
0. 416 f -0, 636
0. 513 f -0, 403
O. 474 f -0. 061
0. 307 f 0. 296
0.058f 0.575

-0. 067 f -0. 838
0. 833 f -0. 894
0,442f-l.000
I, 000'-0, 548
0.899',-0. 056
0.558f 0.452
0.067f 0.838

-0, 022 f -0, 002
-0,020f 0.000
-0. 013 f 0. 002
-0.003f 0. 002
0.009f 0.000
0. 018f-0. 002
0. 022 f -0. 002

-0,056f-0.010
-0.052f 0.002
-0.034f 0.012
-0. 007 f 0. 010
0. 022f-0. 002
0. 045 f -0. 012
0, 056 f -0. 010

-0, 114 f-0. 035
-0,106f 0.008
-0,069f 0.043
-0.014f 0.035
0,045'-0.007
0,092f-0,043
0. 114 f -0. 035

-0,239f-0,12I
-0,22lf 0.028
-0. 144 f 0. 149
-0.029f 0,12I
0. 095 f -0. 028
0. 193 f-0. 148
0, 239 f-0, 120

-0, 513 f -0. 364
-0,474f 0.107
-0. 307 f 0. 471
-0,058f 0.364
0,206f-0 107
O. 416 f -0. 470
0. 513 f -0. 363

-l. 000'-0. 649
-0,558f 1.000
-0. 899 f 0. 351
-0.067f 0. 649
0. 442 f -0. 350
O. 833 f -0, 999
I, 000 f -0, 648

-I. 000f.
0, 782f

-0. 218 f
I. 000 f
0. 218 f

-0. 782 f
-l. 000 f

-0, 107
-0. 163
-0. 056
0. 107
0. 163
0. 056

-0. 107

-0. 820
-0, 180
-I. 000
0. 820
1. 000
0, 180

-O. 820

0,000, '0,996
-0,001f 0,996
-0.001' 0. 996
0.000f 0.996
0.001 f 0.996
0.001 f 0.996
0.000f 0.996

-0.001f 0.982
-0,006f 0,982
-0. 005' ,0. 982
0.001f 0.982
0.006f 0,982
0.005' 0.982

-0, 001 f 0. 982

-0.003f 0.931
-0,023f 0.931
-0,020f 0.931
0.003f 0,931
0.023f 0.931
0.020f 0.931

-0,003f 0,931

-0, 01 3 f O. 743
-0. 086f 0.743
-0. 073f 0.744
0. 013 f 0. 744
0. 086 f 0. 743
0.073f 0. 743

-0.013f 0. 744

-0.056f 0.181
-0.325 f 0.182
-0.269f 0.184
0. 056 f 0. 184
O. 325 f O. 182
0.269f 0.183

-0.056f 0.184

0. 999
0. 999
O. 999
0. 999
0. 999
0, 999
0. 999

0. 994
0. 994
0, 994
0. 994
O. 994
O. 994
0. 994

0. 975
0. 975
0. 975
0. 975
0. 975
0. 975
0. 975

0. 891
0. 891
O. 891
O. 891
0. 891
0. 891
0. 891

0. 498
0. 498
0. 499
0. 499
0. 498
0. 498
0, 499



problem using standard finite elements with approximated uniform water depth in an
element. Due to the Neumann type of boundary condition, mathematically, system
matrices become singular in nature. Depending on the domain scale of problems at
hand, significant difference in the order of magnitude between two system matrices may
appear, which would cause numerical ill-conditioning, Thus the shifting of eigenvalues
and scaling of matrix elements are incorporated in the solution algorithm to overcome
inherent numerical difficulties.

Typical problems are analyzed and the results are found to be quantitatively
accurate and qualitatively reasonable.

From the investigation of numerical results, it is concluded that the developed
numerical algorithm and finite element program are very robust and practically useful,
Hence it can be effectively used for the analysis of free oscillation characteristics in real-
world harbors.
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MANAGING NhMINE RESOURCES FOR RESEARCH AND EDUCATION

Craig D. MacDonald
Department of Business, Economic Develolpment k. Tourism

Honolulu, Hawaii U.S.A.

