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GRI DISCLAIMER

LEGAL NOTICE This report was prepared by Argonne National
Laboratory as an account of work sponsored by the Gas
Research Institute (GRI). Neither GRI, members of GRI, nor
any person acting on behalf of either:

a. Makes any warranty or representation, express or
implied, with respect to the accuracy, completeness, or
usefulness of the information contained in this report,
or that the use of any apparatus, method, or process
disclosed in this report may not infringe privately
owned rights; or

b. Assumes any liability with respect to the use of, or

for damages resulting from the use of, any information,
apparatus, method, or process disclosed in this report.
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To provide technical support to the GRI marine biomass program
with emphasis on interactions of an ocean kelp farm with
currents and waves, nutrient distributions in the farm, and
impacts of the kelp farm on the physical ocean environment.

Development of nearshore ocean kelp farms to provide the
feedstock for the production of substitute mnatural gas
(methane) and by-products requires an understanding of the
physical interactions of the farm with the ocean. Knowledge
of these interactions 1s as important to the study of ocean
kelp farms as 1is knowledge of kelp growth and digester
processes for methane production. Present knowledge of kelp-
farm/ocean 1interactions 1is 1limited, and analyses that are
generally applicable to nearshore ocean kelp farm environments
are needed.

Analyses were conducted and numerical models were developed to
study the interactions of ocean currents and waves with a
nearshore kelp farm. These models were applied to simple farm
configurations 1in generic coastal environments to provide
preliminary estimates of the magnitude of the interactions.
The coastal-current/farm interaction model indicated that,
inside the farm, flow 1s reduced to 30-40%Z of the incoming
ambient current. This circulation model provided the basis
for a primitive fertilizer balance model that showed
substantial losses of applied fertilizer due to current flow
within the farm. A model of wave height reduction within the
kelp farm demonstrated the dependence of wave height on the
hydrodynamic and geometric characteristics of the waves and
the kelp. Modifications of the wave field behind a nearshore
farm were modeled, and preliminary results suggested that,
under certain conditions, the shoreline may be modified due to
changes in the wave field. An examination of the forces on
kelp under conditions of combined waves and currents indicated

v



Technical
Approach

Pro ject
Implications

that 1inertial forces should be 1iIncluded in wave force
calculations.

The general aspects of a conceptual design for a nearshore
kelp farm in preparation for GRI by another contractor were
reviewed, as was previously sponsored offshore ocean kelp farm
research. The primary problems related to physical inter-
actions between the ocean and a nearshore kelp farm were
identified, and preliminary analyses of those problems were
undertaken to generate quantitative estimates of the
significance of each issue. Existing numerical models and
analyses were adapted for use in this project.

This research project has clarified Important physical oceano-
graphic and environmental issues associated with the nearshore
kelp farms being studied in the GRI marine biomass program.
The gas supply-oriented conclusions and recommendations will
provide the input needed eventually to implement a nearshore
kelp farm design that will withstand physical oceanographic
processes and to design an efficient fertilization scheme.
These conclusions also provide important insights into the
design of a farm geometry that would 1increase cost
effectiveness and minimize experimental hardware research
costs. The conclusions and recommendations will also guide
environmental planning for this advanced biomass technology in
the examination of shoreline changes resulting from nearshore
farms and in the collection of field data to verify the
modified model for predicting nutrient distribution.

GRI Project Managers:

K. T. Bird, Project Manager
Substitute Natural Gas Research

C. A. Cahill, Project Manager
Biomass Environmental Research
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1 INTRODUCTION

The marine biomass program at the Gas Research Institute (GRI) began in
1974. The general purpose of the program has been to develop a commercial-
scale system for producing methane gas from marine biomass. Research
undertaken In support of this program has addressed the growth and cultivation
of macroalgae, the anaerobic digestion of the algae, and marine farming
concepts (including the deployment of a small "at sea” test farm). A general
summary of early program activities 1s provided by Leone (1980). The
macroalgae under consideration has been the giant brown kelp, Maerocystis
pyrifera.

In 1981, the basic concepts of commercial open—ocean kelp farming were
being developed by the General Electric Company (GE) for GRI. Planning
included the development of a set of basic parameters for a hypothetical 1000-
mi? commerclal-size farm suited for the offshore waters of southern
California. This hypothetical kelp farm was described at a 1981 workshop on
the environmental impact of marine biomass production (Ritschard et al.,
1981). Several 1issues related to the physical interactions of an open-ocean
kelp farm with the ocean were prominent among the conclusions and recommenda-
tions of the workshop. The supply and distribution of nutrients for the farm,
downstream environmental effects of nutrient transport, and ocean engineering
questions were identified as areas in which additional knowledge was required
for adequate assessments of the operational success and environmental impact
of open-ocean kelp farming.

This project was initiated in 1982 in support of an evaluation of a
conceptual design for nearshore ocean kelp farming. The General Electric
Company was to explore the conceptual design of a hypothetical kelp farm in
the nearshore coastal waters of southern California (General Electric Company,

1982). Many of the 1issues of kelp farm interactions with the ocean important
for open—-ocean farms are also important for nearshore farms; issues associated

with impacts on the coastal environment
farm concept. Since few studies have
ocean kelp farming, the present project
information useful for the assessment

are more significant for the nearshore
been made of the physical aspects of
was Initiated to provide GRI both with
of the conceptual design and with an

initial technical framework for the more general understanding of the physical

aspects of marine biomass activities.

physical oceanographic and ocean engineering aspects

Limited available information on the
of nearshore marine

blomass farming makes a general investigation of this topic particularly

appropriate.

This project has provided technical support to the Substitute Natural

Gas Research Department and the Environment and Safety Research Department of
GRI with regard to the physical aspects of ocean kelp farming. Argonne
National Laboratory (ANL) has investigated some of the key areas in which
knowledge is required for the conceptual design of nearshore kelp farms. The
topics considered include:



Interactions between ocean currents and kelp farms,
Fertilizer distribution systems,
Interactions between ocean waves and kelp farms,
Modifications to the nearshore environment,
Environmental loading on kelp farms and restraint systems, and
Downstream environmental effects.
The approach taken to study problems in the above areas involved three steps:

Examine the problem and identify the features of the problem
essential for nearshore kelp farm conceptual design,

Provide preliminary solutions to each problem in terms of the
general characteristics of the Southern California coastal
region and the general features of the initial GE concept of
3000- to 5000-acre farms in water depths up to 60 feet, and

Determine the implications of the two previous steps for
generic problems of nearshore kelp farming.

The problems are, in most cases, complex and have received little
attention in previous investigations of marine biomass systems. Thus,
definitive and comprehensive results were not the goal of these preliminary
investigations. Rather, a basls was sought for determining critical issues
that require additional study as part of the GRI marine biomass program.

In this project, ANL was assisted by a subcontractor, Coastal and
Of fshore Engineering and Research, Inc. (COER). ANL assigned to COER the
tasks of investigating the problems that were primarily related to ocean
engineering analyses. ANL's efforts concentrated on the circulation patterns
in and around the farm, implications of such modifications for fertilizer
distribution schemes, and downstream environmental impacts.

The investigations by COER were documented in a final report entitled
"Ocean Engineering Aspects of Coastal Kelp Farming,” which is appended to this
report. The results of the COER studies are summarized in the body of this
report, with references to the Appendix for details. Several of the analyses

performed by Argonne and COER involve the use of numerical models.

Each of the major problem areas considered in this project is discussed
in the subsequent sections of this report.



2 INTERACTIONS BETWEEN OCEAN CURRENTS AND KELP FARMS

An understanding of the interactions of the amblent ocean current with
a nearshore kelp farm 1s lmportant to the development of kelp farming systems
for at least three reasons: (1) the distribution of the fertilizer added to
the farm is controlled in large measure by the circulation patterns within the
farm, (2) the modification of the current field by the farm affects the
restraint and substrate system designs, and (3) downstream environmental
impacts are controlled, in part, by circulation patterns in and around the
kelp farm.

Measuring kelp farm modifications to coastal currents 1s, of course,
not possible because no such farms exist. Measurements of currents within
small naturally occurring kelp beds would be helpful, but existing data on
currents within kelp beds appear to be limited to less than two weeks of
measurements at one location (G.A. Jackson, Scripps Institution of Oceano-
graphy, La Jolla, Calif., personal communication, 1982). Thus, a model of
coastal currents modified to account for the presence of a kelp farm (in terms
of its effect on circulation) was employed for the initial investigation of
the interactions between amblent coastal currents and a nearshore kelp farm.

The numerical model 1is a two-dimensional, depth-integrated model of
circulation. For simplicity, it 1s assumed that the water depths in the
regions modeled are constant (the model can handle variable depths, however),
the waters are not density-stratified (a constraint 1mposed by the model
used), and the kelp plants are uniformly distributed within the farm. The
effect of the presence of the kelp farm is simulated in the model by modifying
the resistance to motion within the region of the coastal environment occupied
by the farm.

Currents passing through a kelp farm will be deflected and dissipated
due to the drag forces exerted on plants. Assuming a vertically uniform
current, the form drag force, Fp, on an individual plant is:

Fp = U pCpDhu? (1)
where:
p = water density,
Cp = drag coefficient,
D = effective plant diameter,
h = water depth, and
u = current velocity.



When currents are strong, the entire plant may be submerged and the additional
frictional (skin) drag may increase the effective drag coefficient. The form
drag force per unit volume of water within the farm is:

fp = ;2 B p%"z )
where:

B = 1/2 CD -292}-1- within the kelp farm, and (3)

b = plant spacing.

Equation 3 indicates that the drag force depends on the drag coefficient,
plant density, and current velocity.

The depth-integrated equations of motion and continuity in water of
constant density for a nondivergent flow are:

3 ] 3 1 9 B
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where:

u = alongshore velocity component,

v = offshore velocity component,

P = pressure,

U = (u2 + V2)1/2, and

Eq. 3 inside the kelp farm
0.01 in the open ocean.

The equations of motion and continuity have been averaged over turbulent time
scales, as well as depth. Resistance or frictional forces are included in a
single term by means of a frictional coefficient 8. The frictional
coefficient B is evaluated from Eq. 3 within the kelp farm, and its open-ocean
value is based on direct measurements in coastal waters.



Equations 4-6 can be reduced to a vorticity equation upon cross-
differentiation:

v v
0 2y =-U X X
= V= {8 1+U2 bt 1+Uz wyy +Bx¢x+8y¢y 7
where:
Y is the streamfunction defined by u = —wy and v = ¢, , (8)

V2 i{s a divergence operator,

U= (wxz + ¢y2)1/2 is the current speed, and

By and By are the gradients in B8 between the inside and outside of the
farm.

