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ABSTRACT

The International Copper Research Association, Inc. has been
involved with exploring the uses of copper alloys in marine aguaculture
since 1975. These continuing efforts have resulted in a wide diversity
of research, prototyvpe design and construction and commercial test
projects in at least a dozen countries and with a variety of end
purposes. These uses have included shellfish trays, fish «cages, intake
screens, and sheathed floats. These efforts have grown and diversified
including large numbers of . private, university and government
organizatiens on an international basis. There have been many successes
resulting in the builld up of considerable international interest in the
use of copper alloys in marine aquaculture. All this activity has been
documented over time in a number of INCRA reports* and papers published
in the scientific literature. The purpose of this report 1is to present
in a single document a summary of these diffuse data, the results and
conclusions to date and to provide a means of identifying sources for
more detailed technical data. In short, a helpful guide to anycne
interested in exploring the uses of copper alloys in marine aquacultural

applications.

* Available upon request from INCRA, 708 Third Avenue, New York City, NY
10017, see reference section for report citations.



1.0 INTRODUCTION

International Copper Research Association, Inc. has been
actively supporting the beneficlal uses of copper in aquaculture since
1975. These efforts are based on the fact that marine biofouling of
meshes 1s often a very serious operational problem, sometimes THE major
problem, with high economic impacts through effects on labor, and
reduced system performance (Huguenin & Ansuini, 1978; Huguenin &
Huguenin, 1982), Biofouling can dramatically reduce necessary water
flow, increase head losses, and alter the oxygen content of the water.
In addition, much of the conventional aquaculture equipment are very
vulnerable to storm damage and forced entry by predators, and often
exibit short useful service lives in seawater.

In 1975 a2 number of promising applications of copper and its
alloys in marine aquaculture were identified (Huguenin & Ansuini, 1975).
These included the use of copper alloy meshes for both shellfish trays
and fish cages. In the same year field tests were started with
shellfish trays made from woven copper wire mesh, It soon became clear
that this type of mesh alone wasn't structurally adequate and that
copper-nickel alloy mesh in expanded metal form had the most potential
for practical and economic applications (Huguenin, Hammar & Tucker,
1975}, All subseguent research has been with 90-10 Cu-Ni {(Alloy CA-706)
expanded-metal mesh with a nominal opening size of about 3/8 in.
Although,; the mesh has come from at least three sources in the U.S. and
Europe, it all has had the characteristics shown on Table 1.1 with only
small variations. In most applications to date, with a few exceptions,
the structural components have been made from a nonconducting synthetic
material. Pultruded fiberglass sections have been used for fish cages
and several different plastics have been emploved in shellfish trays,
mostly polyethylene, polypropylene and polystyrene.

The first INCRA prototype fish cage was designed, built and
deployed to a commercial Maine fish farm in July 1977 for operational
testing. It was comparable in size with the other fish cages on that
farm and built of Cu-Ni expanded metal mesh and pultruded fiberglass
structurals. The intent was not only to exploit the benefits of Cu-Ni
mesh but also to address in the design all the problems, needs and
requirements for commercial marine fish farming. The design requirements
were derived from a careful evaluation of marine fish farming world wide
(Huguenin & Ansuini, 1978)., As a consequence, the INCRA prototype is
different from more conventional fish cages in a number of ways other
than just different materials. It has proven itself, under varied and
rigorous service conditions in both the U.S. and Canada, to be
incredibly rugged, biofouling resistant,; versatile and successful (see
Table 1.2 and Section 3). A number of other fish cages in seven
countries have been designed and built based on the experiences with the
prototype (see section 3). In addition to the fish cage itself, the
prototype program successfully demonstrated the concept of wusing thin
0.01 in. (0.25 mm) 90~10 Cu~Ni sheet to provide long term protection to
vulnerable styrofoam float blocks from physical damage and biofouling
(see Figure l.1)(Huguenin & Ansuini, 1977),
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Table 1,1 INCRA sponsored research around the world has been with an
expanded-metal mesh with the general characteristics, with only small
variations, as shown Delow:

e metal - 90-10 Cu-Ni (alloy CA-706)

e mesh -~ expanded-metal mesh

¢ nominal mesh size -~ 3/8% (1.0 cm)

& gauge - .035%" (0.89 mm)

e strand width - 050" (1.27 mm)

e long way dimension{LWD} - .750" (1.9 cm)
e shorit way dimension(SWD) - .425% (1.1 cm)
e weight ~ 0.38 1b/sq ft (1.86 Kg/sq m)

e percentage open area - 73% perpendicular
- 76% @ 20 degrees to perpendicular

# metal hardness =~ 1/4 to 1/2 hard

e ultimate yvield strength &2 &8,080 psi (3.3 x 108 N/sq
m) to 62,000 psi (4.3 ¥ 10Y Nfsq m)

Table 1.2 PROTOTYPE CAGE ACCOMPLISHMENTS

1) Proved marine bilofouling resistance of 90-10 Cu-Ni mesh and
compatibility with fish culturing,

2) In spite of the light weight, showed great structural strength,
withstanding the worst winter storms in 100 years (Feb. 1978) with no
damage to cage and repairable damage to float hinge joints.{The rest of
the farm being destroyved arocund it.) This survival amidst destruction
has been repeated at least three more times over seven years and in two
countries.

3) Demonstrated simple practical system for 1ifting cage completely
clear of the water for inspection or maintenance.

4) Proved efficiency of basic modular design approach using 90-10 Cu-Ni
expanded metal, pultruded fiberglass sections and electrically isolated
galvanized steel-hard points.

5) Proved merit of novel elastic suspension system connected to cage
bottom corners and to centers of bouyancy of corner floats of
articulated float collar.

6) Demonstrated a simple and practical method for crowding fish in a
rigid cage for grading or harvesting.

7) Twice demonstrated ability to be readily dissassembled, transported
and reassembled,
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Simultaneously with the design and development of the prototype
fish cage, tests of various types of shellfish trays utilizing the same
mesh were initiated. These tests were also successful, proving the
viability of using biofouling resistant Cu=Ni mesh in close proximity 1o
delicate shellfish (Huguenin & Huguenin, 1982, see Section 4),

While copper alloys have long been used in marine applications,
their use in aquaculture is new. In addition, the combination of Cu-Ni
with fiberglass and pPlastics for complete siructures has lead Lo  new
design and manufacturing techniques, The same techniques and methods
have proven to be applicable to the design of seawater intake screens
both large and small (Ansuini, Hduguenin & Money, 1978; Huguenin &
Huguenin, in press), Such intakes can be used for hatcheries, aquariums
and a wvariety of shore hased aquaculture facilities as well as
nonagquaculttural industrial and  utility wuses (see Figure 1.2).
Considerable background research has been necessary to develop and
document this new technology. Some of this research has been in areas
such as: the long-term effects of seawater on pultruded fiberglass,
documentation of biofouling resistance of mesh, fastener design and
selection, loads/deflections and nydrodynamic drag on expanded-metal
mesh, and manufacturing/bonding techniques., Much of this was documented
in a "Seawater Screening Design Guide"(Gularte & Huguenin, 19803. The
primary purpose of the present guide is to simplify, update with new
data, and direct this accumulated technology specifically towards
aguaculture applications.



2.0 MATERTALS SELECTION

There are a number of alloys that are both good marine materials
and possess significant resistance to marine biofouling {Tuthill and
Schillmcller, 1965). These materials include 90-10 Cu-Ni, 70-30 Cu=Ni,
and to a lesser degree, a number of brasses and bronzes. Generally an
alloy needs 70%Z or more copper to have really meaningful biofouling
resistance, Among the possibilities, 90-10 Cu-Ni is rated among the
highest in fouling resistance (Hunt and Bellware) and is the material
with which we are most familiar. Most of the data and experience
contained in this publication were acquired with 90-10 Cu-Ni alloy. The
fouling resistance of 90-10 copper-nickel in seawater is well documented
(£fird, 1975) and, while it is considerable, it is not absolute. Under
conditions of low-flow velocity or stagnation, the alloy may require
cccasional brushing with a stiff brush to maintain completely clean
surfaces. Long-term corrosion test data (Efird et al., 1975) shows that
the stabilized corrosion rate of 90-10 copper-nickel is in the order of
0.1 mils per vear or less, and this corrosion tends to be uniform. The
alloy 1is in many other ways a superb engineering material for marine
applications (Hunt and Bellware, 1967).

While most of the interest to date has been in applications
involving modest velocities (under 10 fps), there are data on the
effects of much higher water velocities (Efird, 1977). Because of 1its
combination of properties, it 1s possible to design and build very long-
life structures even with relatively thin gauge materials. Under many
circumstances, copper-nickel alloys can be used in areas with even
relatively low water flow velocity without detrimental effects on marine
organisms (Huguenin and Ansuini, 1975). This lack of any biological
problems under normal operating conditions has been confirmed by
experience (Huguenin, Hammar and Tucker, 1975; Huguenin et al,, 1979;
Huguenin and Ansuini, 1%80; Huguenin and Huguenin, 1982); therefore,
structures made from this alloy are 1likely to be environmentally
acceptabie.