ABSTRACT

The management of marine resources is gz'owing ever more complex as the
intensities and kinds of ocean use increase and diversify. In Hawaii, ocean research and
education activities have multiplied to the level that they are becoming involved in user
conflicts, for example. These activities also are associated with a number of other issues
that have prompted the formulation of State ocean policies to address thezn. This paper is
a concise representation of the predominant issues and policies that bear on managing
marine resources for research and education in Hawaii. As such, this paper is intended
to serve as a useful context for other coastal regions with related activities and
manageinent interests.

INTRODUCTION

In most locales, management of marine resources  and activities! for research
and education rarely occurs at this time. The need is emerging, but is overshadowed in
most cases by conflicts involving more traditional uses of the ocean  e.g., fishing and
recreation!. Increasing population and related trends  economic developinent, waste
disposal, etc.! all point to heightened use of coastal and ocean resources in the future.
Increased use for other purposes ultimately will impact how ocean research and
education can be conducted. Hawaii recently gained significant experience in this policy
area.

Among Hawaii's econoznic activities, ocean research is growing rapidly in
importance  MacDonald and LaBarge, 1990!, Annual revenues foz' ocean research grew
from $20 million in 1980 to $62 million in 1989  ibid! and potentially could increase to a
projected $151 million in 1996  MacDonald, et al,, 1991!. Hawaii's ocean also offers
extensive opportunities for marine education. For example, the University of Hawaii at
Manoa offers a total of 205 marine-related courses  University of Hawaii, 1989!; the State
of Hawaii Departznent of Education involves public school students  K-12! with the ocean
through formal class work and field trips; and, numerous diverse organizations  e.g.,
Federal, State and County government agencies, nonprofit organizations and businesses!
provide a broad spectrum of informational sezninars and classes on ocean-related topics.

Management issues associated with ocean research and education activities were
identified in the process of developing the Hawaii Ocean Resources Management Plan
 Hawaii Ocean and Marine Resources Council, 1991!. The issues and policies presented
derive largely from participation of a twenty-member focus group  led by the author!
composed of knowledgeable representatives from a cross section of Hawaii's key research
and education organizations, The issues were affirmed and the ensuing policy
recommendations adopted by the Hawaii Ocean and Marine Resources Council after
extensive State agency and statewide public review. The Council was mandated by the
1988 Hawaii State Legislature  Chapter 228, Hawaii Revised Statutes! and appointed by
the Governor to define the context in which Hawaii's ocean resources should be managed
and developed.
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A full account of the resource base, infrastructure support, regulatory framework
and recommended implementing actions associated with these issues and policies is
provided in MacDonald �991!. Hawaii's circumstances are not unique; related issues in
varying degree probably occur throughout the developed coastal nations of the world. For
example, management measures to address inarine research and education activities
have been instituted in Australia  Great Barrier Reef Marine Park Authority, 1992!, and
the Florida Keys National Marine Sanctuary is considering strategies to address related
matters in Florida  National Ocean Service, 1992!.

MANAGEMEN'I' ISSUES

User Conflicts

There is a growing incidence of user conflicts involving ocean recreation and
fishing activities and research and education activities in the nearshore environments of
the populated main islands. Ocean research and education need to be recognized as
legitimate ocean uses on par with and deserving the same considerations afforded any
other ocean use activity in Hawaii.

Research. related

The problem is particularly acute where disturbance of carefully controlled
experiments and interruption of long-term studies diminishes or jeopardizes the
integrity and completeness of research results. That possibility is especially likely in the
case of artificial reef-related work and where extensive floating or submerged
instrumentation and sainpling arrays are involved. The result could be an undetected
bias leading to faulty conclusions or premature terniination of the project if interference
were overt. A related but diff'erent kind of threat derives from the potential impacts of
coastal development on critical or unique research areas that may inadvertently be
degraded or destroyed.

The only legal mechanism currently enabling exclusive use of the ocean for
research and education purposes is Chapter 190D, Hawaii Revised Statutes. This law
provides for leasing the ocean within State waters, but is narrowly framed and so
restrictive that it is of limited applicability.

Education-related

User conflicts also occur during field trips for educational purposes, most notably
at popular tide pool locations. These conflicts generally involve shoreline fishermen or
occur between the different field trip groups themselves. Field trips are conducted by
virtually all grade levels in public and private schools, by nonprofit groups and by a
vaiiety of undergraduate and graduate programs in all of Hawaii's colleges and
universities.