In Eq. 7, the nonlinear advection term is small compared to the friction term
for typlcal coastal currents (on the order of 0.1 m/s) and is neglected. The
inflow condition is specified at x + - « (far upstream), and a radiation
condition is used at outflow boundaries. At the coast (y = 0), the flow
normal to the boundary is set to zero. Numerical solution of Eq. 7 is based
on a relaxation method. The computational region is shown in Fig. 1.

The specific values of parameters related to the resistance to flow
within the farm are not known, but can be estimated on the basis of other flow
situations. Likewise, the specific site characteristics of a potential kelp
farm and the configuration of the farm itself are not known. However, for our
purposes in this investigation, values estimated to be appropriate were used
to determine the magnitude of current-farm 1interactions indicated by the
model. Values of some parameters were varied to determine the sensitivity of
the model results. For the basic computations made with the circulation model
for a nearshore kelp farm, the following values were assumed:

D=0.3m (1 ft),

b =1.5m (5 ft),
h=15m (50 ft), énd
Cp = 1.0.

The resulting value for B within the farm is 1. For all the computations, an
undisturbed ambient current flows parallel to the coast toward a rectangular
farm oriented with its long axis parallel to the coast. The velocity field or
streamline pattern throughout the computational region (inside and outside the
farm) was determined for several different situations.



Ambient

[

=X

Coast
AANANANNANY

|

Kelp Farm

Alongshore

ANV VNNV AAY YA NN AN NN NN VAN

0]
!

0 Offshore

X -~

Fig. 1 Schematic Diagram of Plan
View of Nearshore Kelp Farm

For a uniform inflow of ambient current, steady-state flow fields were
obtained for a 10 km x 1 km farm centered 1 km offshore. Figure 2a shows the
streamfunction distribution; the flow pattern can also be inferred by noting
that the current follows the direction of streamline and the speed is
proportional to the normal gradient of the streamline (several representative
velocity vectors are superimposed on the streamfunction for clarity). Most of
the inflow 1is deflected at the front edge of the kelp farm, due to the large
increase in friction. The results of the computations indicate that the flow
is uniform in the kelp farm, moving downstream at about 35%7 of the incoming
velocity. Around the kelp farm, the alongshore velocity is increased by 42%
at the shoreward side and 327 at the seaward side. The cross—-shore velocity,
which is zero far from the kelp farm, reaches a maximum of 257 of the incoming
speed at the front and back sides of the kelp farm.

Figure 2b shows the steady-state streamfunction distribution for a
20 km x 1 km farm. In the larger farm, the Interior velocity 1s about 347 of
the incoming speed. So, the flow pattern remains essentially the same for a
kelp farm whose length 1s much greater than its width. When the 1length
becomes comparable with the width, the deflection of the incoming flow is
weaker. For example, computations of flow in a 2 km X 1 km kelp farm indicate
that the interior velocity if 407 of the incoming speed.



EH 2
& S \
§ ‘.‘-’1 \ :{E‘, 24
[ ]
2 ] | =
@ ¥ o ]
[=.] o
5 ol s 9
< [ <
1 2_
o L I - o L i
0 1 2 3 0 2 4 6
Offshore (km) Offshore (km)
a. 10 km x 1 km Farm (B = 1) b. 20 km x 1 km Farm (B = 1)
L]
o~
o
o~
I
[o]
s e g
(o]
5 o
) /
o4
o I T
o 1 2 3

Offshore (km)

c. 10 km x 1 km Bed (8 = 0.1)

Fig. 2 Streamfunction Distributions for Kelp Farms and Natural Kelp Bed
(showing farm or bed boundary and representative velocity vectors)



Figure 2c shows the streamfunction distribution for a 10 km x 1 km
natural kelp bed, with B = 0.1 inside the kelp bed. A smaller interior
frictional coefficient corresponds to a plant density that 1s lower than would
be found in a kelp farm and that is on the order of that in a natural kelp
bed. The velocity inside the kelp bed is about 397 of the incoming velocity
—— glightly larger than in the 10 km x 1 km farm case (Fig. 2a). On the
other hand, the alongshore velocity only increases by about 10%Z around the
kelp bed. Compared to the farm case (Fig. 2a), the streamlines tend to bend
more offshore, i.e., a natural kelp bed will deflect the incoming flow more
toward the offshore direction. In the case of a bed or farm distant from the
shore, the bed with its lower frictional resistance would deflect the flow
less than a farm would. The interaction of the shoreline and bed- or farm-
induced flow is thought to produce the result seen here.

In summary, our analysis indicates significant flow modification by a
kelp farm. Inside a kelp farm, the flow is retarded to 30-40% of the incoming
current. The deflected current moves around the kelp farm in a narrow band
about 1 km wide.

While all possible scenarios of coastal environment and kelp farm
configuration were not examined in this analysis, the model employed can be
used for additional cases. The noteworthy advantages of this technique over a
one-dimensional current penetration analysis are that (1) the two-dimensional
flow pattern is closer to reality than is the one-dimensional assumption that
flow goes directly into the farm and stops, (2) the existence of relatively
large current shear near the farm edges may be important for design purposes,
and (3) the interior currents are small, but not zero, and do transport
material through the farm.



3 NUTRIENT DISTRIBUTION AND TRANSPORT

The distribution of nutrients throughout the kelp farm is important
regardless of whether the source of the nutrients is deep, nutrient-rich ocean
water or externally supplied fertilizer. The 1initial distribution of
nutrients throughout the farm and the subsequent transport of the nutrients by
the water in the farm are important and related problems that directly affect
farm design and operation and downstream environmental impact. The efficient
uptake of applied nutrients by the kelp is important not only in terms of
plant yield but also in terms of distribution system costs, fertilizer costs,
and potential downstream environmental costs.

The issues of efficient fertilizer distribution and impact assessment
are complex, and we have not attempted to undertake a comprehensive study of
them. We have, however, constructed a relatively simple numerical model of
nutrient conservation to illustrate the type of rational analysis that can be
applied to this problem in general and to demonstrate the profound effects of
physical transport on fertilizer distribution in particular.

The approach employed was to write the conservation of mass equation
for a chemical species (nitrogen, for example) and to use the circulation
model described in Section 2 to determine the advection (transport) of the
specles 1Iin and around the farm in response to a prescribed dose of
fertilizer. Since depth—-averaged circulation was enmployed, vertical
concentration profiles were not considered. Thus, in the model, the kelp does
not deplete nutrients selectively over the water column. Losses of nutrients
due to bottom and horizontal diffusion effects are neglected 1in this
formulation. The initial spatial distribution of fertilizer over the farm can
easlly be varied within the model, but for the purposes of this example the
fertilizer distribution systems are kept simple. (Ultimately, of course, one
would want to feed the information on the distribution of nutrients within the
farm back into new designs for fertilizer distribution schemes.)

The depth-integrated equation of conservation of mass for a chemical
specles (nitrogen, N) is:

9 ] ]
-B—EN+"§;{=(UN)+=§;(VN) —fN : (9

where fN is the rate of formation (or depletion) of N, and u and v are
components of the velocity field calculated from the circulation model. N is
the depth—averaged concentration of nitrogen and is a function of time, t, and
horizontal location (x,y).

For a kelp farm with an annual yield of 100,000 dry ash—-free tons
(DAFT), the annual nitrogen uptake required to sustaln production is 3,000
tons, assuming 1.87 N dry weight content 1in the kelp plant and 40Z ash dry
weight content of plant solids. If only 607 of the available nitrogen is
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actually assimilated by the kelp biomass, the total amount of N required to be
available for uptake 1is 5,000 tons. (Note: the above specifications are
based on the GE conceptual design study.) For a 10 km x 1 km farm, the daily
N uptake is 6.85 ug=-at/L, i.e.:

fy = —6.85 ug-at/L-day (10)

We analyzed the case in which the fertilizer 1s applied uniformly over
the farm once every week, and the background nutrient concentration is assumed
to be negligible. Thus, the initial condition (t = 0) for Eq. 9 is:

- 48 pg-at/L, inside the kelp farm
N (11)
0, otherwise

Numerical solution of Eqs. 9-11 1s based on a zero—average-phase-error
technique (Fromm, 1968).

The nutrient transport model was applied to the 10 km x 1 km farm with
the uptake rate, fy, and initial nutrient condition, Ng, described above; the
basic circulation conditions of Section 2 (B = 1); and an incoming ambient
coastal current of 5 cm/s. A time history of the spatial distribution of the
concentration of N is shown in Fig. 3 in 28-hr increments. In stagnant water,
the N concentration will decrease to zero over a one-week period due to uptake
alone. However, due to advection, the nutrient concentration decreases more
rapidly in the kelp farm. Also, the farm "effluents” with a concentration
comparable to the initial N concentration are confined to a narrow (0.5 km
wide) strip; the area is bounded laterally by streamlines enclosing the kelp
farm. The downstream extent of the farm "effluents” reflects stretching due
to differential advection in and around the farm.

The uptake of applied N by the kelp in the farm is an output of the
model, and the uptake by the farm as a percentage of fertilizer applied is
shown in Fig. 4 as a function of tilme for three different scenarios. For the
base case of a 10 km x 1 km farm fertilized once a week with a 5 c¢m/s ambilent
current (N distributions shown in Fig. 3), 477 of the applied fertilizer is
taken up by the kelp Iin one week (168 hr). Most of the N uptake occurs during
the first half of the week, before the higher concentrations of N are
transported downstream.

The percentage uptake of applied fertilizer decreases with increased
ambient currents (which transport nutrients away from the kelp farm more
quickly) and with higher initial N concentration (such as would result from
applying two weeks' worth of fertilizer to the farm at once). This 1is
demonstrated in Fig. 4, which shows that, for the 10 km x 1 km farm considered
above, increasing the ambient current from 5 cm/s to 10 cm/s results in an
uptake of applied fertilizer of only 26% by the end of one week. The doubling
of the ambient current magnitude is analogous to increasing the fertilizing
interval from one week to two weeks while holding the monthly amount of
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Fig. 4 Time History of Fertilizer Uptake within Kelp Farm
as Fraction of N Applied to Farm Once a Week, for Three
Farm Size and Ambient Current Combinations

fertilizer constant. For the case of the lengthened fertilizing interval, the
time scale is also doubled, that 1s, the uptake 1s 267% at the end of two
weeks.

For a 20 km x 1 km farm to sustain an annual yield of 100,000 DAFT, the
daily N uptake required is 3.43 pg-at/L (the corresponding unit annual yield
is 20 DAFT/acre). If the fertilizer is applied once every week and the
background nutrient concentration is negligible, the resulting N uptake is
similar to that in the smaller farm case. However, for the same ambient
current, the residence time is 1longer 1in a larger farm, and hence the
available nutrient concentrations will be higher. This 1is shown in Fig. 4,
where, for a 5 cm/s inflow, the N uptake by the kelp in one week in a 20 km x
1 km farm is 72% of the total fertilizer applied.