When designing equipment primarily for fouling resistance, extra
care should be taken to avold setting up galvanic c¢ells, which can
reduce or even nullify the corrosion rate and hence the fouling
resistance of copper alloys. Copper alloys tend to be cathodic to other
structural metals .such as steel or aluminum, Therefore, the use of
these metals in electrical contact with copper alloys should be avoided
if the structure is to maintain its fouling resistance. In particular,
care has to be taken, in the absence of copper-nickel fasteners which
may be hard to find, to ensure that the fasteners are either non-
metallic (none of suitable strength and price have yet been found) or
that the fastener materials are cathodic to the 90«10 Cu-Ni, If the
fasteners were to be anodic, the unfavorable area ratios would guickly
result in the destruction of the fastener as well as the loss of fouling
resistance on the mesh. Considerable care must be exercised in the
selection of fasteners {(see Section 5). The alternative of electrically



isolating the fasteners can be made to work but does involve some Tisk.
In fact, after assembly each fastener has to be electrically isolateqd
and should be checked with a meter. During field assembly 1isolation
bushings can be crushed due to slight hole misalignments or their
coatings punctured, Proper quality control checks are also often
difficult due to accessibility and environmental conditions. In
addition, there is always the possibility of breakdown of the electrical
isolation with time due to fretting, materials deterioration or dynamic
effects. This apprecach can be made to work effectively but requires
some care. By following the simple guideline of ensuring that the
copper alloy 1is in a freely corroding state, fouling resistant
structures can and have been ccnstructed.

Various metazllic mesh constructions can be produced from copper-
nickel., However, expanded-metal mesh offers greater design flexibility,
because it can be produced in a large variety of mesh sizes, open areas
and strand gauges, coupled with the extra advantage that the nodes arte
fixed, thus providing freedom from both fretting and crevice corrosion.
Expanded metal for screens can be made, at a minimum, with holes of 1/8
to 2 inches and in materials thickness of .005 to .150 inches. The few
previous cases where copper-nickel expanded metal has been used in
seawater applications have generally involved considerable over-design
with resultant high materials cost, This has been partly due to the
fact that no technique for predicting deflections and stresses on thin
gauge expanded metal panels subject to uniform loading has previously
existed {see Section 9).

In order to avoid problems with galvanic corrosion, the
selection of materials for structurazl elements was limited to either
similar alioys as the mesh or a non-metallic. Pultruded fiberglass
structurals were selected (Extren Series 500 Improved Structural Shapes,
Morrison Molded Fiberglass Co.) for example on the basis of ready .
availability in a variety of section sizes as well as for their high
strength and low weight. Similar structural shapes are also made by
Westinghouse Electric Corporation and others. Panel frames are built
with 2 x 9/16 in. x 1/8 in. C channel; space frame structurals are a
variety of shapes chosen for each application (see Section 10). 1In this
way a variety of structural shapes and sizes can be developed from
common components (see Figure 2.1), and easily assembled and
disassembled due to their modularity.

In 1977, when pultruded fiberglass sections were first chosen as
the structural material to be used with 90-10 Cu-Ni expanded metal mesh,
there was no available recorded information on its prior use in
seawater. There were concerns that moisture uptake combined with
freeze~-thaw c¢ycles on exposed portions might produce destructive
delaminations and changes in material properties from prolonged exposure
in seawater. As a consequence, in order to validate the screening
concept, it has been necessary to also monitor the material properties
of the {fiberglass pultrusions (see Section 6). These data, all from
only one batch from a single manufacturer, showing four years of
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exposure, indicate that water uptake by the fiberglass does reduce its
strength but that much of it can be regained on drving. It is
postulated that there probably isn't any time related degradation in
material properties per se, although the teduced performance of the
structurals due to moisture uptake must be considered during design.

Structural reinforcements may be needed at corners, joints and
at points where loads become concentrated, Strong points are needed to
transfer loads, and sometimes moments, from the fiberglass space frame
to the surrounding support structure or foundations. Hot dipped
galvanized steel weldments have been used at these points for periods of
time up to seven years wWith success (Ansuini and Huguenin, 1978;
Huguenin et al., 1979). However, considerable care is needed to assure
electrical isolation of the steel from the copper alloy mesh. Even if
installed properly, there 1is always a small risk of later electrical
contact from material changes or dynamic factors. For long-term use the
galvanized steel reinforcements also require sacrificial anodes at each
piece to  protect the steel from marine corrosion. If properly
maintained, these reinforcements should be good indefinitely.

Because of potential, but not necessarily real, problems with
the use of galvanized steel reinforcements, there has been considerable
thought and effort applied to finding more practical alternatives. A
fiberglass reinforced corner intended to hold an 8,000 1b (3,600 Kg)
concentrated load has been designed and built from fiberglass sheets and
structural shapes. It still required some metallic fasteners and cost
at least ten times that of an equivalent galvanized steel unit. The
cost was due to very high labor content and more expensive materials,
In short, while technically feasible, it had little advantage and very
high cost, i.e. lmpractical.

More promising for wuse in high stress areas, is the use of
copper alloys compatible with 90-10 Cu-Ni in terms of electropotentials
(see Figure 2.2). The best would be 90-10 Cu-Ni structurals. These are
available and can be welded into desired form but may be rather
expensive. From a cost/benefits standpoint the most attractive material
appears to be silicon-aluminum bronze. Corner brackets of this material
are being built and deployed, and if designed and built to withstand
service loads should work nicely.
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3.0 INCRA CAGES AND SPIN-OFFS

The INCRA cage prototype was deployed for in—-service testing at
an operating marine salmon farm at Wiscasset, Maine 1in July 1977, The
design of this unit with its many innovative design features has
previously been described {Ansuini and Huguenin, 1979) and is shown on
Figure 3.1, The prototype experienced a very unusually severe first
winter with six major storms, including the 100 vear storm, {Feb. 1978},
solid ice and a Richter 4 earthguake. There were alsc severe storms in
subsequent winters. During this time the farm was essentially destroyed
three times and had major damage on additional occaslions. After each
storm new mooring lines would be emplaced and some of the conventional
cages would be salvaged, and severely damaged cages scrapped. During
all this the INCRA cage survived with only minor damage and the
structural integrity of the whole complex became keyed to the INCRA
cage. These experiences, as well as operational data, are documented in
Huguenin et al,, 1979. The accomplishments o¢f the prototype and the
advantages of the INCRA design concept are listed on Table 3.1

In constructing the 10 x 20 x 10 ft. unit, twenty-four panels
were interconnected to each other and to heavier gauge fiberglass
structurals, which comprise a space frame (see Figure 3.2). This 1type
of modular construction is easy to assemble in the field with unskilled
help and simple hand tools. A modular design was selected on the basis
that mass production of a few discrete components would lower their unit
cost. Yet, these same components can be assembled in a variety of
configurations to meet the needs of individual 1installations.
Modularity also implies that with a little care during design, it may be
relatively easy to remove and replace individual screen panels. To
construct units of other sizes or configurations only the space frame
design need be changed.

While the panels can individually take very high loadings, they
must be well supported in a space frame of sufficient load bearing
capacity to take the combined loads of a number of panels. Obviously,
the space frame must be specially designed for each installation and its
form will be dependent wupon both the configuration and performance
requirements of the total system. The individual unsupported panels are
quite flexible but when assembled with a suitable space frame, the
resultant structure is very strong and rigid (see Figure 3.3).

The INCRA prototype was inspected and serviced approximately on
a vearly basis, The cage unit was found to be in good shape and detail
reports of these inspections were made. Yearly servicing of the cage is
estimated to take less than two man-days, although inspection, sampling
and mobilization/demobilization activities for a remotely located single
unit required more time, These cages can be easily lifted clear of the
water for inspection and maintenance (see Figure 3.3). The prototype

13
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Table 3,1 ADVANTAGES OF INCRA TYPE CAGES

OVER CONVENTIONAL UNITS

& Longer service life,
@ Reduced maintenance (possibly, substantially less).
# Reduced biofouling means more water flow, this translates
into higher stocking densities and faster growth.
# Greater strength (can be used in rougher environment).
¢ Greater crop security (low probability of losses) and
reduced insurance premiums.
¢ Reduced predation (possibly, substantially less).
@ Modular construction of cage and float components.
e Rigid shape (doesn't collapse like netting in a current
te crowd fish),
® Can be disassembled, transported and reassembled,
Table 3.3 C~21 FISH CAGE DOCUMENTS
8 Cage Construction Drawings INCRA Type C~21 Cage.
July 1980, revised September 1982,
(18 pages)
® Assembly Instructions INCRA Model C-21 Float Collar.
(31 pages)
e Assembly Instructions INCRA Type €-21 Fish Cage.
{15 pages)
® Instructions for Use of Lifting Frames, INCRA

Type C-21 Fish Cage.
{7 pages)

15
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Figure 3.3 Prototvpe cage inspection after four vears of
tough operational use,

Figure 3.5 First C-21 cage during trial assembly, note different
number of panels for same overall dlmensions
compared to prototype.



cage after more than four years in the water, was disassembled in late
1981 and shipped by INCRA to an operating marine fish farm in Canada.
The prototype cage was- rveassembled and deployed in Dark Harber, Grand
Manan Island, New Brunswick, Canada during May 1982. The cage was found
to be in excellent condition, even after years of deployment 1in a tough
environment, although some of the floats were damaged during shipment.
All indications are that the design will easily survive its design goal
of 10 years of service. It was subseguently moved again to ancther farm
in New Brunswick, Canada in 1983 without any problems and again survived
several punishing storms in December 1983,

The economics of the INCRA cage concept have been described
eisewhere (Huguenin et al.. 1979). These economic analyses were based
on comparisons of relative materials cost only, between the INCRA
concept and more conventional <fish cages. These analyses, with
adjustments for passage of time and recognition of the inherent
assumptions, are believed to still be valid. While materials were more
expensive than those of conventional units, the conclusions were that
longer service lives, reduced maintenance, greater security of stocks,
reduced insurance costs, and increased water flow through the mesh more
than conpensated for the increased materials cost, The considerable
world-wide interest in INCRA type cages is indicative of the validity of
the concept,

In early June 1980, INCRA ordered from Woocds Hole Engineering
Associates, Inc. (WHEA) two modified cages with the same overall
dimensions as the prototype. While conceptually the same, and having
the same features, this required a completely new detail design effort
to incorporate technical and economic changes resulting from experience
with the prototype unit, These are summarized on Table 3.2. This
redesigned cage has been designated the C-21 cage (see Figure 3.4). In
addition, specifications had to be clear and detailed enough to enable
cage component constructlon by WHEA's subcontractors, float construction
by recipients, assembly by inexperienced personnel and servicing without
direct WHEA support. The INCRA prototype had been designed, built,
assembled and serviced all by the same people, requiring a minimum of
documentation. The C-21 design effort included the production of a
substaniial number of documents and they are listed on Tabile 3.3.
Copies can be acquired through INCRA. This design effort and the
manufacture of two cages along with the trial assembly of one unit, took
less than two months from "go™ to the total order being packaged and
ready for shipment (see Figure 3.5). The C-21 has alsc been
manufactured in Scotland; it is also deployed in Northern Ireland, and
one is going into Spain. The C-21 design is particularly noteworthy
because it earned WHEA, Inc. & Merit Award from the magazine Materials
Engineering for the c¢reative and competent use of materials (see
Materials Engineering, Oct. 1981).