Conflicts involving multiple field trips at a single tide pool or reef flat site are
perhaps the most troublesome kind. The educational opportunity being offered is
diminished. The resulting congestion contributes to overuse of the site and to resource
degradation, which further reduces the educational value of the experience. This
problem is greatly aggravated by two factors: 1! the convergence of users at preferred
locations at the same time because of favorable conditions caused by the tides, and 2! the
small number of appropriate sites that can serve as alternatives to disperse and
distribute the effort.
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The matter of access is also an issue in this case because of the limited extent of
protected shoreline suitable for field trip use, especially by elementary school grades.
Access is restricted by homeowners at some preferred study locations and by the military
at certain bases where the physical conditions for reef and tide pool study are exceptional.
Little can be done to control the timing of the tides, but conflicts could be reduced ainong
the educational groups involved by more tightly organizing the user schedules and by
seeking additional access to new sites from the proper military authorities.

Need for De6nition of "Maruie Education"

There is growing interest among the general public for interpretation and display
at popular resource sites  e,g., Hanauma Bay Beach Park and Marine Life Conservation
District! and growing demand for general information on marine-related matters. In
response, an array of governmental, nonprofit and volunteer organizations as well as
businesses are offering a wide range of information services and products. This is a
desirable trend which ultimately will lead to a more sophisticated body politic and marine
constituency in Hawaii and should be encouraged. However, management problems are
arising in regard to the interpretation of what constitutes "marine education." The
concept of quality control needs to be introduced in relation to the educational programs
ofl'ere d.

For example, the Department of Parks and Recreation, City and County of
Honolulu, has adopted administrative rules intended to reduce use of Hanauma Bay
Beach Park to a level that is less damaging to the bay's environment. The regulations
adopted also are intended to reduce the commercial use of public facilities and increase
the educational value of the resource. But, some tour operators provide "educational"
activities as a part of their package and seek continued commercial access on that basis.
For this reason, the City and County of Honolulu is rethinking its administrative rules,

The number of accessible major and unique ocean and coastal resource sites
statewide is relatively small. Almost certainly public use of them will exceed their
environmental capacities, as occurred at Hanauma Bay, if limits are not set on the kinds
and levels of activities that are to be permitted, As part of the process that establishes
such limits, marine education will have to be clearly defined to prevent unintended uses.
This precaution is especially important in the face of growing demand for "ecotourism"
and the rise in the number of businesses and organizations that are catering to this
market segment.

Attitudinal Behavior

The reduction in educational value visited upon popular tide pool and other coastal
field trip sites derives as much from "misuse" as from "overuse." The behavior of
educators intent on providing specimens for demonstration purposes may fall short of
what is required to maintain the sustained viability of the marine community they so
routinely sample. For example, care must be provided and survivorship should be highly
considered in holding and returning live specimens to the tide pool or reef environment
after the class or field trip is over.

The teaching should be to convey understanding and appreciation of the ocean
system, Students of all ages should first be taught to care in order that they may protect
the diversity of Hawaii's marine life. Informed attitude is the key to developing a
conservation ethic and practicing responsible ocean and coastal stewardship. Educators
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and all environmental interpreters are rale models for students and the general public,
and they need to manifest this caring attitude in their behavior.

Care and Handling of Marine Animals and Habitats

Nationally, there is mounting interest in assuring that marine animals held
captive for educational and research purposes be properly and considerately cared for
and maintained. This has been especially true for marine mammals, but it is expected to
apply more forcefully in the future to fish and invertebrates as well. A number of
professional societies are establishing standards and guidelines for their memberships to
follow. These organizations include, for example, the American Association of Zoological
Parks and Aquariums, American Society of Zoologists, Animal Behavior Society,
Ecological Society of America and International Union for the Conservation of Nature
and Natural Resources,

In any set of guidelines it would be necessary to provide for care and handling in a
nuinber of situations: �! while in the field, �! while in transport, �! while in the
controlled, monitored classroom environinent  temporary!, �! while in zoos, aquariums,
oceanariums or related facilities  permanent!, and �! in the use of prepared specimens.
These guidelines should be extended to include the treatment of marine and coastal
habitats. It also would be desirable that commercial operators engaged in "ecotourism"
be involved in this process and abide by the guidelines as well.