By accounting for the inefficient uptake of nitrogen applied to the
farm due to the effects of currents, one can determine the total amount of
nitrogen required to produce a specified kelp yileld. For the case of a
desired annual yield of 100,000 DAFT, a depth-averaged ocean current of 5
cm/s, and fertilizer applied once every week, the annual nitrogen requirements
are 10,640 tons for a 10 km x 1 km farm and 6,940 tons for a 20 km x 1 km
farm. Of course, the amount of nitrogen supplied as chemical fertilizer can
be reduced if some nitrogen is provided from natural nutrients in the ambient
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water and/or from methane process plant effluents applied to the farm.
Fertilization scenarios involving combinations of nitrogen sources can be
examined by modifying the initial conditions and depletion rate terms in the
nutrient transport model.

In summary, our analysis indicates substantial loss of fertilizer by
advection. Depending on the ambient current, farm size, and fertilization
scheme, 30-80% of the fertilizer may be lost. Also, the effluent has a high N
concentration, which could significantly affect the downstream environment
through potential modifications to the planktonic assemblage and related
natural food web leading to fish (Ritschard et al., 1981).

While assessing the magnitude of the envirommental effects involves
site-specific marine biochemical information, some general observations can be
made. The plume downstream of the farm will contain nutrient concentrations
well In excess of the concentrations in the ambient surface waters, The farm
effluent plume will also probably contain phytoplankton in concentrations
about equal to those in the ambient surface waters. Thus, i1f a nutrient such
as nitrogen is limiting crop size and growth rate, enhancement of nitrogen
concentrations may stimulate phytoplankton growth in the downstream plume from
the farm.

To maximize farm yield and to minimize downstream influence, the advec-
tive effects must be considered in the design of a fertilizer distribution
scheme. 1In particular, for given ambient ocean currents and farm unit yield,
the farm size and fertilizing interval will significantly affect the nutrient
availability. '

In the model analysis, we assumed that nutrients are distributed
uniformly and that plant uptake of nutrients is uniform through the water
column. However, in reality, the plant uptake 1s most effective near the
surface, and the vertical nutrient distribution depends on the fertilization
function and ambient density stratification. Thus, our assumption of a
homogeneous ocean driven by a depth-averaged current may be overly simplistic.
A realistic model should consider the differential advection due to velocity
shear, the vertical nutrient distribution, and the depth dependence of
nutrient uptake by kelp plants.

Because field data for circulation and transport in a kelp bed are
scarce, no attempt was made in this study to compare model prediction with
observation. However, the fundamental assumption regarding the relationship
between drag force and current is empirical, and the model can be validated
only with field data. Direct measurement of currents and bottom pressure is
required to test the drag law. The flow field and nutrient tramsport in the
kelp bed can also be determined from tracer measurement.
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4 WAVE-FARM INTERACTIONS

The interaction of surface waves with a kelp farm in nearshore coastal
waters will modify the waves to which kelp plants are subjected within the
farm and will modify the wave field in the vicinity (particularly shoreward)
of the farm. Waves propagating into the farm are reduced in height due to the
resistance of the kelp plants. The problems of wave height reduction within
the farm and the more complex problem of the farm's effects on the local wave
climate shoreward of the farm were investigated by COER (see Section IT of the
Appendix). The results of the investigations are summarized here.

The damping (reduction in wave height) of waves entering the kelp farm
was determined by estimating the energy loss, using linear wave theory. The
relationship between the incident or incoming wave height, Hy, and the wave
height at a distance x into the farm, H(x), is:*

H(x) _ 1
H, "1 + okx (12)

where:

k

27/L (wave number) and

L

wave length.

The parameter a is a complicated function of the water depth (h), the vertical
height of the kelp plant (s), the spacing between adjacent plants (b), the
effective diameter of the kelp plants (D), and a drag coefficient (Cp)
reflecting both form and skin friction drag.

Equation 12 1is plotted in Fig. 2.1 of the Appendix, and Table 2.1 of
the Appendix lists values of o for various wave and farm configurations. The
procedure to determine values of kx, given water depth and wave period (T), 1is
described as well.

An example calculation for wave height reduction under conditions
thought to be relevant to nearshore kelp farms determines the modification to
the height of a wave at a location 716 m (2350 ft) into a farm with kelp
plants 3 m (10 ft) apart with effective diameters of 0.3 m (1 ft). The water
depth and kelp height are 15.2 m (50 ft), the wave period is 20 s, and Cp is
assumed to be 1. A wave 6.1 m (20 ft) high outside the farm 1is 3 m (10 ft)
high at a location 716 m into the farm — a 50% reduction in wave height.

*Equation 12 is identical to Eq. 2.1 in the Appendix.
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While the technique described above is rather straightforward to apply,
it is limited by the assumption that the farm 1s infinitely wide (no edge
effects) and by the fact that it only treats waves within the farm. To assess
the local effects of a finite farm on the wave climate in and around the kelp
farm, COER constructed a more sophisticated modeling technique, based on
recent modeling developments, that allows for the combined effects of wave
refraction (wave height and direction changes due to changing depths) and wave
diffraction (changes due to wave height discontinuities caused by the presence
of structures).

The refraction-diffraction model was applied by COER for example
problems of kelp farms in coastal waters to examine the extent of the zone of
wave helght reduction behind (shoreward of) the farm. Two examples of waves
directly incident on a farm differ in the density (or spacing) of kelp plants
and the size of the farm. In the case of plants on l-m (3.5-ft) centers and a
small farm (see Appendix Fig. 2.3), wave heights are reduced to 20%Z of
incident values immediately behind the farm and are still reduced by 60% two
or three farm widths away in a "shadow zone™ shoreward of the farm. For the
case of plants on 3-m (10-ft) centers and a larger farm (see Appendix Fig.
2.4), five to six farm widths (onshore dimension) are required for wave
helghts to regain 80Z of initial heights.

Other example computations indicate that the model performs as one
would expect: 1incident waves at an angle to the farm result in a shadow zone
at an angle to the farm (see Appendix Fig. 2.5), decreases in the effective
diameter of the kelp result in less wave height reduction and a smaller shadow
zone (see Appendix Fig. 2.6), and changing the wave period from 20 s to 10 s
has no appreciable effect on the shadow zone (see Appendix Fig. 2.7). The
examples 1indicate that the kelp farm, depending on the wave and farm
characteristics, can alter the local wave climate significantly.
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5 TIMPLICATIONS OF WAVE-FIELD MODIFICATIONS

The most obvious implication of the reduction in wave energy and wave
height in and behind (shoreward of) a kelp farm in the nearshore coastal zone
is potential shoreline or beach modifications. The transport of sand
nearshore and the shoreline bathymetry are governed primarily by the waves
reaching the nearshore area. Experience with breakwaters and other structures
near the shore has shown that wave shadowing that interrupts sand transport
through the littoral zone can cause tombolos (regions of shallow water created
by sand moved from nearshore to offshore) to form in the shadow zone.

A model developed recently by COER for other purposes was used in an
exploratory way to examine the potential for shoreline modification by
nearshore kelp farms. The details of the application are described in Section
IV of the Appendix. The wave field resulting from the interaction of a kelp
farm and a 6.l-m (20-ft) wave with a 20-s period was found from the
refraction-diffraction model and used as input to the sediment-transport/
shoreline-modification model for a shoreline 2650 m (8700 ft) behind the
farm. Calculations for seven days indicated that the 7.6-m (25-ft) and 10.7-m
(35-ft) bottom contours were migrating from shore into the shadow zone behind
the farm. Such calculations are preliminary and the modeling of the shoreline
modifications is complex, but the COER exploratory work suggests that tools
are avallable to begin to look at such impacts of kelp farms.

Another implication of the reduction of wave height in and around a
kelp farm is the modification of the suspended sediment regime, with the
potential for increased sediment deposition within the farm area. This
problem is rather complex, as indicated in Section V of the Appendix. A model
attempting to account for the suspended sediment concentration in a wave field
was used to estimate that wave damping might reduce suspended sediment load by
about 20% within the farm. The effects of circulation due to current-farm
interactions need to be added to this analysis.
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6 WAVE FORCES ON KELP PLANTS

The forces exerted on a nearshore kelp farm, and thus on any restraint
system for the farm itself, depend on the forces exerted on the kelp plants.
The design of plant attachment systems requires a knowledge of the forces on
the kelp plants. COER investigated the state of knowledge of the effects of
wave forces on kelp plants, and its findings are reported in detail in Section
III of the Appendix.

Essentially there are no experimental data on, or analysis of, the
forces exerted on flexible objects such as kelp fronds. However, existing
knowledge of wave forces on rigid cylindrical bodies and an analysls of the
potential displacement of kelp in a wave field provide some information that
does not seem to have been taken into account 1in previous kelp farm design
exercises. Until present, drag forces on kelp plants due to steady currents
have been employed. Estimates of the additional force component due to wave
accelerations of the water (inertial force) by COER suggest that vertical
force components, in particular, are of the same order of magnitude as buoyant
forces and cannot be 1ignored in design. Additional horizontal force
components appear to be small relative to steady current drag forces.
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7 CONCLUSIONS

The analyses and modeling undertaken in this project are initial
investigations of many of the problems posed, and the applications of the
techniques have been limited in terms of the range of ocean and kelp farm
conditions examined. Thus, the conclusions are stated only in the context of
the levels of complexity of the analyses employed and of the examples cited.
Nonetheless, the examples from which the conclusions result are believed to be
in the spectrum of real cases of nearshore kelp farms. The principal
conclusions are:

® A kelp farm significantly modifies the flow of nearshore
ocean currents. Inside the farm, the flow 1is retarded to
30-40% of the incoming current. A deflected flow is created
that moves around the kelp farm in a narrow band about 1 km
wide.

® Substantial amounts of applied fertilizer are 1lost from a
kelp farm by advection (currents within the farm). Depend-
ing on the ambient current, farm size, and fertilization
scheme, 30-807 of the fertilizer applied may be lost. Also,
the effluent (water leaving the farm proper) has a high
nutrient concentration that may have significant environ-
mental impacts downstream.

® Wave heights can be significantly reduced as waves propagate
into a kelp farm. The amount of the reduction depends on
the hydrodynamic and geometric characteristics of the waves
and the kelp. A theoretical formulation has been developed
for the convenient calculation of this damping.

e A kelp farm disturbs the local wave field. Behind the farm
is a shadow area, which is a region of reduced wave heights.
The size, particularly the shoreward extent, of this shadow
zone 1s I1mportant for coastal processes. A computer model
of combined refraction/diffraction for water waves has been
developed and tested for prediction of size and location of
the shadow zone.