The C-21 wunit is ideally sized for research and commercial
trials but is somewhat small for optimum commercial production (Huguenin
and Ansuini, 1978). As a consequence WHEA has carried out a preliminary
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design, dimensicning and costing exercise of a larger cage called the C~
22 (see Figure 3.6). This cage uses the same mesh panels and types of
fiberglass structurals as the C-21 and retains all the advantages of its
predecessors. Since manufacturing costs are related to surface area,
this cage costs about twice as much as a C-21 but fish preduction 1is
volume related and it has three times the internal volume, While all
the design decisions on the C~22 have been made, the detall construction
drawings and supportive documents have not yet been preoduced, similarly
with an even larger C-23 cage (Figure 3.7). The €-23 promises to have a
volumetric cost ($/unit volume) less than 1/3 that of the C-21.

Since the design and deployment of the INCRA prototype fish
cage, there has been censiderable worldwide interest in the concept of
using biofouling resistant meshes 1in fish culturing. These are
summarized here (see Table 3.4) even though WBEA, Inc.’s participation
in some of these projects has been indirect. INCRA has participated in
all these efforts to varying degrees. These projects are listed in
rough chronoclogical order and some of the data is estimated. All of
these projects are based on the use of 90-10 Cu~Ni mesh. Except for two
which wused woven wire mesh, all the others use 90-10 in expanded-metal
form with a nominal mesh of about 3/8 in. Several of these projects are
commercial tests of prototypes, with good possibilities of large~scale
use if successful,

Submersible cages may be especially attractive. Biofouling-
resistant meshes are particularly advantageous for submersible cages
because of the 1long deloyment periods and difficulty of access for
maintenance or cleaning. Submersible cages promise to circumvent many
of the constraints inherent in flcating cages, but may have a whole new
set of problems. In particular, some marine fish need periodic access
to the surface and may not be suitable for submersible-~cage culturing.
With the possible exception of use in Japan, they have not vyet been
proven practical in commercial operations. However, if successful, the
potential 1s immense, since many sites otherwise not suitable may be
farmed with this approach. In addition, the concept has considerable
potential for tropical applications due to phenomenal biofouling
conditions which can occur.

There is another set of serious projects, which involves the
Japanese, who are clearly ploneers in the whole field of commercial
marine farming. The first participants were Kiyomine Metal Industry Co.
of Tokyo, Japan and the Kageshima Prefectural Fisheries Experiment
Station. They used 90~-10 Cu~Ni alloy 1in chain~-link form and
experimented for a number of years with 22 x 22 x 19 ft. deep floating
cages for culturing yellow tail (Seriola quinqueradiata) (“Development
of Kiyomine Cupro Nickel Cage for Fish Farming,” Kivomine Metal
Industry, 1980). It should be noted that this cage is approximately the
same dimensions as the Norwegian cage and is of commercial size. More
recent information indicate even larger square cages of 10 M per side
have also been bullt and tested. More recently a newer entrant, Mitsuil
Metal Industry, Co., has designed, built, and tested a similar hexagonal
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unit., The Japanese claim, as we do, that increased lifetime and reduced
maintenance more than - compensate for the increased initial cost of
copper-nickel materials. These cages are already in commercial use in
at least two farms for the raising of yellowtail and sea bream (Sgarus
major). There are also some indications that a submersible cage
variation has been built and tested. Considering the size and economic
importance of marine fish farming in Japan, this is very significant.
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4.0 SHELLFISH TRAYS

The use of 90-i0 Cu~Ni expanded-metal mesh in the construction
of shellfish trays to solve serious biofouling problems 1is another area
going back to the start of Project 268 (1975). The  background
information and data on earlier field tests are included 1in earlier
Project 268 reports (1980, 1983) and have Dbeen summarized and evaluated
in a scientific paper (Huguenin & Huguenin, 1982).

Biofouling of shellfish trays, while highly dependent on site
and season, has 1n many situatlons either completely prohibited the use
of trays or required considerable labor for tray cleaning. The use of
90-10 Cu~-Ni alloy expanded-metal mesh on the critical screening parts of
trays has been shown, under normal operating conditions, to be effective
in preventing biofouling of the mesh. Furthermore, it has been
demonstrated to be harmless to the shellfish, practical in operations,
and acceptable to culturists. Since 1977 over 1000 trays, of at least
11 different designs, using 90-10 Cu-Ni expanded-metal mesh, have been
employed by more than 25 commercial, hatchery and research bivalve
culturists in seven countries (see Table 4.1). Field experiences " to
date indicate that the use of 90-10 Cu-Ni mesh in shellfish +trays
improves shellfish growth through better water circulation and
substantially reduces labor rvequirements,

More than forty commercially available polypropylene shellfish
trays were modified over a period of several years using 3/8 inch
nominal 90-10 Cu-Ni expanded-metal mesh on the side panels, Sharp
reductions in shellfish growth due to biofouling have been documented
with unmodified trays of this type (Michael & Chew, 1976). The 90-10
Cu-Ni mesh used in this modification, as well as in all other trays
described, has a gauge of 0.9 mm (0.035 in.), strand width of 1.3 mm
{(0.050 in.), 76% open area 20 degrees to vertical and holes of about 0.9
x 1.5 em (0.35 x 0.6 in.). The mesh in the modified trays was secured
with 90-10 Cu~Ni wire and the edges melted into the polypropylene with a
heat gun. These trays were distributed, starting in August 1977, to a
number of wusers, representing a considerable range of operating
environments and culture species for comparative evaluation against
unmodified trays (Table 4.1). In all cases similar control trays with
conventional mesh were either available or were supplied (see Figure
4.1). Field-test conditions covered the range from hatchery, nursery,
and grow-out operations to the maintenance of brood stocks and a wide
variety of shellfish species. The tests were designed to determine
productivity increases resulting from better water circulation, practi-
cality, maintenance, possible design improvements and possible problem
areas. A number of organizations have also been supplied with 906-10
Cu-Ni expanded-metal mesh and other Cu-Ni materials to enablie them to
modify some of thelr own shellfish trays, some of unigque design. These
are also included in Table 4.1. As a consequence, some commercially a-
vailable circular polystyrene shellfish trays,; about 46 em { 18 in.) in
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diameter, and 5 cm (2 in.) deep, have also been modified and tested. To
date, shellfish travs of at least eleven different designs have Dbeen
bullt or modified using Cu-Ni mesh. All of the crganizations are either
involved with shellfish culture, shellfish research and development ov
are commercial shellfish culturists.

Feaedback on field experiences with several types of modified
trays has been received from most organizations that acgulired such trays

or modified their own. This feedback has ranged from high quality
scientific data and gualitative judgments to "no results, equipment lost
at sea.'" The most important rvesults to date have been the universal

acceptance by the participants of Cu~Ni materials as compatible with
shelifish culture and their recognition of the fouling resistance of
these materials, In addition, no detrimental effects on anyv of the
bivalves, due to the wuse of copper alloys, have been observed.
Shellfish pgrowth and survival in the modified travs have been 1in all
cases equal to or better than that in the control travs. In some cases
growth and survival were based on subjective judgments of culturists or
on only a few rudimentary measurements; in other cases careful
experimental design and measurements were carried out. In one serleg of
comparative tests with coysters in Canada, not only was the growth in the
modified 90-10 Cu-Ni trays about &40% better than that in controls but
the standard deviations in size were about 30% less than that in the
controls. The implications from this and other tests are that improved
water circulation not only improved growth but produced more wuniformly
sized animals. Most of the concerns and doubts of the participants
invelved the future costs of such trays and the merits of tray culture,
per se, in comparison to other shellfish culture methods,

Tray culture involves a relatively high initial expenditure for
shellfish trays and constant attention 1s generally required, as
exemplified by the freguent cleaning practices of some culturists. To
date many culturists have handled the modified trays as they would any
other trays, placing them in with other trays and using the same
cleaning schedules. Therefore, these culturists did not receive all of
the benefits inherent in the new materials. Quantitative data on the
degree of reduced maintenance produced by the fouling resistance of Cu-
Ni meshes have been acquired in only a few cases. However, all feedback
to date clearly indicates the existance of substantially reduced’
biofouling in actual culture operations. The few quantitative values
received from culturists who altered their cleaning schedules because of
the Cu-Ni mesh trays indicated savings of 60-100% of the labor
previously used teo maintain the trays.