The State of Hawaii Department of Education  DOE! has on hand a set of general
guidelines urging that thoughtful consideration be given by teachers and students when
using the various marine environments for educational purposes  DOE, 1983!, The
Waikiki Aquarium has adopted specific animal handling instructions for their docents
and interpreters as have several other such marine resource centers in Hawaii.
However, with the growing power and popularity of animal rights groups, like the
300,000-member People for the Ethical Treatment of Animals, the State needs to consider
a more formal position statement supporting responsible research and education, as
much to protect research and education and their contribution to the State as to protect
the organisms and their habitats,

Water Safety and Liability

Water safety and liability are contentious issues of notable importance, The
personal welfare of students must be provided for in balancing potential risks against the
benefit of hands-on experience and field observation, Course work and visual aids are
fine, but true literacy in marine-related fields requires direct exposure to foster full
understanding and appreciation.

Regulations regarding planning, authorization and safety provisions for water-
related field trips in natural environments are stipulated in Section 2250.1, DOE Policies
and Regulations. There it is recommended that approval of a water-related field trip
request submitted by a teacher be made by the district superintendent rather than the
school principal, as otherwise would be the case. Risk and liability are deemed higher for
such field trips and require a higher level of authorization than usual. The general safety
guidelines and provisions for water-related field trips adhered to by the DOE are included
in the publication A Compendium: Coastal Field Sites in the State of Hawaii  DOE, 1983!.
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In order to make wise decisions, there is a need for administrators to personally
experience the same kind of field trip conditions as their students. The administrators'
informed familiarity with marine educational programs, including actual field site
visitation, seems crucial if the administrators are to thoroughly and pioperly assess
matters of student safety and liability,

Ocean and Coastal Interpretive Education

As part of the overall effort to raise the level of marine literacy in Hawaii and to
generate responsible stewardship, there is a need for greater public awareness of
Hawaii's scenic, natural and cultural/historic ocean and coastal resources. Ocean and
coastal interpretive education can help residents and tourists  including in-state
travelers! better appreciate and understand what these resources have to offer in regard
to their beauty, qualities and special meaning  Governor's Ocean Resources Tourism
Development Task Force, 1988!. This appreciation in turn instills a heightened sense ofvalue which leads to increased care and concern that these resources be wisely managed.

There are no statewide or regional ocean and coastal interpretive plans in Hawaii,only some for specific sites. A few of Hawaii's coastal attractions have interpretive signs.
Most only identify the name of the site, with little or no additional information provided.
Often the signs are too brief and printed only in English. A relatively cost effective means
of educating very large numbers of people, including school students, about Hawaii's
ocean resources is being underutilized.

POLICY RECOMMENDATIONS

The overall policy objective is to develop a supportive State management system
that encourages and promotes marine education and that fosters the growth, continued
viability and effectiveness of ocean research in Hawaii. The following policies are
intended to ineet that objective. No priority order is implied.

A Mitigate user conflicts between research and iion-compatible ocean use activities
so that ocean research projects are not jeopardized.

8 Reduce user confiicts between other marine-related and education groups and
prevent overuse of the most preferred coastal field trip sites,

C Ensure that proper stewardship attitudes are manifested among researchers,
educators and other interpreters and students.

0 Prevent questionable "educational" activities from occurring in Hawaii's marine
and coastal protected areas.

E Ensure that Hawaii's school students are safe around the water and derive
maximum benefit from ocean-related field trips and excursions.

F. Increase public awareness of Hawaii's scenic natural and cultural/historic ocean
and coastal resources through interpretive education.

Appropriate actions to implement these policies are articulated in the Hawaii
Ocean Resources Management Plan  Hawaii Ocean and Marine Resources Council,
1991!. In 1992 a cabinet-level advisory body, the Coastal and Ocean Management Policy



Advisory Group  COMPAG!, was appointed by the Governor of Hawaii to work with the
affected State agencies in setting priorities and overseeing the implementation of these
policies. Based on a survey of these agencies by the COMPAG, the recommended actions
were given a high-medium priority in 63% of the responses and 68% of the responses
indicated the actions were ongoing or pla~ned.