¢ The shadow zone behind a kelp farm may modify the local
shoreline. Preliminary use of a model to calculate this
shoreline modification has 1indicated that sand moves from
onshore to offshore behind the farm.

® Wave forces on the kelp can be extreme under clrcumstances
of combined waves and currents. Inertial forces should be
included in any wave force calculation, and first-order
analyses indicate these forces are of the same order of
magnitude as the plant buoyancy.
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8 RECOMMENDATIONS

This project has provided insight into several physical aspects of
ocean kelp farming for which 1little knowledge was previously available. The
limited scope of the project, however, has meant that many analyses were
exploratory and applications were confined to a few examples. Several results
indicate that the approaches taken can provide understanding essential to
critical problems of kelp farm development. Some of the approaches reported
here require further examination and application to become credible tools for
the marine biomass community. In general terms, without separating supply and
environmental issues, we make the following recommendations:

@ Some of the basic hydrodynamics in models developed to
analyze circulation (and nutrient distribution) and wave
field modification need to be verified against observations
in natural kelp beds. Additional analytical and experi-
mental studies of wave forces on kelp plants are necessary.

@ Several of the models employed in this study need to be
improved to 1investigate and account for effects that were
ignored.

—~ More remains to be learned about the effects of currents,
kelp plant size, farm configuration, and fertilization
schemes on vertical nutrient distributions. We did not
investigate vertical nutrient distributions and need to
consider vertical features such as depth dependence of
nutrient uptake by plants and density stratificationm.

— Further improvements are required in models for wave
field and shoreline modifications, with particular
emphasis on application of the models to typical site
conditions.

- Additional study 1s required of combined wave and current
effects on sedimentation and scour in and around the
farm, to determine whether the width (or offshore
dimension) of the farm may be limited due to the impact
of such processes.

¢ Studies of many of the physical aspects of ocean kelp farm-
ing should be considered as fundamental to the development
of rational conceptual designs (and not simply considered to
be design studies that can be left to the final stages of a
site—specific 1implementation). For example, nutrient dis-
tribution studies should be integrated with biological kelp
yield studies in the search for fertilization strategies.
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I. Intreduction and Summary

Marine biomess and its anaerobic digestion into synthetic natural gas
has been gtudied by the Gas Research Institute and its contractors for a number
of years. Recently the aim of thelr efforts has been to evolve a viable
design for a nearshore farm for the cultivation and harvest of glant kelp,

Macrocystus pyrifera.

Coastal and Offshore Engineering and Research, Inc. (COER) has gerved
as a sub-contractor to Argonne National Laboratory (ANL) which has been
charged with the task of examining the physical oceanographic and ocean
engineering aspects of coastal kelp farming. COER's statement of work
involved the development of first order amalyses for the following areas:

1. wave modification in an around the kelp farm

2, shoreline modification

3. wave force analysis
and 4, the effects of the farm on local sedimentationm.
The analyses of these problems are prescribed in subsequent chapters and
detailed calculations are presented in appropriate appendices.

The presence of the kelp farm with its demsely growing plants results
in local wave damping, which means the wave heights within the farm are reduced
as well as In the region shoreward of the farm. Behind the farm therxre is a
change in wave direction as well. COER has utilized the state-of-the-art
knowledge of combined wave refraction/diffraction with wave damping to develop
a computer program to determine the wave field in and around the farm.
Graphical output from this program shows that the farm can significéntly reduce
the wave heights over very large areas.

An examination of the effect of the modified wave climate on the shoreline
was carried out using the U.S. Army Coastal Engineering Research Center's shore-

line modification model, which was developed for them by COER (Perlin and Dean,
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1982). While only one simulation has been carried out (for storm conditions),
it is possible to compute annual shoreline changes with the model, and based
on the results presented, these effects can be significant. The reduced wave
height inshore of the farm results in shoreline sediment deposition and,

over long periods of time, the shoreline cam bulge seaward towards the farm.
The magnitude of this effect is of vital importance, particularly along the
California shoreline, where the beaches are a vital resource.

The effect of waves on kelp is important for several reasons. The
anchoring system for the plants must be sufficient to resist wave forces and
the forces should not be of such a magnitude as to pull the plants apart.

A study of the wave forces indicates that the drag forces are'the most impor-
tant of the two forces experienced by the plant, but that the inertia force
is of the same order of msgnitude as the buoyancy force. We find here that
the presence of waves and currents can lead to very high forces on the kelp
plants; much higher than 35 1lbs per planmt.

Finally sedimentation around and in the farm 18 affected as the wave
heights are reduced within the farm and the mean currents are deflected around
the farm. This means that sedimentation will be increased within the farm
and scour will be increased around the perimeter of the farm. Details of

these analyses are discussed in Chapter V.
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II. Wave Modification Due to the Kelp Farm

Waves propagating into a reglon of demnsely growing kelp are reduced in
height. There are two importamt effects which were studied here. First, the
reduction of wave height with distance as the waves propagate into the interior
of the farm was studied and then the more complex problem of exsmining the
effect of the farm on the entire local wave climate; that is to determine the
effect of the kelp on the waves inside and shoreward of the farm. These two

problems are discussed separately below.

1. Wave Damping in the Farm
Energy loss by the waves due to work exerted on the kelp

plants can be determined using linear water wave theory. The theoretical
derivation is presented in Appendix I. The major determining parameters for the
damping rate are the spacing of the plants, b, and their effective hydraulic
cross section, D, (the projected area with respect to the flow) and a drag
coefficient. Here the drag coefficient, CD is taken to be a combination of
the standard pressure drag coefficient and the skin friction coefficient.

The results of the analysis shows that the wave height decays with
distance in the following manner:

H(x) _ 1
Hl 1+akx

(251)

where Hl is the wave height entering the farm, x is the distance into the

farm and kx is the dimensionless distance into the farm and k is defined as

27
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where L. is the water wave length.
Therefore, kx is 2n times the number of wavelengths the wave has propagated
into the farm. The factor a is a complicated function of water depth (h),

plant spacing and the vertical height of the kelp plants, s.

%

D, B 3 4
a= §;~(39(gm9(sinh ks + 3 sinhks)(3sinh Wh(sl

b 2k F 2KhY’

(2.3)

With its hyperbolic functions, a, is difficult to compute, so tables of o have
been prepared for relevant values of the parameters.

Figure 2.1 shows a plot of H/H1 versus akx. For small okx the damping
(H(x)/Hl) is linear with akx.
Bx) . 1 - (akx) for okx << 1

5y

Table 2.1 presents o for various wave and plant configurations. To use the
table and Figure 2.1, the parameters CD, D, b, 8 and kh must be known. Of
these, kh is related strictly to the wave conditions. To find kh, the water
depth, h, and wave period, (T), of the wave must be known. The kh follow

by solving the following transcendental equation for kh,

(%ﬁanz = g(kh)tanh (kh) (2.4)
This is most readily done by a Newton-Raphscn iterative procedure, see Appendix I.
With these parameters selected then a is obtained from the table. (To find

kx, it is only necessary to multiply kh by (x/h).)

EXAMPLE: Find the wave height at a distance of 2350 ft into
the farm. Givem - C; =1, D = 1', b = 10", Hy = 20',
g8=h=>50", T= 20 g. Solving Equation (2.4), kh =

.40,
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TABLE 2.1
¥x% KELP DAMPING FACTOR (ALPHA) X%
(a) SpD-/B: ©0.100, 8/h =1,000
kh\H/B
3.000 B.000 9.000 12.000
0.10 0.3183 0.6366 0.9543 1.2732
0.20 0.1592 0.3183 0.4775 0.E367
0.30 O0.1081 0.2123 0.3134 0,4246
0.40 0.0737 0.1593 0.2330 0.3187
0.50 0.0638 0.1277 0.1915 0.2553
0.60 0.0533 0.1067 0.1600 0.2134
0.70 0.0453 0.0318 0.1378 0.1837
0.80 0.0404 0.0809 ©.1213 0.1618
0.80 0.0363 0.0726 00,1083 0.1451
1.00 0.0330 0.0661 ©0,0931 0.1322
(b)Cp D/B: 0.100, g/h = 0.500
0.10 0,1586 0.3171 0.4757 0.6342
0.20 ©0.0784 0.1568 0.2352 0.3136
0.30 0.0%13 ©0.1026 0.1533 0.20S2
0,40 0.0375 0.0749 0.1124 0.1493
0.50 0.0290 0.0580 O0.0883 0.1158
0.60 0.0232 0.0463 0.0635 0.0927
0.70 0.0183 0.0378 0.0567 0.0757
0.B0 G.0156 0.0313 0.0453 0.0E2E
0.30 0.0130 0.0261 0,0331 0.0522
1.00 0.0103 0.0213 0.0328 0.0438
(e) CDD/B: 0.200, s8/h = 1.000
0.10 O0.E366 1.2732 1.9033 2.5465
0.20 0.3183 0.B367 0.8550 1.2733
0.30 0.2123 0.4246 0.B3E8 0.8481
0.40 0.1593 0.3187 0.4750 0.6373
0.50 0.1277 0.2553 0,3830 0.5107
0.60 0.1087 0.2134 0.3200 0.4267
0.70 0.0918 0.1837 0.2755 0.3674
0.80 0.0809 0.1618 0.2427 0.3236
0.90 0.0726 ©0.1451 0.2177 0.2902
1,00 0.0861 0.1322 0,1983 0,2644
(d) CDD/B= 0.200, s/h = 0,500
0.10 0.3171 0.6342 0.95t4 11,2685
0.20 0.1568 0.3136 0.4704 0.6271
0.30 0.1026 0.2052 0.30°7 0.4103
0.40 0.0743 0.1489 0.2248 0.2998
0.50 0.0580 0©.1159 0.1733 0.2318
0.60 ©0.0463 0.0927 0.1330 0.1854
0.70 0.0378 0.0757 0.1135 0.1513
0.80 0.0313 0.0626 ©0.0939 0,1252
0.80 C.0261 0.0522 0.0783 0.1044
1.00 0.0213 0.0438 0.0856 0.0875
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The factor CDle = 0.1 and (s/h) = 1, therefore, we
use Table 2.1.a. The corresponding a value is
0.0531. Therefore, akx = (0.0531)(0.40)(333%) =
0.998. Now, using Figure 2.1, we find H/H1 =

0.5 for this value of okx. Therefore, the wave
height 2335' into the farm is 10', a reduction

of 50%.