Field modification of commercially available travs to insert a
90-10 Cu-Ni mesh is a laborious process and can be justified only in the
context of a research operation or to verify design concepts. Two such
plastic tray designs were modified and tested. However, preliminary
calculations and discussions indicate that a factory produced tray of
improved design and compound construction (%0-10 Cu~Ni expanded-metal
mesh  for water circulation, plastic for structure) would coest  10-30%
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more than the same tray with plastic mesh. In this case the loads on
the mesh are minimal and. the primary reguirement for selection of a mesh
thickness 1is to assure a long useful service life. Therefore, the
relatively expensive Cu-Ni is used only where 1t is needed mest for
fouling control and in gauges appropriate for the intended service life.

A 1981 survey of six commercially avallable and utilized
shellfish trays in the U.S. indicated that purchase price vary Irom
$15.60-%$29.05 per square meter ($1.45-$2.70 sq. ft.) of tray-bottom area
depending on tray type, materials, and purchase quantity. Copper-nickel
trays would be on the high side of this range but this deoes not take
into consideration their substantial scrap-metal value not inherent in
other materials.

Some existing tray designs lend themselves to a substitution of
materials. Tavside Engineering of Scotland, has designed, tested, and
now commercially offers a 90-10 Cu-Ni expanded-metal mesh version of
their standard wooden tray system(see Figure 4.2). This tray 1is about
75 x 75 x 6.5 cm (30 x 30 x 3 in.) and a small number are being used in
Scotland and a few in Northern Ireland. Additional medifications of
standard wooden trays with 90-10 Cu~Ni mesh have been carried out by the
University of Maine, Darling Center, with their 61 x 61 x 15 cm (24 x 24
%x 6 in.) trays and by Dart Ovster Fisheries Ltd., of the U.K., with
their 183 x 81 x 8 cm (72 x 32 x 3 in.) travs. Any trayv constructed of
an electrically non-conductive, structural material, such as weood or
plastic, including home built trays (Richmond, 1974}, can wusually be
readily modified to accept a 90-10 Cu-Ni mesh. If wire or staples are
used to secure the mesh, they must be made of the same material or one
cathodic or at least neutral to 90~10 Cu=Ni, such as Monel. Many common
materials, such as steel, are unsuitable., In addition, there 1is some
interest is using a single, removable, wrap-around sheet of Cu~Ni mesh
with a large cyvlindrical ten shelved plastic tray system. The danger
with this approach, 1§ 1in assuring that the various materials used,
especially any fasteners or staples, are galvanically compatible with
the 90~10 Cu~-Ni alloy.

Another approach is to make a tray constructed entirely of Cu~-Ni
mesh. Mariculture Ltd., in England, made a small number of 64 x 58 x 8
em (25 x 23 x 3 in.) oyster trays by folding up the mesh and securing
the corners. These trays have been in service without any problens
since March 1980, Devon Oysters Ltd., in England, also followed this
approach with two different designs (see Figure 4.3) currently under
test, The limitations of this approach involve problems of nesting
multiple ‘trays, possible structural problems if thin gauges are wused,
joining of materials especially in corners, and the possibly unnecessary
and excessive use of a relatively expensive mesh material. A variation
on this approach 1s the 28 cm (11 in.) diameter by 8.5 oem{3.3 in.) deep
cyiindrical trays made by Trefimetaux of France. These trays nest
readily, are reinforced with solild strips of 90~10 Cu-N1 material, and
are similar in design to an available Spanish plastic tray.
Trefimetaux's travs have been sent to several Freneh shellfish
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culturists for testing and evaluation,

Another approach 1is being tested by Aguicultura del Atlantico 3SA
of Spain. They built {frames constructed of commercially available
fiberglass shapes to form shelves which hold twenty 35 x 35 x 7.5 cm {14
x 14 x 3 in.) trays made of 90-10 Cu-Ni expanded-metal mesh (see Figure
4.4). Once advantage of this approach 1is that the individual trays do
not need much strength and can be made of thin-gauge materials because
structural support is provided by the frame. Some frames made of 90-10
Cu-Ni have also been built and deployed resulting in all Cu-Ni systems.

Estimating  the world market for shellfish trays is very
difficult at best. While pearl culturing in Japan alone uses about
100,000 trays {Mizumoto, 1976), the numbers of trays used in other
activities and regions are much more modest. A marketing survey on
shellfish tray-user requirements was conducted by the authors in 1978,
and resulted in approximately 50 replies from culturists in North
America and Europe. In response to a question on the importance of
developing a tray with biofouling-resistant meshes, 52% responded
"extremely valuable,” 337 “important”™ and only 15% of “minor value."
This survey also indicated that the demand for trays capable of holding
a substrate for c¢lam culture was about one-half of that for more
conventional trays and that the average commercial sale would prebably
not exceed 1,000-2,000 trays. However, individual operations exist with
substantially larger needs. Large volume tray-users tend to make their
own trays. In addition, because of individual user preferences and
requirements, no single tray design is likely to cover the total market,
although a design-family of related trays might come close,

There are a number of possible approaches and variations in
design for use of 90-10 Cu~Ni mesh in shellfish trays. It is clear that
such mesh has considerable biofouling resistance and can substantially
reduce labor requirements while increasing growth through improved water
circulation., It is also clear that Cu-Ni mesh trays are acceptable and
promising for a wide variety of field conditions and culture species.
With careful design, such trays should be only slightly more expensive
than similar trays of more conventional mesh material. They should also
provide considerable improvements in performance over conventional
systems,
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5.0 COMPATIBILITY OF FASTENERS FOR USE WITH 90-10 Cu-Ni
EXPANDED~METAL MESH TN SEAWATER APPLICATIONS

John E. Huguenin & Frank J. Ansuini

The Tesearch and development effort to exploit the biofouling
resistance of 90-10 Cu-Nj expanded-metal mesh in marine screening
applications has been characterized by a centinuing effort to find
compatible and economic tasteners, The viability of the Cu-Ni
mesh/fiberglass System has been at least partially ilimited by
uncertainties about the fasteners, Ideally the fasteners should be non-
conductive but none with suitable Strength or price have yet been found.

The initial fasteners on the prototype fish cage as deployed in
July 1977 were made of 304 stalnless steel electrically isolated form
the mesh with nylon bushings.  While this approach does work if
electrical contact is in fact avoided, it involves risk of inadvertent
electrical contact. Such contact in the pretotype unit has Tesulted not
only in rapid corrosion of some fasteners but also has at least
partially nullified the biofouling resistance of the mesh. This type of
stainless steel is particularly prone to ¢revice corrosion under washer,
nuts  and bolts, where it cannoct be seen from the outside, making it
twice as risky. As a ctonsequence of rapid corrosion of some 304
tasteners, aided by a very unfavorable area ratio with the 90-10 Cu~Ni
mesh, these fasteners on the prototype fish cage in Maine were switched
to Monel fasteners after one year's service. Monel is much more neble
than 90-10 Cu-Ni but is unfortunately expensive,

A surprising observation on  some Monel fasteners removed for
inspection, after 2 years in seawater, was the bresence of a copper
blush in the creviced area. This was noted under the bolt head where it
bears against the nylon bushing, In one excellent example, +the biush
Was noted along the shank and threaded area 1in way of the bushing and
nuts. Cementation of copper from seawater would not normally bhe
expected on Monel, because it is more noble than copper. However, the
increased concentration of copper in the crevice could have altered the
environment to one in which cementation or deposition of copper could
occur. In  a sense, this could represent a case of denickelification
toliowing one of the proposed dealloying mechanisms: total dissolution
followed by selective redeposition, Alternatively, it could be the
result of dealloying by selective leaching. To the best of our
knowiedge, denickelification of Monel is an extremely rare cccourance,
although there are reports of its occuring in 70-30 Cu-Ni in warm
stagnant seawater. In addition, a few Monel bolts after three years in
Seawater have shown broad Pitting in the threaded area adjacent to the
nut. Removal of these bolts showed the threaded area within the nuts to
be in good condition. This form of crevice corrosion, in which the
attack occurs outside the crevice, is peculiar to Monel and some copper
alloys. Fortunately, COTTOS1i0n at this location will not affect the

33



strength or function of the fastener. However, inspection during
reassembly in May 1982 of the Prototype after more than four vears in
seawater showed severe wastage on a small percentage of the fasteners,
some of it surprisingly and clearly in crevice on bolt shanks. These few
fasteners may have inadvertently had 304 SS washers instead of Monel.
Monel fasteners worked well, but, as said before, are expensive.

Due to the expense assoclated wlth Monel, less expensive 90-10
Cu~Ni fasteners were procured from Europe in 1980. These fasteners
having been made of the same material as the mesh, were assumed to be
compatible, However, there are a number of other considerations, such
as the complex shapes of the fasteners, possibilities of oxygen
concentration cells due to water circulation, biofouling of the
fiberglass, and possibly other factors. As a consequence a number of
mesh/fastener tests were initiated to test not only 90-10 Cu-Ni
fasteners but other, possibly more available and/or less expensive
fastener materilals. The following data is condensed and revised from a
much more detailed prior report (WHEA, 1983).

Table 5.1 shows the range of corrosion potential for all the
fastener materials discussed 1in this rTeport 1n increasing order of
reactivity. These values were derived from the two references cited and
related to a silver/silver cloride reference cell, as used in our field
work. It should be noted, these two references did not always agree on
the ranges of values., Based only on corrosion potentials, any fastener
material with an electropotential above 90-10 Cu~-Ni onr this list should
be suitable (excluding stainless steel due to its active mode) and those
below unsuitable. Due to variations in values and other factors this is
not necessarily always true.