REPERRKCES

Governor's Ocean Resources Tourism Development Task Force. 1988. Enhance, preserve,
restore: an interim report on the wise use of Hawaii's coastal and nearshore resources
for the promotion and development of the ocean recreation and tourism industries,
Honolulu: State of Hawaii Department of Business and Economic Development.

Great Barrier Reef Marine Park Authority. 1992. Basis for zoning - the Great Barrier
Reef Marine Park Cairns Section and the Cairns Marine Park, 1992.
Townsville,Queensland.

Hawaii Ocean and Marine Resources Council. 1991. Hawaii Ocean Resources Manage-
ment Plan. Honolulu: State of Hawaii Department of Business, Economic Development
and Tourism.

MacDonald, C.D. 1991. Ocean research and education. In: Hawaii Ocean Resources
Management Plan Technical Supplement. pp. 6-15. Honolulu; State of Hawaii Depart-
ment of Business, Economic Development and Tourism.

MacDonald, C.D., and A.L. LaBarge. 1990. Ocean R&D spending patterns in Hawaii:
analysis and outlook. In. Proceedings of the Fourth Pacific Congress on Marine Science
and Technology, PACON '90. pp. 65-72. Honolulu: PACON International.

MacDonald, C.D., C.F. Keown, A,L. LaBarge, and H.E. Deese. 1991. Strategic market
planning for Hawaii ocean R&D: comparative rating and industry potential. In:
OCEANS '91 Proceedings, pp.709-715. New York: IEEE Oceanic Engineering Society.

National Ocean Service. 1992. Draft management alternatives and component strategy
descriptions II - the Florida Keys National Marine Sanctuary. Washington, D.C.:
National Oceanic and Atmospheric Administration.

State of Hawaii Department of Education, Office of Instructional Services. 1983. A
Compendium: Coastal Field Sites in the State of Hawaii. RS 83-4146, Honolulu.

University of Hawaii, Marine Option Program, 1989. Marine and aquatic-related courses
at UH Manoa. Honolulu,

-262-



AN OVERVIEW OF OCEAN YHRXDUE EhKRGY CONVRRSION
ANO FIS ~ - UCIS

Thomas H. Daniel
Natural Energy Laboratory of Hawaii Authority

Kailua-Kona, Hawaii, U.S.A.

Ocean Thermal Energy Conversion  OTEC! is a promising technology with
potential to provide a significant proportion of human energy needs from a renewable
source, i.e,, extraction of energy froin the temperature difference between solar-heated
tropical surface water and the cold deep water of the ocean,

A commercial-sized OTEC plant will require pumping hundreds of cubic meters
per second of warm and cold seawater through its heat exchangers, The large amount of
energy required to pump these enormous volumes of water through the plant is usually
considered a "parasitic loss" of the energy generation, so the discharge water can be
available without further energy costs for other uses. From another perspective, comrner-
cially valuable uses of the discharge water can significantly reduce the cost of electricity
produced by an OTRC system.

Potential co-products of an OTEC system include energy-related uses such as
space cooling, condensation for distillation processes, industrial process cooling, and
fresh water production; mariculture/aquaculture of plants and animals; and agriculture
using the cold fresh water which condenses on pipes carrying the cold seawater to grow
valuable temperate crops in the tropics.

IÃI'RODUCTION 'FO OTEC

The sun warms the surface of the tropical oceans, so that average year-round sea
surface temperatures exceed 24 C for most of the band between the tropics of Cancer and
Capricorn. The deep water in the ocean is cold everywhere, so that a typical tropical
temperature profile has a warm surface layer separated from the cold deep water by a
thermocline through which the temperature decreases rapidly with increasing depth
 Figure 1!. The annual average temperature difference between the surface and 1,000 m
depth thus exceeds 20'C throughout the tropical region  Figure 2!.