To eliminate the necessity of calculating o for a particular case and
to show the effect of s, the fraction of the water columm over which the kelp
extends, Figure 2,2 shows H/Hl versus kx for T = 20 seconds, h = 50', D= 1",
b = 10', €y ™ 1.0 and the following values of s/h: 1.0 (Curve 1), 0.8 ),
0.6 (3), 0.4 (4), 0.2 (5)., Similar curves for other parameters can easily

be generated using Equation (2.3) for a and Equation (2.1).

2, Wave Climate Modification in and Around the Farm
The model presented above strictly examines the waves propagating

into a farm of infinite width, that is, there is no effect of the lateral edges
of the farm and no consideration of the waves after propagating through the farm.
Since the kelp farm can be considered comceptually as a very porous offshore
breakwater, it 1s necessary to determine its effects on the adjacent shore-
lines. (Rubble mound offshore breakwaters are often used as a coastal
engineering method to disrupt the longshore sediment transport in order to
create deposits of sand behind the breakwater for recreational beaches.)

To this end, the effect of the farm on the local wave field was
calculated using a recently developed technique for combined wave vefraction

(wave height and direction changes for changing depths) and diffraction
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(changes due to wave height discontinuities due to the presence of structures).
This technique due to Radder (1979) and Booij (198l1) and is referred to as the
parabolic model. The theoretical developments and computational implementation
are discuesed in Appendix II. In this section the results of the model will

be presented graphically. Due to spatial limitations of the graphical
software, a small farm [2,000' long (longshore) and 1,000' wide (onshore]

was chesen for the first example to show the far field effect of the farm.

In Figure 2.3, the kelp farm is located in the center of the upper right hand
side of each dlagram and the waves are incident on the farm from that directiom.
The bottom diagram shows the waves at an instant of time as they occur around
and in the farm. The upper diagram shows transmission ccefficient, Kp -

(z R/Hl) at all times. As can be seen from the Ky diagram the wave heights

for this case of strong dampingl the wave heights leaving the farm are less
than 20%Z of the incident wave height, At a distance of 2 or 3 farm widths
behind the farm the Kp = 0.4 contour closes. This means, in this case, that
4,000-6,000 ft shoreward of the farm, the waves are still reduced by 60%. At
extremely large distances behind the farm, it is expected that KT = 1,0. An
interesting effect, visible in the figure, 1s the appearance of a bow wave-like
phenomena, which creates the wave height highs which trail off behind the

front edge of the farm at an angle of about 10°.

The next figure, Figure 2.4, shows a larger kelp farm exposed to the
same wave conditions except that the plant spacing is measured to a more
realistic 10'. The kelp farm is 9,600’ long and 3,000' wide. The plotted
coastal region 1s 24,000' x 12,000'. For this case the wave height is reduced
to less than 40 of the initial 20' height behind the farm and the diffraction

process then causes the keights to recover behind the farm. It is estimated

1 ¢, = 1.0, D=1, b= 3.5.
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that 5-6 farm widths are necessary before the wave heights recover to 80%
of the initial height for this case.

The effect of incident wave angle is shown in Figure 2.5. As can be
gseen, the shadow region (region of reduced wave height) is directed behind
the farm at the same 30° angle. For a farm located in a region of variable
angles of wave incidence, the shadow zone will respond directly to the
incident wave angle. This will tend to smooth out the effect of the farm on
the adjacent shoreline,

For Figure 2,6, the hydraulic diameter of the kelp, D, was reduced to
0.5' from the 1' used previously. Clearly for this case, the wave height
reduction is less (the wave height leaving the farm i1s just below 60Z of the
incident height).

To illustrate the effect of wave period, a 10 Qecond wave (instead of
20 second) was used in Figure 2.7. Due to the change in period, the computa-
tional grid size was also reduced. The farm remains the same size but
only half the surrounding area is shown. In comparing this figure to
Figure 2.5 (for T = 20), there is no appreciable difference in wave damping
for this case, although in general it is expected the damping will decrease
with wave period.

Clearly, the results of the combined refraction/diffraction model
show that the kelp farm, depending on the values of the wave force parameters
and plant characteristies, can significantly alter the local wave climate.
This effect persists far behind the farm and could create a significant

modification of the shoreline.



39

0\ ¥
Q i 4 J
: }‘
i"‘ §\ R Incident Wave
A "s\. h‘n 34 Direction
g* J W '# \A&
.l‘k W' §¢\ LM \ "\WQ'&,
\3 ?v R

\\ \&w

SRR
S, y’\ @
\“'w "'r . ) A w“
& S
e WS %
R

LEGEND:

NUMERICAL M= 60,N= 60,D0X= 200.0,D¥= 400.0,B.C. CODE= 2

WAVE: T= 20.0,DPT REF= S50.00,L REF= 781.95,H REF= 20.00,THETA= 30.00

BOTTOM CODE: O,SLOPE OR A VALUE= 0Q,00000

KELP: ELV-/DPT=1.0,DIR=1,0,SPACING= 10.00,FARM LENGTH-Y (GRID)= 24,WIDTH= 15
F DAMP= 1.0000

PLOTTED FROM (UPPER LEFT CORNER): 1 1 PLOTTED SIZE (X BY Y): EO BO

87

#ET=11:59.6 PT=138,1 I0=31.3

FIGURE 2.5 Wave Field In and Around Kelp Farm: 30° Oblique Incidence



LEGEND:

MUMERICAL M= 60,N= 80,D<= 200.0,Dv= 400.0,B.C. CODE= 2

WAVE: T= 20.0,DPT REF= 50.00,L REF= 781.35,H REF= 20,00, THETR= 20.0D

BOTTOM CODE: ©,SLOPE OR A “RLUE= 0.00000

KELP: ELY~/DPT=1.0,DIA=0.5,5PACING= 10.00,FARM LENGTH-Y (GRID)= 24,WIDTH= 15
F DAMP= 11,0000

PLOTTED FROM C(UPPER LEFT CORMNER): 1 1 PLOTTED SIZE (X BY Y): &0 E&Q

#?

#ET=16:42.5 PT=18.4 I0=32.73

FIGURE 2.6 Wave Field In and Around Kelp Farm: Smaller D.



)
N o ﬂ.%“*‘?\%{\‘
R, e

5 5 ‘ % J' ' y 3,
YRR,

LEGEND:

NUMERICAL M= 60,N= 60,DX= 100.0,DY= 200.0,B.C. CODE= 2

WAVE: T= 10.0,DPT REF= 50.00,L REF= 3€0.08,H REF= 20.00,THETR= 30.00

BOTTOM CODE: O,SLOPE OR A VALUE= 0.00000

KELP: ELV/DPT=1.0,DIR=1.0,SPACING= 10.00,FARM LENGTH-Y (GRID)= 48,MIDTH= 30
F DAMP= 1.0000

PLOTTED FROM (UPPER LEFT CORNER): 1 1 PLOTTED SIZE (X BY ¥YJ): EO 68O

#?

#ET=10:36.3 PT=20.2 10=36.7

FIGURE 2.7 Wave Field In and Around Kelp Farm: 10 Second Period



42

I1I. Wave Forces on Kelp Plants

Wave forces on individual kelp plants are very difficult to calculate
as the prior experience of engineers has been largely related to rigid cylin-
drical structures which are of utmost concern to the oil industry. The
kelp behaves in a far different manner than a cylindrical pile, in part
because it is flexible and able to follow the motion of the water easily and
because the frondg are able to stream out behind the plant which streamline
the plant to the flow.

| The forces exerted by waves on objects consists of two parts, the
drag force (per unit length), F_ , and the inertial force (per unit length),

FI’ (Morison, et al., 1950). The total force, F., is then the sum of these

T’

forces. Therefore,

Fr 1

c
f
wheze T = 1/2 p Cp A lulu+ 30 & [u|u]

Dy
Dt

and FI - Cm p ¥
FD is composed of two types of drag, the form drag, due to pressure differences
upstream and downstream of an object, and the skin friction. Here Ap is the
projected area, AL is the surface area (one side) of the kelp frond. % is

the volume per unit length of the kelp plant and Cy is the inertial coefficient
which can be taken to be about 1.2.

G.E. (1982, see also McGinn, 1981) has discussed in detail the drag
force due to a steady current, and some evidence 1s presented to validate the
formula. For large curremts, about 2 kts., the plants respond by heeling over
to about 83% from the vertical, hence presenting very little projected area and

so most of the force is due to skin friction. For this case, the GE-determined

drag force for a 1500' frond length plant surrounded entirely by moving water
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is 50 lbs.

To this forece loading due to a current, the Influence of the wave motion
must be included. Using the stream.function wave theory (Dean, 1965), the most
accurate nonlinear theory available, near bottom velocities for a 20' high,

20 second period wave In 50 feet of water is about 8.3 feet per second (fps).
The addition of a 2 kt current results in a total horizontal velocity of
about 12 fps. If we nonconservatively assume that only half of the drag force
should be used (since the kelp is streaming parallel to the bottom and most
of the flow could be on the top half of the plant, the G.E. drag equation
yields 250 lbs horizontal force.

To the steady drag force must be added the forces due to the to and fro
motion of the waves. To examine these forces it is first useful to examine the
extent to which the water particles move. From the linear wave theory
(the easiest to use for wave calculatioms, but not as accurate as the stream
function theory), the horizontal displacement of the water umder the passage

of a wave 18 given as AH:

cosh k$h+z!

Ay = B =10k kn (3.2)

where H is the wave height, h is the water depth. For a wave period of 20
seconds and h = 50 ft, the maximum excursion of a water particle is 52 ft.

This occurs at the surface; the corresponding bottom excursion is 24.2 ft,
Since the mature kelp plants will in general be of about this length (particu-
larly just after harvesting), it appears that under storm conditions the plants
(in the absence of a current) will be moving constantly in respomse to the
waves., For much shorter and smaller waves, which would occur most of the

time, the water particle excursions are much less than the plant length and
the plant does not reach the totally stretched out shape predicted by the

steady current analysis.
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For the large waves in the presence of currents the plant will be deflected
more in the downstream direction than the upstream side as the drag force will
be increased significantly in that direction.1 As the flow changes to the
downstream direction, the plant will stream out to its umniform current configura-
tion, but since the flow is accelerating,larger relative velocities will be
experienced than for the steady current case. This extra force is difficult
to evaluate analytically.