In 1979, after problems with the stainless steel fasteners and
the expense of the Monel, silicon-bronze fasteners were suggested due to
their availability and economy. The overlap and closeness of silicon
bronze's electro-potential range with that of 90-10 Cu-Ni and the
possibility of other complications, suggested caution, Two 2 1/2 sq.ft,
pieces of 3/8 1in., expanded-metal mesh were cut to be electrically
connected to a single silcon-bronze fastener set. This mesh to fastener
area ratio was the same as on the prototype cage and likely <to be
typical of any similar marine screening applications. The mesh was
rolled into cylinders and kept from opening by the silcon-bronze
fasteners bolted with the mesh between two small fiberglass 2% x 3 3/4%
x 1/8" plates at about 1/2 the length of the cylinder. To assure good
electrical contact between the fastener and the mesh a small pilece of
loocped 90~10 Cu-Ni wire was also placed between the fiberglass plates.
All components were carefully weighed Dbefore and after deployment and
electrical continuity between the fastener and mesh was checked. The
cylinders were deployed about three feei below the water surface under a
dock in Great Harbor, Woods Hole, Massachusetts, on April 12, 1979,
Both cylinders were rtecovered 30 months later. The units were
periodically checked during this time and the mesh stayed free of
biofouling, while the small fiberglass plates were heavily fouled. For
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Table 5.1
Expected Ranges of Electro-Potentials for Isclated

Materials in Seawater Relative to Ag/agCl

Reference Electrode

Monel 400 .06 to -,16 V

364 Stainless Steel -.08 to -.14 V passive

-.50 to -.58 V active

Nickel Aluminum Bronze ‘ - ~.16 to =-,22 V
90-10 Cu~-Ni (CA-706) ~.15 to -,30 v
Silicon Bronze {CA-655) ~.28 to -,32 V
Narcoloy (1) ~.33 to -.44 ¥

(lj Estimate based on compositional similarity te Aluminum
Bronze, Narcoloy (92% Cu, 7% Al, 0.75% cobalt, 0.25% tin)
from N.C. Ashton.

References

Dexter, S.C., 1979. Handbook of Oceanographic Engineering Materials,
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these two tests the fastener was clearly the cathode and the fasteners
were acceptable.

In an effort to carry out a more comprehensive fastener testi,
twe identical units each with three different types of fasteners
attached to 3/8" Cu-Ni expanded-metal mesh were designed and fabricated.
Each fastener type had two samples, each attached fo 2.5 sg.ft, of 90-10
Cu-Ni mesh. One fastener was electrically connected by a waterproof
wire to a remote above~surface terminal for corrosion potential
determination and the other unconnected, to test for possible effects of
the connection itself. In addition, two samples of each fastener set
were bolted to the fiberglass frame, without mesh, to determine free
standing characteristics; one of these was wired for corrosion
potential measurements. All fastener components were carefully weighed
before deployment and electrical continuity checked. One unit was
deployed a few feet below the surface in Great Harbor, Woods, Hole,
Massachusetts, on September 25, 1980 and the other similarly at the
southern exit of Cape Cod Canal on Cctober 28, 1980. These wunits were
identical and in similar environments. .They were monitored monthly; the
first recovered after 18 months; the second after 30 months. Mesh and
fastener componenis were carefully weighed before and after deployment.
On recovery, all fasteners were in good serviceable condition and alil
mesh samples relatively free of biofouling.

Analysis of the considerable data from the two fastener test
units produced some interesting results. The 90-10 Cu-Ni fasteners
proved to be excellent and the preferred choice. Unfortunately, due to
present lack of volume demand, they are a custom item and not readily
available. The Narcoloy (Aluminum bronze) with Ni-Al bronze nuts also
was accepitable. While the tests with the two cylinders of silicon~
bronze previously described, indicated acceptabiliiy of the fasteners.
The fastener test unit data was not as clear cut. Of the four silicon-
bronze fasteners tested with mesh in two locations, two indicated
neutral and acceptable and two {(the longer-term deployment) indicated
the fasteners were the anode and not acceptable, It should be noted
that the silicon-bronze fasteners on the cylinder were from a different
source than those on the fastener test units. This points out one of
the potential problems of choosing a fastener, even when the materials
are thought to be the same,

In summary, the 90-10 Cu-Ni fasteners are excellent and very
compatible with 90-10 Cu-Ni mesh. There are no problems with producing
90-10 Cu-Ni fasteners; there merely has not been any demand to date to
stimulate production., Monel and Narcoloy bolts with nickel-aluminum-
bronze nuts are also suitable, Silicon~bronze fasteners under some
conditions may also be adequate but their use might introduce a tTisk
factor and they should, if possible, be avoided.
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6.0 STRUCTURAL PROPERTIES OF FIBERGLASS PULTRUSIONS AFTER
TWO AND FOUR YEARS OF SEAWATER EXPOSURE

John E. Huguenin

Pultruded fiberglass shapes appear to be an attractive material
for framing and structure in marine applications, particularly where an
electrically non~conductive material is desirable. This is inp splte of
the fact that data on the long-term effects of Seawater on fiberglass
laminates are somewhat limited {Mandell & MeGarry, 19768), Pultruded
sections are a relatively new product and are promising materials for
structural applications (Tickle, 1977 Bailey & McNish, 1980), with many
attractive €Engineering properties {(Werner, 1979}, The chosen
puitrusions (Fxten Series 500 improved glass reinforced structural
shapes, Morrison Molded Fiberglass Company) are made from fiberglass and
an isophthalic polyester resin and are available in a number of common
siructural shapes. These sections have been used to design a number of
marine screening products in combination with 90-10 Cu~Ni expanded metal
in both the USA and in Europe. However, no data on their oprior use in
submerged marine applications are available. For these Treasons, it
became clear early in the development program for these products that
monitoring the long~term performance of the fiberglass in Seawater was
also necessary to validate the basic design approach.

Une characteristic of prolonged exposure of pultruded polyester
and glass composites is the weathering of the above water parts. This
weathering is a type of stress fatigue due to cyclic variations of
humidity and temperature in conjunction with selar radiation and the
action of water and oxygen (Werner, 1980). The degree of weathering is
highly dependent on the types of resin (Whitehoust & Wildman, 1964) and
on the presence or absence of ultraviolet inhibiters in the composites,
Fortunately, weathering can only provide a smalil reduction in ultimate
strength even after many years of exposure {Werner, 1980). It appears
t0 be primarily a surface Phenomenon with the most noticeable effects
being the popping or blooming of the glass fibers, once sufficient resin
has been degraded and eroded to expose the fibers. This can cause skin
irritations on handling of the equipment and can be aesthetically
displeasing but fortunately does not appear to be a structural problem,

After two vyears exposure (1977-1979) of a prototype unit in
Maine some very minor "blooming"” of the fiberglass in the above water
fibergliass was noticed due to sun and weathering. Rather than take a
chance of further degradation with the expensive protctype, the above
surface fiberglass Systems were painted, thereby eliminating this poten—
tial proeblem, However, since it was hecessary to learn if this was in
fact a serious problem, two Wweathering test units were quickly instazli-
ed on the floats just above the waterline, one on the south side and one
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sn the north, during the fall of 1879. These units were one Yoot long
and made of 2" x 2 x 1/4* pultruded fiberglass angle. With the angle
tilted so as to catch the most sunlight, and water. Holes were provided
to enable the water to drain out. They thus would get the maximum sun,
wave action, spray, debris, ice and freeze/thaw exposure. Both of these
units were recovered from the prototype in May 1982, after about 1 1/2
vears of rugged exposure. The cumulative weathering effects, although
noticeable, were negligible sven for the south-facing unit. These units
have been redeployed facing north and south to a roof top in
Massachusetls for longer—term exposure, with no change afier two more
years. In short, this appears to be a non-problem for these fiberglass
pultrusions and painting of above surface sections 1is probably
unnecessary except for aesthetic reasons or as a hedge against very
prolonged exposure.

It was decided that tensile testing and three point bending
tests would most easily characterize the structurally important
parameters of the material and show any material deterioration due to
submerged seawater exposure. All test samples are from the same lot of
materials; three treatments were tested in December 1979 and two
additional treatment were tested in December 1981 (see Table 6.1) The
first test series involved virgin material and materials exposed in
seawater for two yvears. The second serles involved materials exposed
for four years. Unfortunately only half of the four year materlals were
recovered, the rest being lost at sea.

Since only one brand of fiberglass pultrusions from a single
shape and lot were tested, there may be risks in exirapolating these
results to other product forms or manufacturers. Differences in size,
type and orientation of reinforcements, resin, or manufacturing
processes may significantly alter the conclusions. It is recommended
that potential wusers inquire about Jlong-term seawater-performance
parameters of specific materials directly from manufacturers.

6.1 TENSILE TESTS

The tensile tests to find the failure stress and the modulus of
elasticity were done in general accordance with ASTM Designation D638-68
(Standard Methods of Test for Tensile Properties of Plastics). The
equipment used was a Super L Universal Testing Machine, an 3$5-400-24
Extensometer and a Model 51 Recorder, all from Tinius Olsen Testing
Machine, Co.

Five samples for each treatment were prepared and measured in ae-
cordance with the ASTM specification. FEach sample was 6% inches long
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Table 6.1

General
e

Treatment

FIBERGLASS TEST SAMFPLES

211 test samples taken from web of 2 x 9/16 x
1/8 in. C-channel,

all channels from same batch.

211 samples tested lengthwise,

#1  {Samples 1.1-1.5)

Treatment

virgin material; never utilized or exposed to elements.

#2 (Samples 2.1-2.5)

&

@
2

Treatment

July 22, 1977 to May 23, 1979 (22 months)
exposed in seawater at Wiscasset, Maine.

placed 3 to 7 feet below water level.

211 holes and cuis made during construction were
sealed with epoxy resin.

materials kept damp after recovery and after

test samples were cut in mid-November 1979.