Useful energy can be extracted from this therinal heat sink by processes known
as Ocean Thermal Energy Conversion  OTEC!. Though the small available temperature
difference inherently limits OTEC processes to achievable heat-to-electricity efficiencies
less than 3%, the available resource  Figure 2! is large enough to provide more than 10
terawatts �0» watts! of electricity continuously - without significantly affecting the ocean
thermal structure. This amount of energy, about 300 Quads/yr, is approximately equal to
the total energy consumption for all human activities. None of the othei' presently
investigated terrestrial alternatives to fossil/nuclear energy can approach the size of this
OTEC resource  von Arx, 1974!,
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Figure 1, Typical tropical oceanic temperature profile
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CIVIC Systems

OTEC energy extraction schemes are generally classified as either closed-cycle or
open-cycle  cf. Cohen, 1982; Penney and Daniel, 1989!. In closed-cycle systems  Figure 3!,
a working fluid such as ammonia, vaporized by thermal contact with warm surface
water, turns a turbine and is then condensed back to a liquid when heat is extracted
through thermal contact with the cold deep water. This process requires large surface
area heat exchangers to extract heat from the relatively small available temperature
difference. Work at the Natural Energy Laboratory of Hawaii  NELH! over the past 12
years has deinonstrated that biofouling of these heat exchangers can be controlled, that
aluminum will work well as the heat exchanger material and that "roll-bonded"
aluminum heat exchangers can provide a cost-effective method for construction of the
large scale heat exchangers required for OTEC,

In the open-cycle process  Figure 4!, the warm seawater vaporizes in a near
vacuum and the water vapor itself turns the turbine before being condensed back to liquid
water by thermal contact with the cold seawater. If the cold seawater does not come in
direct contact with the water vapor, i.e, if a surface condenser is used, fresh water is
produced as a by-product. The energy conversion is, however, more efficient if a direct
contact condenser, in which the steam directly contacts the cold seawater, is used. This
leads to a complex therrnoeconomic tradeoff between freshwater and electricity produc-
tion  Block, et al., 1984!. The major problem with open-cycle systems is that, because they
develop only a sinall pressure difference across the turbine, they require extremely large
turbines to produce a relatively small amount of energy. A ten-meter diameter turbine
might produce 5-6 Mw power output, and larger turbines probably can't be constructed
 Penney, et al., 1984!.

Both types of OTEC systein require similar volume flows of seawater, A 100 Mw
 net electrical output! plant, for example, will require on the order of 250 ms/s of cold
seawater from 1,000 m depth, and economic optimization leads to an even larger volume
flow requirement for the easier-to-obtain warm surface seawater  Avery, 1992; Vega,
1991; Daniel, 1988!. The pipeline to convey the deep cold water to the surface must be on
the order of 10 meters diameter for this 100 Mw plant, and construction and installation
of the cold water pipe represents the major portion of presently projected costs for OTEC
plants. Current designs utilize concrete or fiberglass reinforced plastic  FRP! pipelines,
which are very expensive both in fabrication and deployment. "Soft" or "inflatable"
pipeline designs using flexible materials with the pumps at the bottom end hold treinen-
dous promise for reducing both material and deployment costs of cold water pipeline, but
much testing and engineering are needed to verify their feasibility and practicality,

Research at NEXH

Work at the Natural Energy Laboratory of Hawaii at Keahole Point on the Big
Island has led to significant breakthroughs in the design of both closed- and open-cycle
OTEC systems. Experiinents originally sponsored by the U,S. Department of Energy
demonstrated that biofouling in the warm water heat exchangers can be completely
controlled with environmentally benign low concentrations of electrolytically-generated
chlorine  Larsen-Basse and Daniel, 1983; Sansone and Kearney, 1984, 1985; Berger and
Berger, 1986! and that aluininum corrosion is not a problem in warm tropical seawater
 Larsen-Basse, 1983!. Later experiments funded by ALCAN Aluminium International
tested heat exchanger modules and developed the idea of using roll-bonded aluminum
heat exchangers - this latter concept leading to an 80% reduction in the projected cost of
closed-cycle OTEC plants  Fitzpatrick, et al., 1989; Johnson, 1989!. DOE sponsored
research on open-cycle processes demonstrated that the amount of energy required to
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remove non-condensible gases from the seawater is significantly less than the amount
needed for the same job in freshwater, dramatically reducing the "parasitic losses"
involved in removing these naturally occurring gases from the seawater  Krock and
Zapka, 1984!.