Finally, we can make some estimates of the inertial force, FI, which
are due to the fluid accelerations. Pressure gradients, which cause the
orbital water motions, also act on submerged objects and try to accelerate
them as well. Principle variables of interest are the volume of fluid displaced
by the plant and the fluild accelerations. The volume of a kelp plant was
estimated by the G.E. (1982) estimate of 50 kg dry weight per plant. This
corresponds to about 1.7 ft3 of seawater if the solid portions of the kelp
were neutrally buoyant. (The pneumatocysts cause a larger displaced volume,
but then the solid parts of the plant are heavier than water; it is presumed
these two facts cancel each other.) The fluld accelerations are calculated

by linear theory, where the horizontal and vertical accelerations are givem by

B e g SRR i o .30

for the water surface displacement,(a) (cos(kx-ot)). For a kelp plant in 50 ft

1 Drag force is a function of the velocity squared. For a small current, U,
then the drag force is proportional to (Ttu)2 = u2(1+2 U/u), where u 1is
the wave velocity. If, for example, U = 10Z of u, then the drag is
increased by 202 in the downstream direction.
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of water, a 20 ft high wave with a 20 second period results in horizontal and
vertical accelerations at the water surface of 2.6 ft/sec2 and 1.0 ft/secz.

Using an inertia coefficient, Cm, of 1.5 and o = 2.0 slugs/ft3. yields

FI = 6,6 1bs ; 2.6 1lbs

for the maximum horizontal and vertical forces. If instead of using the

20' storm wave, we use a more typical wave of, say, five foot wave height

and 7 second period, them the horizontal inertial forces are reduced to

5.8 1bs, but the vertical force is increased to 5.1 lbs. This is due to the
fact that the water particles at the surface must rise up to the height of the
wave in a smaller amount of time. Based on these simple calculations,
additional foxces of the order of 7 1lbs (the same as the buoyancy) must be

included in the design of the anchors.
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IV. Shoreline Modification by the Kelp Farm

The diffracted waves shoreward of the kelp farm will propagate shoreward
and result in changes in the nearshore sediment transport patterns and, after
some time, changes in the planform shape of the shoreline. In order to develop
some feel for the respomnse of the shoreline, the recently developed CERC
(U.S. Army Corps of Engineers Coastal Engineering Research Center) shoreline
model (Perlin and Dean, 1982) was used in conjunction with the output of the
combined refraction/diffraction model of Chapter II..

The CERC model is an n contour-line representation of the nearshore
bathymetry, where n is any number (here, n = 8). In the model, the longshore
direction is divided into equal segments (Ax apart). Each contour line represents
a spacified depth and it is allowed to move on or offshore according to the
conservation of sediment. For each contour segment, there are two modes of
sediment transport, onshore and alongshore, just as occurs in nature. More
discussion of the model appears in Appendix III.

For a 20 second period wave, 14.1 high,1 the response of a neighboring
shoreline (8,700' shoreward) was calculated over a duration of three and a
half days and seven days, for the purposes of looking at short term coastal
response. In an actual design application of this model, a year's time would
be simulated using the actual or predicted waves at the site., The seven day
calculation used here is to i1llustrate the use of the model and to indicate
its utility.

Most of the shoreline modification due to these large storm waves
occurs at the seaward-most contours which are outside the surf zone. The

modification here is due to the shadow zone behind the kelp farm, while at the

1 This 1is a reduction of the 20' high design wave to the root-mean-square
wave height to account for spectral effects.
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surf zone diffraction and refraction have removed almost all effects of the
offshore farm. Figure 4.1 presents the contour changes for the 25' and 35'
contours which were on average 2450' and 4500' offshore. In the figure only
half of the farm 1s presented as the solution i3 symmetric for the case of
normal Incidence. In the figure, erosion occurs outside the shadow zone behind
the kelp farm and the sediment is moved behind the farm. This occurs for both
contour lines. Not a significantly greater change occurs after 7 days and,
therefore, these results were not plotted. At the 25' contour lime a net

5 .3

accretion of 1.3 x 107 ft~ occurred. The shoreward contours on the other

hand, experienced a net erosion, decreasing from 4 x 104 ft3 at the 15'

contour to only 350 ft3 at the shoreline. This nearshore erosion is due to the
presence of the kelp farm as the initial beach profile was an equilibrium
profile. For this example sediment moved from the nearshore to the offshore
region behind the farm to begin creating a tombolo. Its form, under the storm
wave attack, is two tombolos forming at both ends of the farm, however,

after a long period of time, the area between the two tombolos would fill in

to make one large tombolo. Without further simulations it is impossible to

provide time scales for tombolo formation or the eventual sizes of the

tombolo.
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V. Sedimentation and Scour Due to the Kelp Farm

In coastal areas a tremendous amount of sediment and biological material
is transported by suspension. The sediments may have been placed in suspension
by the action of breaking waves in the surf zone or turbulence in rivers and
streame or the agitation of waves outside of the breaker zone. Whatever the
source, the materlial remains in suspension as the turbulence in the water
column transports the material upwards, as it attempts to fall under the
action of gravity.

In order to calculate the effect of the reduced wave height within the
farm on the suspended sediments, it 1s first necessary to calculate the
concentration of sediment over the depth. Since this is a function of the wave
height (the wave height is a measure of the energy available to suspend the
gediment), the concentration will be different inside and outside the farm.
This concentration can in turn be integrated over the depth to determine the
suspended load of the fluid. The difference will be the amount of material
deposited in the farm region. (To determine time scales, further work is
required to add the transporting ability of coastal currents, as they determine
the rate at which the suspended load is brought into the farm.)

A model of the sediment comcentration over the depth in the presence of

waves can be described by

= _ , 3C _
~Cw =g 3==0 (5.1)

where T is the mean concentration (averaged over a wave period)
w 13 the effective fall velocity
€ 1is an eddy viscosity

z 18 the vertical coordinate.
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Recently, Hwang (1982) has solved this equation using an eddy viscosity
which is proportional to the vertical orbital amplitude of the waves and found

Rsinhkh
tanh(kz/2 ) xHk ;

2w sinhzkh(coth kz-coth kz )
C(z) = C, ( [1 - —2 - o]
° tanh(kzo 2)

i o 1 5.2)

where C° is the concentration at elevation z°
k is the wave number

R is8 a correction factor for the fall velocity reduction to the oscillatory
wave field (R = 0.07)

K is an eddy viécosity factor (0.4 assumed)
Wo is the mean fall velocity of the sediment
¢ 1is the wave angular frequency (2rn/T)
H is the wave height
and V ig the variance of the bottom sediment distributionm.

The reference concentration Co i3 a function of the local bed shear
stress and In general will be different inside the farm and out. Conservatively,
Co will be assumed to be the same in both locations and the differences in
sediment load will be estimated using the following form:

0
@) = J )z (5.3)
o -h o

Denoting the value of (qllCo) as the suspended load outside the farm,
the ratio of q/ql will denote the reduction of the ability of the water
column to carry this load. This ratio is plotted in Figure 5.1 (as the lower
bound of the shaded region). For most farmwidths, a reduction of about 207
of the suspended load will occur (for this example). This means that this
material will be deposited within the farm and within the first one or two

wavelengths of the waves within the farm (6 < kx < 12).
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Bottom scour will occur in and around the farm due to two major
effects. The first is the deflection of the coastal currents around the farm
as described by the parallel work at Argonne National Laboratory. Since sediment
transport due to mean currents is proportional to some power of the velocity

(say, 3-6), we can write

q  © v,

As the velocity increases slightly, the percentage increase in g is m times
greater than the percentage increase in the velocity itself. Therefore, with
knowledge of the increases of velocity due to the deflection of the farm,
estimates of scour rates can be determined. Equilibrium bottom topography can
be obtained from incipient motion criteria. In the vicinity of supports and
anchors, scouring will also occur due to the same mechanism, but at a much
smaller scale. The net result will be a settling of the anchors into the

bottom (if it is sand) and subsequent burial.
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Vi. Conclusions and Recommendations

The presence of a dense array of kelp plants (artificially or naturally
planted) reduces local wave heights, has an effect on the neighboring shoreline,
experiences wave forces and changes the local sedimentation patterns. All of
these effects have been examined in this study with the following conclusioms:

{1) Wave heightscan be significantly reduced as they propagate into the
kelp farm. The amount of the reduction depends on the hydrodynamic and geometric
characteristics of the waves and the kelp. A theoretical formulation has been
developed for the convenient calculation of this damping.

(2) Locally, the wave field is disturbed due to the presemce of the farm.
Behind the farm is a shadow area which is a region of reduced wave heights.

The size, particularly the shoreward extent of this shadow zone is important
for coastal processes. A computer model of combined refraction/diffraction
for water waves has been developed and tested. Graphical output shows the
influence of various size farms on the local wave fleld.

(3) Wave forces on the kelp can be extreme under circumstances of combined
waves and currents. Inertia forces should be included in any wave force
calculation and first order analysis indicate these are of the same order of
magnitude as the plant buoyancy.

(4) Local shoreline modifications are due to the shadow zone behind the

farm. If the analog of an offshore breakwater i1s used, then shoreline modifi-
cations result which consist of the shoreline bulglng out towards the farm.
The amount of this bulge (called a tombolo) is dependent on the wave height
reduction behind the farm and the smount of sediment tramsport along the
adjacent shoreline. A tool to calculate this shoreline modification is the
CERC model and an example was shown for the 20 ft design wave.

(5) Sedimentation will occur within the farm as the wave climate is

reduced. A theoretical model for this has been discussed in Section V.
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Data on local suspended sediments are neéessary to complete this work. Local
scour 1s expected around the anchors and at the outer edges of the farm due to
the deflection of coastal currents. The magnitude depends on the strength of the
natural current.

Further work is necessary to refine these analyses. This project has
largely resulted in the development of models to illustrate the possible
effects of the presence of a farm. These models must now be used with actual
field data to enable gn accurate depiction of future performance. Some of
the measurements necessary or desirable are:

(1) Mesasurements of wave height attenuation through a matural

stand of kelp.

(2) Remote sensing of wave refraction/diffraction due to a known

kelp farm and also the resulting shoreline modifications

(3) Site specific wave climate data (height, period, direction and

frequency of occurrence), current data, sediment data

(4) Wave force measurements on natural kelp.

Further analytical work needs to be done on the analytical predictions of
wave forces on kelp (including the flexible nature of the plant) and an
the perfection of the combined refraction/diffraction model (particularly

for use over much larger areas).
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APPENDIX I Wave Height Reduction Due to Kelp

This Appendix presents an analysis of wave damping in the kelp field
due to the drag force on the plants. The derivation is based on the comservation
of energy equation. The assumptions are: 1linear wave theory is valid,
plant motion can be neglected, the drag coefficient CD is constant over the

depth and the depth of water is a constant (i.e., a flat bottonm).