#3 (Samples 3.1-3.53)

Treatment

same as Treatament #2, except materials allowed
to dry between recovery and testing
(¥~ & months).

#4  {Samples 4,1-4.5)

L

3

Treatment

materials transported damp from Maine after re-
covery on May 23, 1979, reployed for
further long-iterm seawater exposure in
Woods Hole, Massachusetts {very similar
environment, including depth and seasonal
temperature profile) on June 1, 1979.

recovered on Oct. 9; 1981, 50+ months exposed in
seawater and kept damp until tested in
Dec. 1981,

#5 (Samples 5.1-5.6)

@

&

same as 4, excepl materials allowed to dry be-
tween rTecovery and testing (~#2 months).

sample for treatment 4 and 5 divided evenly
from available materials tc avoid any
biases.
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overall and 1/2 inch wide at the test section., Each sample was tested,
with the extensomeier attached, tc a load of 400-60G0 1bs, which 1is a
fraction of the breaking load. However, the Tate of travel of the
platen, due to need for manual contrel, was around a comstant 0,01-.05
inch per minute rather than the 0.1 inch per minute suggested by the
specification. The slope of the lcad-deflection curve was very linear
for all samples in treatments 1 to 3 and somewhat less so for treatments
4 and 5. The material appears to maintain this linear behavior even to
high 1locads. Perfectly elastic behavior all the way to failure 1is
apparently characteristic of these types of materials (Bailey & McNish,
1980). The extensometer was then removed; the sample and the load
increased until failure. The loading rate for treatments 1 to 3 was
approaching the suggested 0.1 inch per minute rate but was slower for
treatments &4 and 5 {approx. .01 in,/min.). Failure generally occured
guickly with considerable cracking noises. The samples from each of the
three treatments in 1977 and the itwo treatments in 1981 were tested in
alternative order to average out any procedural or learning bilases.
This sequence and the resulting tests’' data are presented on Table 6.2,

From an examination of Table 6.2 it is clear that the material's
tensile strength and modulus do not deteriorate even after more than
four vyears in seawater (treatment 1, 3, and 5). However, it is alsoc
clear that in the wet condition there are some significant differences.
There is a 177% decrease in tensile strength and a 7% decrease in modulus
at two vyears of expoesure. The four year samples show corresponding
decreases of 10% and 77. This indicates that these losses do not get
worse with ftime and are probably due to the "wet" condition., In
addition, the samples kept in the wet condition have a noticeably
different sound when tapped (more of a "thunk" or dead sound} than dry
samples. After recovery and during fabrication of the test samples, the
"wet" samples were kept in damp paper but not immersed in any liquid.
It should also be pointed out that most resulis were below the
manufacturer’s specifications for this material (see Table 2) as was the
virgin material. This might be attributable to the slower loading rates
used relative to those normally used for these tests.

In summary, 1t is «clear that seawater exposure does not by
itself permanently degrade the properties of fiberglass pultrusions.
However, the pultruded materials in the “wet®” conditions do not have the
tensile properties of the same materials in the dry condition. This
must be considered during the design process even before applying
factors of safety. For framed connections and conditions of load
reversal, the manufacturer recommends a factor of safety of four Dbased
on ultimate strength (Extren Tech. Bull. MMFG 1000). A conservative
ultimate strength of 20,000 psi should continue to be used as a maximum
value in design for uses involving immersion in seawater.
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TABLE 6.2 PULTRUDED FIBERGLASS TENSILE TESTS

Sazple Test Patlure Failure *1 ¥odulus *#2
Kumber Sequsnce Load (1%ws) Stress (PSI) of Elastieity (PSI)

1.1 1 1590 24, 69 2.1925 x 105
1.2 L 1410 21,97 2,5209 x 10¢
1.3 7 1620 25,260 2,0374 = 10¢
1.4 10 1400 21, 780 2.0961 x log

1.5 13 1530 213,806 2.1394 x 1o
mean 1510 21,501 2.1973 = 102
sample standard deviation 101 1,570 .18%7 x 10
2.1 2 980 15, 399 1.933% x mg
2.2 5 1090 17,206 2.1047 z 107
2.3 3 1520 24,009 2.0929 x 102
2. 11 1290 20, 34 2.0b59 x 107

2.5 1% 1340 21,003 2.0899 z 10
nean 1254 19, 592 2.0535 x mg
sample standard deviation 213 3, 367 0704 10
3.1 3 1450 23,016 2.5505 x 10§
3.2 6 1690 % .ggg g.ggﬂa % 104

. 9 1375 1. 4277 10
%3 12 1250 22,766 2.3761 x 102

3.5 i5 1570 24, 474 2.3094 z 10
nean 1509 23,623 2.3996 z mg
sample standard deviation 123 1,820 20955 x 10
41 1 1420 22,187 2.3256 z 10°
b,2 3 1420 22,187 2.5306 x 108

4.3 5 1729 26,875 2.6786 x 10
bk 7 1k10 22,031 2,514 3 mg

4.5 3 180 23,125 2.5735 z 10
meen 23,281 z.5045 7 106
sanple standard deviation 2,055 21348 z 10°
5.1 2 1700 26,563 3,1250 z.og

5,2 i 1570 26,563 2.6515 x 10
5.3 6 1910 29, Bl 2.30¢0 ¢ 106
5.k 8 1360 21,250 2.6042 x 102
5.5 10 1610 22,156 2.8017 = 105

5.6 11 1710 26,719 2.4038 x 10
Bean 25,938 2.681 =x 10§
sample standard deviation 2,788 2562 x 100

*3 Specification value ; 30,000 PSI

#¢ Specification value 5 2.5 ¥ 10° PSI

deference: "Extran Glass Beinfoced Structurals - Engineering
Hgoual®, Technical Bulletin MMFG 1000, 1978.




6.2 THREE POINT BENDING TESTS

The three point bending tests to find the maximum stress at
failure and the flexural modulus were done in general accordance with
ASTM designation D790-70  (Standard Methods of Test for Flexural
Properties of Plastics) using Method #1. The equipment used was a Super
L Universal Testing Machine, 3/8" diameter loading nose and supports as
per ASTM specification and a Baush & Lomb Metallurgical Microscope
graded in 1/10 mm (Cat. ©No. 31-36-02) distributed by Tinius Olsen
Testing Machine Company.

Five samples for each treatment were prepared and measured in
accordance with the ASTM specification for treatments 1 through 3,
Treatments 4 and 5 were somewhat limited by 1lack of enough material.
Samples were normally 3 inches long by 1 inch wide. Through an error
some of the treatments' 5  samples were only 0.82 inches wide. Each
sample was loaded in steps to a load of 100 lbs or less and deflections
measured with the metalliurgical micrescope. The average rtate of motion
during this process bheing about one-third of the suggested ©¢.0533
in, /min. rate. No less than 8 load-deflection measurements were taken
for each sampie. These data were converted to the proper units and
fitted to a least-sguares linear regression. The extreme linear
behavior of the material is confirmed by the fact that the correlation
coefficients for all samples, in treatments 1 through . 3, except one,
were 0,999+ and the low one was (.998. The correlation ceoefficient for
treatments 4 and 5 were somewhat less with the lowest being 0.992. This
linear behavior extended right to start of failure, usually noted by a
sharp cracking sound. If start of failure occured before reaching 100
Ibs load, subsequent data were not used in the calculation of the
flexural modulus. The rates of motion to complete failure were around
or somewhat above the recommended value of 0.0533 in./min. rate (highest
.18 in./min.). As in the tensile tests, samples were tfested
alternatively to remove procedural and learning biases. The testing
sequence and all test results are presented in Table 6.3. The results
from samples 5.3 to 5.6, were not very different from that of samples
5.1 and 5.2 after compensating for their somewhat smaller widths, are
included in the averages.

As in the tensile test, from Table 6.3 it can be seen that the
material certainly does not deteriorate with seawater exposure
(Treatment 1, 3, & 5). However, its performance is definitely less in
the "wet™ conditions {(Treatment 2 & 4) with the maximum fiber stress at
failure reduced by about 20% and the flexural modulus by about 11% from
the dry conditions for the two year data. The corresponding reductions
for the four year data are 32% and 21%. The increasing differences may
indicate even more degradation with additional time. It should be noted
that in the dry condition (Treatment 1, 3, & 3) the maximum fiber
stress 1is slightly above the manufacturers book value. In the “wet™
condition, the maximum stress at failure is about 17% below book value
at 2 years and 247 below at four years. In addition, the start of
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TABLE 6.3 PULTRUDED FIBERGLASS FLEXURAL TESTS
Sample Test Flazural®l Losd at Failure Haximum *°
Humber degquences Modulus (P3I) Start of Loads Fiber Stress st

Pailure (PSI) (1ba) Pailure (PSI)
1.1 1 1,657 z 102 108 150 28.800
1.2 4 1.538 x 10 = i8¢ 34, 560
1.2 7 1.533 z 106 130 165 31.480
1. 0 1.h33 T 10 1158 165 1,580
1.5 13 1401 x 10 112 148 8,416
mean 1.481 z 10 116 162 31,027
sampls standard deviation L0499x 10 10 13 2,508
2.1 2 1.305 x 109 95 116 22,272
2,2 5 1.30% x 108 30 115 22,848
2.3 ] 1.33% x 106 88 113 21.696
2. 11 1.357 x 106 $7 136 25,112
2.5 1h 1.323 x 106 10k 181 20.912
ngan 1.326 ¥ 106 9g 129 24, 768
sample standard deviation 0214z 106 20 3,838
3.1 3 1.574 1 10 S 169 32, 448
3.2 6 1.693 x 10 140 180 34, 560
3.2 9 1.747 x 106 125 156 29,952
3. 12 1.53 x 106 122 172 33,028
3.5 15 1.705 ¢ 106 137 174 33, 408
zean 1.651 102 131 170 2,678
sample standard deviation 0909z 10 4 9 1,709
o1 2 1,059 x 108 115 125 24,000
4.2 L 1.1326x mg 90 117 22, b6l
4,3 6 1.927 ¢ 10 105 112 21,504
bl ? 1.186 x 106 95 120 23,040
2ean 1.1075z 10% 101 119 22,752
sgmple standard deviation 8394x 106 11 5 1.0
5.1 3 1.5157z 108 100 179 3, 268
3,2 5 1.20851z 108 115 148 28,03
5.3 1 1.6798z 106 130 168 18,816
ER 8 1.3072x 106 103 151 35, 356
5.5 9 1.5379x 10 123 182 8,258
8.6 ic 1.1248x 10 i1 116 7,095
nesn 1.39581z 10 - e 33,650
ssmple standard daviation »1953x 10 = e 5,518

1* Specification Velue » 1.6 x 10% 231
2% Spescification Valus 30,000 PSI
Bsference: "Extren Glags 2einforced Structurals- Zngineering

¥anual®, T
3® Less Than i* width

gohn
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failure, when obvious permanent damage occurs, takes place at about 60%
of the book value stress in the "wet” condition and at about 75% for the
virgin material.