Another recent project at NELHA has demonstrated the feasibility of using
directional drilling techniques developed by the oil industry to bore nearly horizontal
holes from a site onshore through the coastline to a breakout through the bottom offshore.
It is hoped that pilot holes drilled in this way could be reamed to much larger sizes to
serve as the conduit for bringing deep seawater ashore, thus resolving the most expen-
sive segment of typical pipeline installations. The pilot project successfully completed a
15 cm diameter, 200 m long slant drilled hole breaking out at about 10 m depth 100 m
offshore  Wilkins, et al., 1992!. Though initial difficulties in drilling through the uneven
Hawaiian Iavas made the initial hole more expensive than hoped, the project developed
methods which shouM make drilling of future holes more economical. A test at the end
of the program enlarged about 2 m of the hole to a 60 cm diaineter, demonstrating the
practicality of reaming the hole to a larger diameter. Further development of this
technology is planned soon.

Prmmat Stahas

The Pacific International Center for High Technology Research  PICHTR! is
presently constructing the open-cycle "Net Power Producing Experiment," at NELH,
This facility, when operational at the end of 1992, will produce a gross power of 210 kw
from a generator mounted atop a 13 m �0 ft! vacuum structure. Approximately 170 kw
will be required to operate the pumps and vacuum system, leaving a net power output of
about 40 kw which will be fed to the local grid. This will represent the erst production of
net power from open-cycle OTEC.

A consortium formed by ALCAN Aluminium International, the Marconi
Division of General Electric Company of Great Britain, Hawaiian Electric Industries and
Makai Ocean Engineering of Waimanalo, Hawaii plans to build a 100 kw  gross!
demonstration plant at NELHA in 1993. The plant will use existing seawater supplies
and roll-bonded aluminum heat exchangers.

Frotn a practical point of view, these two demonstration plants will begin to oH'set
the large cost which NELHA now pays for electricity employed to pump the seawater
which is used by a wide variety of projects at the facility.

As noted above, OTEC has tremendous potential to supply the world's energy. If
even a small part of this potential is realized, large volumes of deep seawater will be
pumped to the surface, This deep cold water provides opportunities for development of a
myriad of by-products, many of which may significantly improve the economic viability of
the energy generation process.

In mid-1992, several groups around the world are considering development of
OTEC plants. Sites actively being considered include Fiji, St. Croix, Guam, The Cook
Islands and Mauritius. Several of these projects have been given an impetus by the
apparent cost savings involved in the roll-bonded aluminum heat exchangers, but
further progress awaits a demonstration of their application in the real world.
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KAD Partners, an outgrowth of Aquaculture Enterprises which is growing
Maine Lobster at NELHA, plans to build a 1 Mw OTEC plant to pump the water for a
planned expansion of their lobster operations. The State of Hawaii will install the cold
~ater pipeline and plans to use excess water pumped for the project to supply other
tenants at NELHA, The Environmental impact Statement for this project is now under
review, and plans call for the first increment to come on line in mid-1995. This project
also plans an exciting Ocean Science Center which will take advantage of the availability
of large volumes of flowing warin and cold seawater to create exhibits showing habitats
ranging from arctic to tropical. The developers anticipate that this Center, which will
also serve as the visitor center for NELHA and will include the OTEC plant as a major
attraction, will attract one million visitors a year. In addition to providing significant
revenue to the project, it will serve as the focus of NELHA's public education efforts.

OYEC BY-PRODUCIS

Water Characteristics

The deep cold water required for production of OTEC energy has several features
which make it valuable for a variety of other uses  Sansone, et al., 1988; Smith, et al.,
1986!, Figure 5 presents a schematic diagram showing some of the synergistic uses of the
seawater which must be pumped for OTKC power generation,
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Figure 5. Schematic of a multi-product OTEC system

The deep water has three important characteristics: First, the water is COLD,
Commercial OTEC plants will require cold water at about 4 C, coming from about
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1,000 m depth at most sites. The low temperature allows the culture of coldwater species
which wouM not normally survive in the tropics. It also provides the opportunity for
cost-effective control of temperatur'e, which is oken critical for aquaculture, merely by
controlled mixing of surface and deep water. A wide range of commercial applications
including building air-conditioning, refrigeration and various condensation processes
can also use the coldness directly. In addition, the cold fresh water which condenses
from the humid tropical atmosphere on pipes or heat exchangers carrying coId seawater
can be used as potable water or to irrigate temperate plants,

Second, the water is RICH in dissolved inorganic nutrients, providing great
improvements in the growth of marine plants compared to their growth in nutrient-poor
tropical surface seawater,

And third, the water is CLEAN. It has very few pathogens, so that delicate
organisms can be grown in it without expensive sanitization, and few viable plant cells so
that pure microalgal strains can be cultured without competition.