Derivation

The consgexvation of emergy equation is

3(EC )

% °D (1.1)

where E = wave energy/unit area = 1/2 pga2

p = fluid density
g = gravity
a = wave amplitude

C_ = wave group velocity = nC

1/2 (1 + 2kh/sinh 2kh)

-]
a

Y(g/k)tanh kh

(@]
]

wave number = 2% /L

=
]

=
]

wave length

=
B

water depth

“p

energy dissipation

Considering the dissipation which is only due to the drag force, then

ep = Fpu (1.2)
FD = drag force on the plant

u = horizontal velocity due to the wave motion

Evaluating €p over the length of the plants,
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z
ep = J 1 Cp A uju|. udz . # plant/unit area

5P
-h 2
3
= Ba (I.3)
> p (sinhks + 3 sinh ks) ,gk.3 1
where B = 2p 75— 3 > &

3 cosh™ kh

8 = h+ z = elevation of the top of the plant relative to the bottom
b = spacing between plants.

Substituting Equation(I.3) into (I.l),

1 da
m&;&=-fpgc ——— = - Ba (1.4)

where Cg = constant due to constant depth assumption.

The solution of (I.4) is

a_ 1
-—; ax (1.5)
1+ B' 5

[+

where B' = B/(1/2 pg Cg).

H1 = incident wave height before entering the kelp field,

Writing in terms of wave height, and expressing the solution In dimension-

less form,

: S Y
ﬁ; 1+ akx (1.6)
where
‘v »p, M 3 4
o =57 (PG (slnh’ka + 3 sinh ko) (oo in(oinn 2kn + Zky) (D)

Figure 2.1 in the text shows the function H/H1 = 1/(1 + a kx). Table 2.1

in the text lists the values of parameter o under various wave and plant conditions.
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Note from Equation (I.7), a is a function of 5 different parameters, CD’
D/b, ks, kHl and kh. The first three can be considered as plant-dependent,
and the last two are wave-dependent. 7

To compute kh, Equation (2.4) must be solved. Rewriting Equation (2.4)

it can be placed in the following form

F(kh) = A -= (kh)tanh(kh) = O
where A = (%ﬁ)z
(kh)n, based on an old estimate, (kh%, in the following fashion:

%5 The Newton-Raphson iterative technique finds a new kh,

F((kh) )
UR)y = 0o = FEam) )

where F'((kh)o) = -tanh(kh)o—(kh)osechz(kh)o. Only a few iterations are
needed in general for an accurate solution. An initial value of kh might

be 0.5.
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APPENDIX II Parabolic Method for Combined Refraction/Diffraction of Water Waves

II.1 The Governing Equation

In 1967 Luke showed that the variational principle,

x; '
I= f J L dt dx (II.1)
¥ Y
where
a2 A2 a2
n (_+ ¢+ 4) "
L = pJ [ 2y fm + gz - %%adz (11.2)
-h

correctly described the behavior of nonlinear water waves. Here ; is the
velocity potential of the wave motion, p is the fluid density and g is the

acceleration of gravity. If we assume that ; (x,¥,2) can be represented as

cosh k (ht+z)
cosh kh (11.3)

;(x.y.Z) = ¢(x,y)

where the cosh k(h+z) 1s the usual depth dependency associated with small
amplitude wave theory, then after substitution into the Lagrangian L and perform-

ing the first variation yields a governing equation for the wave motion

¥ac?Te + nole) = 0 (11.4)

2kh _2p
oinh 3kn) and o = 5

where C = /{g/K)tanh ¥F, n = 5 (1 +
T 1s the wave period. This model equation, which was developed by Berkhoff
(1972) describes the shoaling, refraction and diffraction of waves. Booi]

(1981) shows that the inclusion of a term, iof¢, in the equation results in

wave damping and the parameter f is a measure of the damping.
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Radder (1979) shows that with substitution ¢ = 2 the equation can be

fac®

placed in a standard hyperbolic form

Prer’5=0

where kcz = k2 + ;%- - 3(actvac?

(I1.5)

(I1.6)

Assuming ¢ is composed of a forward propagating component (¢+) and a scattered

(reflected) component, ¢ , the Helmholtz equation can be split, thus yielding

an approximate equation for df the quantity of interest.

%:’;gi-i- 2 1kc%ii+ 2k 2 + 1;%) #t =0
Cne final substitution is made,
e s
which strips out the rapidly oscillating portion of the wave field.

The ko is a representative wave number.

The governing equation for ¢ is then

2
o Eem=o0
ay Cc 0X

9k
i c
where F = kc [Z(kc-ko) + i:!(*§§9]

The numerical solution to this equation is obtained using a Crank-Nicholson

integration procedure.

(I1.7)

(11.8)

(11.9)

(1I1.10)
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;r(¢1,j+1 T 29 gty g Y4 T P g F Vg 4
3

) +
(Ay)2 (Ay)2
] -y P + ¢
141, i, i+1,1 1,3
21 k, ( Ax ) + Fi,j ( - ) =0
i,3
k, - kg
= - 1 i+1,] 1,1
where Fij kc [Z(kc k) + T 2 o ] (I1.11)
1,3 i’j c
i,]
Or in matrix form
[ 1 0 0 0 0
12k . ¥1,1
- 3 —12 * Axi'z + ;'2 : 3 Y12
2(a7)°  (ay) 2(Ay)
12k F ’
1 o SR Y5 R P R .
2 2 Ax 2 2
2(Ay) (ay) 2(Ay) .
0 — T
\ 0 0 1 J Fi,JJﬂ,
( N
1
! o 11,2 o1
2(Ay)z 1-1,2 7 1-1,2 2(Ay)2 1-1,2
- . (11.12)
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where the first and the last (JJ+1th) equations are the boundary conditions

and subject to change for different applications. The present set-up in
Equation (II.1ll) is for the case of distant boundaries and no effect of the
object 18 felt at the boundaries. Other boundary conditions will be discussed
in a later section. The square matrix on the left hand side of Equation (II.11)
i8 a tridiagonal matrix. Very efficient algorithms are readily available for

its solution.

11.2 Boundary Conditions

As mentioned in the previous section, to enhance the computation of the
parabolic formulation, the boundary values need to be specified. Equatiom (II.1l1)
presented a formulation that the values at both boundaries are specified,
which corresponds to the cases that the disturbance will not reach the boundaries
and requires a tremendous area of computation. Other alternatives are
(1) Reflective boundary conditions, (ii) Radiation conditions and (1ii) Combina-
tion of radiation and fixed boundary conditions. Each will be discussed in
detail below.

(1) Reflective boundary conditions

a?l = = =
5y 0 at vy v1 and y ¥y (11.13)
where y; and y, are the left and the right hand side boundaries, or
Vp T ¥ 5 Vg T Vg (11.14)

replacing the first and the last row of Equation (II1.12).
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Equation (II.13) uses central difference and is accurate to O(Ay)z. This
boundary condition is good for normal wave incidence and (1) solid boundaries

or (2) periodic placement of the kelp farms. The disadvantage of this

condition is that for oblique wave incidence, a shadow zone is created on

the upstream side, and a standing wave zone on the downstream side of the
computational area as shown in Figure II.1l. The boundary effect will eventually
propagate into the area of interest and introduce large errors.

(1i) Radiation boundary condition

W - =
3y ikyw at y =y and y = Yo (I1.15)

based on the assumption that

-i(kxx+kyy)e-ict

¥

p=|dle (1I.16)

where kx and ky are the wave numbers in the x- and y-direction, respectively.

Combined with Equation (II.8) and write

¥(x,y) = |v(x,y) | eif (11.17)
therefore 5
ik x i(k x+8)

g=ve © &t yle ©° T % (11.18)

since i: = %(z6§+8—0t) v (I1.19)

) tan_l($£29
Re

d
S0 ky = §§-= 5y (11.20)
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Equation (II.15) becomes

V141,541 " V141, 4-1
Thy = tkyie,5 Vie1,3

(I1.21)

In practice, ky is evaluated using wi,j+1 and wi,j-l' Figure I1I.2
shows a plot based on the above formulation. For normal incidence, this scheme
is equivalent to reflective boundary conditions. For oblique incidence, the
downstream boundary is well taken care of. The upstream side, however,
created certain anomaly for some unknown reason. A third boundary conditiom
that fix the upstream condition is, therefore, congidered.

(111) Fixed-value upstream and radiation downstream conditions.

To remedy the upstream boundary condition, the waves on this

boundary are assumed fixed, i.e.,

i(kxx + kyyl)

¢ =e (11.22)
or equivalently
1k _x +k_y ik x
b= (e * Ve © (11.23)
where k= k_ cos ©
x ¢ (11.24)

k =k 8in ©
v c

and 9 1s wave incidence angle.

The downstream side is still treated with radiation condition, Equation (II.21).
The result was shown in Figure 2.5 in the text. The result is satisfactory and
only introduced less than 47 error on both boundaries in the range of
computation. However, since this scheme reflects the scattered wave, it

will introduce errors for very far fleld computationm.
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Although, all the schemes discussed are good for short range computa-
tion, Scheme (1ii) 1is obviously much superior than the others and is chosen

for the design computation.

I11.3 Testing of the Numerical Scheme

Various tests of the numerical scheme were conducted to examine the
optimum grid sizes and verify the accuracy of the model. These tests follow.

(1) The optimal grid size for computation

Figures II1.3, II.4 and II.5 are computations using 6, 4 and 3 grids

per wave length, respectively. The kelp farm size was kept constant (3120' x
1820'). The contours of the wave height (KT) were similar (note that all

plots are 60 grids x 60 grids, therefore, representing different computation
sizes), but the resolution for individual wave decreases with increasing grid
size. For the case of three grids/wave length, ambiguity in the direction of
wave propagation is obvious. It is decided that four grids/wave length is

the optimal size to use.

Figure II1.6 presents the computation using unequal grid-size, Ay = 2Ax,
and L/Ax = 4, This rectangular grid is recommended for large kelp farm compu-
tations.

(ii) Accuracy in wave representation

Figure II.7 presents a case where the waves enter a region of
constant depth with a 30° angle. The wave height error is + 4Z all over and
is not presented. It is clear that the wave information 1s correctly represented
under the present numerical scheme. For mild scattering, the error remains in

that order as discussed in the last section.
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(1ii) Calibration with the analytical result of wave diffraction from
a solid breakwater (Shore Protection Manual, 1977)

Figures I1.8a and I1.%9a simulate wave diffraction pattern
beyond an offshore breakwater. The corresponding analytical solutions are
presented in Figures II.8b and II.9%. The present numerical computation
predicted somewhat large wave height, max 1.26 along the ridge, while the
theoretical result gives 1.14. The general patterns are similar.

Based on this and the previous paragraph, the final choice of the
numerical parameters are: Ax = 1/4 L, Ay = 2Ax and combination of fixed

upstream and radiation downstream boundary conditions.