6.3 MOISTURE UPTAKE

Since the properties of the pultruded fiberglass appear related
to its being "wet® it is important to investigate moisture uptake over
long periods of time in seawater. The three pleces of 2" x 9/16" x 1/8"
C channel which were used for treatment #5 (see Table 6.1), after
cleaning of all fouling, were kept in seawater wetted newspaper until
weighed in the wet condition. They were then allowed to dry and their
weights taken at intervals to monitor the drying process. These welights
are given on Table 6.4, Graphing of these values indicates that
additional drying time would not have resulted in much more weight loss
as the curves had flattened ocut. The average molsture content of the
three pieces, based on the last drying weight, is 1.4%Z., This should
also be valid for the material used for the "wet" test (Treatment #4),
because the material for the two treatments was evenliy split after
recovering and cleaning, following a 4 1/2 years in seawater. These
values can be compared to the specified maximum 24 hour moisture uptake
0.6% (Morrison Molded Fiber Glass, 1978).

While not from the same materials as those tested, there are
other available long-term data on moisture uptake (Table 6.5), This is
the same type of material from the same manufacturer but not the same
form, being from 1/8 sheet, and also was not purchased at the same time.
However, here there exlists very precise welght data before immersion in
seawater (2 1/2 years) in the same enviromment as that for the samples
used in the previously described tests, These small fiberglass plates
were used for other tests and the edge cuts were not sealed. After 2
1/2 vyears, these pileces show a moisture uptake of 0.3%, which
corresponds well with the maximum 24 hours 0.6% specified value.

The relatively higher moisture content of the C channels
compared to the 1/8" plate might be explained by the longer immersion
period (2 1/2 vs. 4 1/4 years). However, the difference may alsc be
related to the form of the products or to their specifics of
construction: undirectional fibers in the channel verses bi-directional
fibers in the plate {7). In contrast, the small 1/8” plates had cut
edges all around where water could very easily enter, while the C
channeils had very little in the way of cut and exposed surfaces.
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5.4 CONCLUSIONS

In summary, for both tensile and flexural properties, there is
no evidence of any time-dependent seawater exposure materials’
deterioration in the dry condition., In fact, strength and modulus may
even go up slightly. However, there does appear to be some significant
degradation in performarnce due to being in the "wet” condition. Some of
these mavy be time dependent. If adequately compensated for during
design, there is no reason this material should not live up to  its
promise of being a superb structural material for seawater applications,
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7.0 MARINE BIOFOULING OF SYNTHETIC AND METALLIC SCREENS

J.E. Huguenin & F.J. Ansuini

Bicfouling of meshes can create serious problems in seawaler
intake or discharge systems, and in aquacultural applications, by
reducing water flow and increasing drag forces and pressure drops. Due
to a lack of gquantitative data needed for design purposes, bilofouling
tests on a number of different meshes in the size range of % to % in.
(0.5 to 4 cm), including both synthetic and metallic meshes, were
carried out at two sites in New England. Some of the samples tested,
especially the %0~-10 C(u-Ni expanded-metal mesh, showed considerable
biocfouling resistance compared to other mesh types. Under many
conditions, a 10% biofouling allowance for Cu-Ni mesh 1is more than
adequate for design calculations. These data for a four year period
were rveported in Huguenin and Ansuini (1981} and an additional year of
data in WHEA 1983, Much of what follows is condensed from these two

references.

In spite of the economic and operational 1mportance of
biofouling, there are very little quantitative data on biofouling rates
for varicus kinds of meshes. This 1s in part due to the considerable
variations 1in biofouling as a function of specific site, season, mesh
material, mesh parameters, geographic area as well as a number of other
factors. As an example, there can be major differences in biofouling at
two different sites only a few miles apart. However, comparative mesh
tests at a given site should be indicative of the relative performance
of meshes at other sites or conditions. Some work has been done at
three sites in Hawaii with nine types of mesh, including knotted nylon,
two galvanized chainlinks, one PVC coated chainlink, two galvanized
hardware cloths and three high density polyethylene meshes. The results
ranged from extremely high fouling at one site (100% blockage in two
months) to relatively low fouling at another (Rothwell and Nash, 1977).
Another set of experiments were conducted with 10 meshes at four sites
in Scotland. The meshes included five types of synthetic netting, three
types of rtigid polymeric mesh, galvanized chainlink and galvanized
weldmesh. These tests showed moderate to heavy fouling (Milne, 19753},
Similar tests are in process in Hong Kong (Greene & Morton, 1980),
Malavsia (Cheah & Chua, MS.)}, and by the Nova Scotia Department of
Fisheries. In addition, at least three other sets of related tests by
industrial groups are known to have Taken place, but unfortunately these
data are proprietary.

The work leading to this paper was prompted by the lack of data
concerning fouling vtates of copper alley screens compared to more
conventional mesh materials., The fouling resistance of some of the
copper alloys, particularly 90-10 Cu~Ni and 70-30 Cu-Ni and their
advantages for marine applications were well known (Hunt & Bellware,
1967) but not specifically in mesh form. As the long-term corrosion
rates of those alloys are very small, under many circumstances they are
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biologically acceptable even in culturing applications (Huguenin &
Ansuini, 1975} and have considerable potential in a variety of other
marine screening applications (Ansuini & Huguenin, 1978). In additien,
there were no quantitative data available on the effectiveness of
various antifouling treatmenis when used on knotless nylon mesh,

7.1 QUANTIFICATION OF MESH BIOFQULING

The guantification of mesh biofouling is difficult at best.
This 1s due to the difficulty of choosing appropriate parameters as well
as problems of acquiring accurate measurements. From an engineering
standpoint it is not the wet weight, dry welght or species composition
of the fouling communities that is of direct interest but rather the
amount of blockage or occlusion of the meshk and its hydrodynamic
properties. Data and measurement techniques from work on biofouiing of
flat plates are not particularly applicable to meshes, due to
difficulties in computing mesh blockage, which will change with time,
and the fact that flow though the mesh may alter the composition of the
bicfouling communities. In addition, scraping the organisms off of the
meshes for dry weight determinations is much more difficult than for
flat plates,

In the past, mesh biofouling has been quantified by removing
fouling panels from water and weighing them after intial draining
(Milne, 1975; Rothwell & Nash, 1977) and by also taking their weight in
water (Rothwell & Nash, 1977). The in situ weight determination would
compensate for the very large differences in the capability of wvarious
fouling organisms to trap water. Since fouling organisms can vary
considerably in surface area to welght measurements, weights by
themselves are of guestionable value without knowing the composition and
abundance of the fouling organisms. Subjective estimates of the
critical mesh blockage or occultation have alsc been done (Rothwell &
Nash, 1977). In addition, photographs and characterization of the
dominant fouling organisms are usually carried ocut.

Unfortunately, there 1is 1o satisfactory way to measure the
important hydrodynamic properties of biofouled meshes in situ. While
recognizing the limitation of subjective judgment, mesh blockage is one
of the most critical factors, as it limits essential flow through the
mesh and can lead to wvastly increased loads on structures. Another
critical factor is the drag coefficient for various meshes both clean
and fouled. There is relatively limited data on mesh drag coefficients,
even for clean meshes, and such data for some of the meshes included in
this paper are available along with a summary of the literature {(Gularte
& Huguenin, 1980). There are some indications that, not only may the
blockage area increase due to biofouling, but that the numerical value
of the drag coefficient may also increase substantially.
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7.2 EQUIPMENT AND PROCEDURES

Biofouling tests on various mesh materials were conducted at a
Wiscasset, Maine test site from July 23, 1977 until recovery of the test
unit on May 23, 1979, This is a brackish water site, varying around 22
0/00, and situated in the discharge area of the Mason Power Station and
is considered to be a relatively high foulinpg area. The test unit was
composed of five 18 inch wide by 40 inch long mesh samples placed on a
40 x 120 inch fiberglass C-channel panel frame. It was deployed
horizontally from the outboard edge of a float with the samples being
three to seven feet below the surface. The mesh samples included a 3/8
inch nominal 90-10 Cu-Ni expanded-metal mesh (gauge of ,035 ineh, strand
width .050 inch, 76% open area), an expanded-metal aluminum-bronze mesh
(1 1/2 x 1 inch diamond, gauge of .065 inch, 60% open area) a galvanized
hardware cloth (5/16 inch-square mesh, 80% open area), Tegular knotless
nylon netting (7/8 inch stretch mesh, about 60% open area) and the same
nylon netting dipped in a copper based anti-fouling paint (EPA No. 2693,
21.3% cuprous oxide, 18.8% elemental’ metal). While the intent was to
compare relative biofouling of various mesh materials at the Wiscasset
site, the test was not completely fair due to the differences in mesh
size. The aluminum-bronze mesh in particular had an advantage, since
mesh size is known to be an important factor in mesh biofouling.