Energy Saving Ums

Several of the potential OTEC by-products are related to energy saving uses of the
cold deep water temperature in the warm tropical climates where the OTEC resource
exists.

The most obvious of these is building air-conditioning, or space cooling. All of the
buildings at NELH and various tenant companies are cooled with deep sea water. A
variety of systems are used, ranging from surplus automobile radiators with a fan to an
assortment of heat exchanger implementations.

Two current projects are using the cold water as a condensing medium for
distillation pr'ocesses: one company is recycling freon fram air conditioning systems by
distilling it using a solar still for vaporization and cold seawater for condensation.
Another project uses similar systems for distilling ethanol for motor fuel from sugar
cane molasses.

Some proposed projects use various schemes to extract the energy contained in
the temperature difference between the cold deep water and the warm surface environ-
rnent for refrigeration and freezing plants, One tenant is already using the cold seawater
in a dehumidifying system to dry its product,

Various schemes have been proposed for condensing potable fresh water from the
humid tropical atmosphere on pipes or heat exchanger surfaces carrying the cold deep
water. Rough calculations indicate that up to 5 liters of fresh water could be obtained for
every 1,000 liters of cold seawater  Prakash, et al., 1989!. With OTEC cold water flow rates
of many cubic meters per second, thousands of cubic meters per day of potable water
could be produced - enough to meet all the needs of a community being served by OTEC
electricity,

Cold Agriculture

Observations of condensation on the cold water pipes initially led to research on
the possibility of crop irrigation by such condensed water. It was quickly recognized that
the coldness of the water which condenses on such surfaces is valuable in itself.
Strawberries grown at NELH in cold condensed water have five times the sugar content
of control strawberries grown under ambient conditions. Seasons can be controlled - if
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the cold seawater fiow is speeded up, the strawberries quickly go dormant. If it is reduced
two weeks later, they send out runners and begin to produce new fruit.

Asparagus requires four winters to becoine tender - preliminary experiments
indicate that it tastes good aber only two months of temperature cycling. Alstroemeria is
an alpine flower which requires high sunlight and low temperatures. The high insola-
tion at NELH combined with watering with cool condensed water has produced very high
yields of these commercially valuable blossoms. Mushrooin culture also requires a wide
range of temperatures at different development stages and NELH is currently entertain-
ing proposals to grow mushrooms using the availability of warm and cold temperatures
at Keahole Point.

A "Cold-Ag" workshop sponsored by the University of Hawaii SeaGrant College
Program in July 1992 has brought together a range of agriculturists and plant physiolo-
gists to discuss the role of cold in plant growth. The workshop concluded that little is
known about the importance of temperature variations but there appears to be trernen-
dous potential for research and development.

Aqmaeultut8/Mariculture

Aquaculture of many species has been attempted at NELH  Fast and Tanouye,
1988; Daniel, 1984, 1985!. Animal species grown in both government and privately
sponsored research have included abalone, sea urchins, salmon, steelhead trout, oysters
 food and pearls!, clams, prawns, hirame  Japanese flounder!, and mahi mahi  dolphin
fish! and opihi  Hawaiian limpets!. Both macroscopic and microscopic plants are also
being cultured including nori  Porphyra!, ogo  gracillaria!, Macrocistus, Spirulina and
Dunaliella.

All of these projects have utilized the available temperature difference to provide
cost-effective temperature control - most have required the cold temperatures available
from the deep seawater.

CONCLUSIONS

As shown in Figure 5, there is a wide range of possible OTEC by-products. As
noted in Prakash, et al, �989!, each process has different temperature constraints, so
that many different ones can be performed in series as the water warms up. Optimiza-
tion of the overall system should provide the best possible range of temperatures for each
process.

These by-products all look economically attractive in conjunction with an OTEC
plant which provides the water at no additional cost. Once OTEC plants become operation-
al, the challenge will be to find enough uses for the extremely large volumes of water
which will be available. Work done thus far has merely scratched the surface of the
possible uses for the deep cold seawater.
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