IT1.4 Relation of f to the Physical Parameters

The damping coefficient f in Equation (II.6) is related to the kelp
and wave parameters such as drag coefficient, effective kelp diameter, effective
kelp spacing, kelp height, wave height, wave period and water depth by comparing the
one-dimensional solution of Equation (II.5) to the solution obtained in
Appendix I, (I.6).

The one dimensional solution of Equation (II.5) is

1kcx~ot
p=Ae (11.25)

denote kc = kr + iki (I1.26)

vhere kr’ ki are real and positive, then the decay of wave height can be

expressaed as

- e (11.27)

mim

1
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The relatiomship of f to the kelp parameters can be derived from

Equations (II.26), (II.6) and (I.6) as follows. Equating (1I1.26) to (I1I.6),

we found
Kk h 3
/ r,.2 1.2 /
j G & 1 (
< 7 (I1.28)
! 2 EE.Ei.g.Eg |
k k no ,}
where k is the wave number for no-damping condition. The solution of
Equation (II.28) is
-1 43/14_(-1-%»)2
ki = k\ 5 (11.29)

and
1+ fie?

On the other hand, equating (II.27) to (I.6), we found that

kix = tn{l+akx) (11.31)

Substituting Equation (II.29) into (II.31l), then

£ =no ([2(EALER)2Z 4 4 2 _ 41/ (11.32)

where o is expressed in Equation (I.7) and rewritten here for convenience,

S o B

D .D 3 4
o 3;-[gﬂ[gmi[sinh ks + 3§inh k31[3sinh Y4

ST ZKEoknY )

(1.7)

For small values of akx, the natural logarithm of (1+akx) can be

replaced by a power series expansion which yields (using only the first term):
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f = no {(2 c:2+1)2—1}1/2 (11.33)
For further approximating,
f=no 2a (II1.34)

Here f is not a function of position and is convenilently expressed linearly

with ¢. For the computer model, however, Equation (II.32) is used.
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APPENDIX I1I. Modeling of Sediment Transport in the Nearshore

Introduction

A summary of the numerical model for shoreline modification developed

by COER (Dean and Perlim, 1982) is given in this Appendix.

Computational Scheme

The model is an n-line representation of the surf zone In which the
longshore direction is divided into equal segments each Ax in length. The
bathymetry 1is represented by n-contour lines, each of a specified depth,
which change in location according to the equation of sediment conservation.
There are two components of sediment tramsport at each of the contour lines -
a longshore component and an offshore component. Figure III.1l is a definition
sketch showing the beach profile represented by a series of steps, the

planform profile representation and the notation used.

Distribution of Longshore Sediment Transport Across the Nearshore Zone

Based on model tests by Savage (1959) as interpreted by Fulford (1982),
COER has developed a distribution of longshore sediment transport across the
surf zone as

i 372 HbA3/2
Q. () = C'Hbslz e 1.25 h

sin 2 (- ac) (II1.1)

in which C' represents the coefficiant in the usual longshore sediment transport
equation, © is the averaged wave angle at the location, o, is the local
contour orientation angle, hb and Hb are the breaking water depth and wave

height and A is the scale parameter associated with the equilibrium beach



80

OFFSHORE
YL, Y by
k3
N\Inttaf v ) ne,n h(I,4) h(1,5) '
V(ISL\
D y(I,3)
E y(I1,4)
P '
T y(1,5)
H 4
M) e
-
¥ '
+ h
a) Beach Profile Representation | , |
’ Oy (I,0+]) '
.y ox(1,3) S 1% é{Dt T T 30x{I+lD
‘ » h(I,J)
(J + .1.)3-:'}*1 Contour |
» “y(I,J)
»\/IJ.H(LJJ.)
BEhe il
° [
& (1)
F |
EXPLODED VIEW
) ,—-tl"
th
S 1 I J—— Contour
H o
Dy (1-1,9 (J-I)E-b- Contour
° r I
R "‘71;“‘"!77‘ | | |
E ’ | | |
N I I
1
R I Y Y A e x
i=1 =2 i=3 i=I-1 i=I i=I+1 {i=1+2
LONGSHORE
~b) Beach Planform Representation

FIGURE III.l1 Dcfinition Sketch.



81

profile (to be described in more detail later).

Onshore-0ffshore Sediment Transport

The equation governing onshore—-offshore transport Qy is based on the

approach introduced by Bakker (1968),

Qpg,g = XM Iyy 59 - 95,9 % ¥,4] (I11.2)

in which w is the equilibrium spacing associated with the contour locations.
Thus 1f the slope is greater than equilibrium, offshore transport results and
vice versa. The parameter K(h) is an "activity factor" which based on our

earlier work, primarily within the surf zone, was found to be
-5
K=10 " ft/sec , h < h,

To generalize this concept for transport seaward of the surf zome, the wave

energy dissipation per umit volume was utilized as a measure of mobilization

of the bottom sediment. 1Inside the surf zone, the dominant wave energy
dissipation is caused by wave breaking, whereas outside the surf zone, the
dominant mode of wave energy dissipation 1is due to bottom friction. These

two components will be'denoted by D1 and D2, respectively.

Energy Dissipation by Wave Breaking - The wave energy dissipation per

unit volume by wave breaking, Dl’ is

D 1l 9

1 = ﬁ°3§'(E CG) (111.3)

which, employing the spilling breaker assumption (H = ¢h) within the surf zomne,

can be shown to be
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5 3/2 2,1/2 3h
Dl“‘i'.‘gpg/l(h/ *'a; (II1.4)
oT
5 3/2 2,3/2
D]. = 3% P8 / K A / (I1I1.5)

in which A is a scale parameter in the equilibrium beach profile (Dean, 1977)

2/3

h(y) = Ay (I11.6)

Energy Dissipation by Bottom Friction ~ The wave energy dissipatiom per

unit volume due to bottom friction, Dy, is
1 1 2
D2 BT T E’pcf Iu.blub (I1T1.7)

in which C; 1s a bottom friction coefficient, u, is the bottom water particle
velocity and the overbar indicates a time average. For linear waves,

Equation (III.7) can be reduced to

w33

3 (I1I1.8)
sinh“kh

=1 P
Dy * 57w & C¢

The activity coefficient, K, outside of the surf zome, is expressed as

102 -5
K = T'BI’X 10 © ft/sec , h > hb (1II1.9)
3
Cc. 0
3 f )3 x 1070 (111.10)

K = o (5
5T 33/2K2A3,2h sinh kh

in which T 1s a parameter relating the efficiency with which breaking wave
energy (which occurs primerily near the water surface) mobilizes the sediment

bottom (0 < T < 1),
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Figure 1I1.2 presente an example of the variation of the activity
coefficient versue relative depth for a particular wave period and deep watey
wave height. It is seen that the activity coefficient K reduces rapidly with

increasing depth.

Equstion of Comtinuity

The squation of continulty, finite differenced for the th and (n+1)th

time-steps can be written as

atl n
Vq4.9771,4 1 nHl , n o+l n atl .. n nt+l n
it " Theh %, 1%, 1" VQx1+l,j_Qxi-!»l,j"’Qyi,jmyi,j’Qyi,j-ﬂ”Qyi,j+1}

(1I11.11)

ag 72%2?’ ingerting Equations (YII.l) and (I1I.2) into Equatiom
th

fining R
Petining 14,3

(I11.1l), and transferring all known quantities for the n time-step to the

right-hand side of the equation results in

ntl

otl +1_
1+1,§7141,3

b3 n+l
yi’j+(AtR1.j)S3i'jyi.j (AtR

1,531, 71-1,47 (4% )83

HBtRy 083y 9713008, gConat 6, ) (3 OFT5 ] D)

+(8tR; jConst 6, 41) [F (7]'3 - ¥} 49)] = (WARE), (111.12)

Equation (III.12) can be rewritten as

nt+l n+l

QA+U+V+2721 + ZZ)Y?‘:,; - (U)yi-l,j - (v)yi+1,j

- (ZL)¥G gy = (22)¥G 14y = (AMARE), (111.13)

»J
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= R S
where U = At 1,3 31.1
AtRi,jS31+1,j

= (At
z1l (2 )Ri’jConat 61,j

22

At
(imaki’jConst 61,j+1

Equation (III.13) is a weighted, centered scheme in which y2+§ is computed
1 4

using a weighting of itself and its four adjacent '"neighbors.” The weighting
factors (U,V,Z1 and 22) are functions of the wave climate, the slope between
contours and the other varlables imcluded in the original formulation.
Investigation of a small, gridded system demonstrates that by writing
simultaneous equations, one for each y?f}, a banded matrix results. It can be
solved using one of the available routines from the International Math and
Statistice Library (IMSL), LEQT1B. A schematic representation of the matrix A
which rasults from the metrix equation Ay = B is presented in Figure III.3. In
this schematic, the large zercs represent triangular corner sections of all
zeros, the 0...0 represent bands of zerce, the number of which are dependent
on the number of contours simulated [the numbef of zero bands between either
remote non-zero bands, and the tridiagonal non-zexo bands equals two less than
the number of contours modeled (in both the upper and lower co-diagonals of
the matrix)].

0f course, the matrix requires boundary values on both lomgshore
extremities and both on and offshore boundaries. The longshore boundary comdi-
tions are handled by modeling a sufficient stretch of shoreline so that the
effects of any structure or other perturbation are minimal. The y-values along
these boundaries can, therefore, be fixed at their initial locatiomns. In

the on-offshore direction, boundaries are handled quite differemtly. The
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NOTE: SIZE OF MATRIX-FULL STORAGE MODE
[ (IMAX-2) (JMAX) x (IMAX-2) (JMAX) ]

SIZE OF MATRIX-BANDED STORAGE MODE
[ (IMAX-2) (JMAX) x (2JMAX + 1)]

FIGURE III.3 sSchematic Representation of Banded Matrix If
Not Stored in Banded Storage Mode.
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berm and beach face are assumed to move in conjunction with the shoreline
position. The required sediment transport is then computed by the change in

poeition of the shoreline. The two equations are

n+l n ntl n

= ,!. - I .
Yi0 " V1,0t Og1 ~5,1) (111.14)
n+l _ _Berm Ax, ntl _ n
Qg1 ™ " ae V04,1 ~74,1) (I1I1.15)

The offshoras boundary is handled by keeping y:+§ 1 (the contour beyond
» jmaxt

the last simulated contour) fixed, unless the angle of repose is exceaded.
ntl
Then, the yi,j max + 1 is reset (at the conclusion of the nt+l time-step) to a
position such that the slope equals the angle of repose. Note that y:+t
]

is represented in the program by y%eroi.