In an effort to continue biofouling tests with a better testing
situation and more accessibility for monitoring, it was decided to
deploy test panels in Woods Hole, Massachusetts. Two test wunits were
deployed from a dock in Woods Hole's Great Harbor on April 12, 1979 and
were removed August 6, 1982, This is also a relatively high fouling
marine site (approx. 32 0/00) and the test samples were three to six
feet below water level at low tide. Each test unit was a 3 x 5 foot
frame made from 2 inch PVC pipe. Fach frame was made to hold three 1
1/3 x 3 foot mesh samples, One frame was to test the three competitive
types of rigid meshes. The samples were 3/8 inch expanded-metal 90-10
Cu-Ni (0.035 in gauge, .050 inch strand width, 76% open area), 5/16 inch
galvanized hardware cloth (.035 inch diameter strands, 82% open area)
and approximately 1/2 inch square Dupont high density polyethylene mesh
(100 CDS 29, 66% open area). The samples were as close in mesh size as
it was possible to find. The other frame was outfitted with three
pieces of 1 inch stretch knotless nylon netting made of No. 222 twine
(68% open area, untreated)., One piece was treated with an Internatiomal
Paint Company, Inc. marine antifouling paint using cuprous oxide in a
vinyl matrix (U.S. Reference No., 5475), Another with a Flexabar Corp.
develeoped antifouling paint (Fermulation B=1) specifically developed for
use on synthetic meshes in fish culture. This antifoulant uses
Tributyitin oxide (TBTO), also in a vinyl matrix. The third sample was
untreated and used as a control.

The test procedure at each sampling, in both Wiscasset and Woods
Hole, has been to briefly remove each unit from the water for visual in-
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% Blockage

spection and photography. The Wiscasset panel was monitored irregularly
on visits to Maine, while the Woods Hole panels were inspected at
approximately one month intervals. The panels were shaken in the water
to remove trapped sediment and loose debris and are exposed briefly in
air during inspection. At no times have any test panels been cleaned.,
The estimates of mesh blockage are subjective judgments usually arrived
at by discussion between two or more persons present. Fortunately it is
easy to determine relative degrees of fouling because the differences
between mesh samples were ‘usually very substantial, The percentage
estimates are for blockage of the original open area of each mesh,
Since the percent of original open areas of the various meshes did not
vary greatly, this procedure was judged unlikely to result in large
errors.

7.3 RESULTS AND DISCUSSION

The subjective estimates of mesh blockage and observations on
dominant fouling organisms with the Wiscasset panel are given on Figure
7.1. The algal bloom from April to July 1978, which affected even the
90-10 Cu~-Ni, was apparently a most unusual event. It did not Teoccur in
1979 and according to local observers had not previously occured, at
least not to this degree. Interesting, all the materials containing
copper recovered to varying degrees without any outside help. Not sur-

Figure 7.1 Wiscasset Test Panel
Test began 6/77

—8— Nylon Net
=3 Galv, Stes|
—a— Nylon/Cu
—@— Al Bronze

—o— 90/10 Cu/Ni



prisingly, meshes with copper not only had less total fouling but also
fewer types of organisms contributing to the fouling than other
materials. In particular, the fiberglass frame, over time, accumulated
a thick and very diverse fouling community, including large kelp fronds.
The last measurements were on December 19, 1979. Sometime between
December and May 1980 the {frame dropped off the {leat and was later
recovered from the bottom. The galvanized weld mesh, which was already
showing signs of advanced corrosion, had come off the frame and was not
recovered.

The Woods Hole biofouling data is given on Filgures 7.2 and 7.3,
Additionat information and details are in Huguenin & Ansuini (1981) and
WHEA 1983. As in Wiseasset, the galvanized hardware cloth gave some
biofouling protection relative to other meshes but disintegrated in
about 20 months. This is not surprising considering the high corrision
Tate of =zinc in seawater. The spectacular, but not surprising,
performance of the 90-10 Cu~-Ni mesh in both Wiscasset and Woods Hole, is
impressive. However, care was taken to assure no eiectrical contact of
the 90-10 Cu-Ni mesh with other metals and to avoid any part of the mesh
being buried in bottom sediments. Both of these circumstances can at
least partially nullify the blofouling resistance of 90-10 Cu-Ni. This
biofouling resistance is, however, not absolute;, as the mesh often had a
light slim coating and an occassional hardy organism, such as a single
targe barnacle, can sometimes remain attached. In particular, the data
shows, that for temperate sites aliowing about 10% mesh blockage for
this material should be more than adequate under most clircumstances,
However, this should be tempered by the short-term intense diatom bloom
experienced once at Wiscasset, although the mesh cleaned itself shortly
thereafter without any assistance. In addition, a co-located (fish cage
in Wiscasset made of the same 90-10 Cu-Ni mesh has at times had higher
blockage rates than the test panel under identical conditions. The
removal of the trapped sediment during the sampling process may explain
the differences, because the cage at times has accumulated impressive
amounts of sediments. Therefore, applications where periodic removal of
sediment through water motion or brushing 1s not possible may wish to
use more conservative blockage allowances. However, both test sites are
moderate to heavy fouling areas and test samples of the same mesh
material have been distributed to a number of marine sites around the
world with consistant reports of negligible fouling, even after
prolonged exposures.

It is clear from both the Wiscasset and Woods Hole data that
treating nylon netting can substantially reduce bicfouling but that this
protection 1s limited to the service life of the treatment, usually less
than two years. The copper-based paint used in Wiscasset 1s an average
priced paint and was effective for a little over a year. The copper-
based paint used in Woods Hele is a very expensive paint with a high
ioading. Eventhough it might not be surprising that it did well, 1its
performance 1is nevertheless impressive. In contrast, the TBTC paint,
especially formulated for this type of application, did not do well, and
this panel was actually more fouled than the untreated control after 18
months exposure.
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Figure 7.2 Rigid Mesh Test Panel, Woods Hole
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Figure 7.3 Nylon Mesh Test Panel, Woods Hole
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8.0 MESH HYDRODYNAMIC DATA

Renald €. Gularte & John E. Huguenin

Past design calculations of water current and wave forces on
expanded metal have been based on limited prior data. This has included
data on drag on fish netting {(Kawakami, 1964; Baranov, 1969; Friedman,
1969; Milne, 1970; Kawalski & Giannotti, 1%74) and some theoretical and
test data on screens (Hoerner, 1965)., However, the screen data were not
tor expanded-metal screens, contained certain assumptions and are stated
te be wvalid in the range of Reynold's numbers from 104 to 106;
furthermore, the Reynold's numbers for the expanded-metal panels, based
on mesh gauge, can go down to values of approximately 3 x 102,

Several factors have combined to make the accurate determination
of the drag coefficients on expanded-metal meshes very important.
Calculated loadings on mesh panels are directly proportional to the
assumed drag coefficients and these values can vary considerably, such
as a factor of about two. In addition, these coefficients, for at least
some shapes, can be dependent on velocity as expressed through the
Reynold's number. This is further compounded by the questionable
applicability of data on flexible fish netting and on screens with mesh
shapes and orientation considerably different from the unsymmetrical
nature of expanded metal.

An approximately 100 ft-long x 10 ft-wide by 4 ft-deep tow tank
has been wused to test ] square-foot samples of selected meshes. This
tow tank has a controllable moving carriage, which can be moved at
velocities wup to 6 ft./sec. and is highly instrumented. An adjustable
test frame, to hold one square foot pieces of mesh for test, has been
built. It can be adjusted as to the angle of the mesh test panel to the
water velocity.

Since no previous data exists specifically on the drag
properties of expanded metals, the initial test program has been devised
to test whether various parameters are in fact important. Five meshes,
of which four are expanded metals, and four velocities have been chosen.
This 1is to determine if the drag coefficients are in fact wvelocity
dependent. In addition, the frame, without the meshes attached, has
been tested at each speed to enable the subtraction of the drag due to
the frame from the test data. An additional series of tests with a
single mesh and a single velocity, but with ten different angles have
been carried out. This is to determine the importance of aspect angle
on the drag properties of the expanded-metal meshes. These tests are
summarized on Table 8.1: A, B, C.

Before discussing test vesults, it is necessary to have an
understanding of drag coefficients. The force acting on the mesh due to
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Table 8.1
DEFIRITION OF MESH HYDRODYNAMIC TESTS

Table 8.1 A
MESHES TO BE TESTED AT VARIOUS SPEEDS WITH MESH

SAMPLES ORIENTED PERPENDICULAR TO THE WATER VELOCITY
%Z of Area Obstructed by Mesh

Mesh When Seen from Perpendicular
to the Mesh Samples

3/8* 90-10 Cu~Ni Exp. Metal 277
1/2" Al-Bronze Exp. Metal 38%
3/16" 36Fe30 Steel Exp. Metal 477
3/4* 60Fel(l Steel Exp. Metal 227%
3/4% Polyethylene 342
Table 8,1 B

VELOCITIES FOR PERPENDICULAR TESTS

ft./sec, Xnots m/sec.

0.427 0,253 0,133

0.853 0.505 0.267

2,99 1.77 0.934

5.97 3.533 1.87
Table 8.1 C

ASPECTS ANGLE TESTS OF 3/8" 90-10 Cu-Ni EXPANDED
METAL SAMPLE AT A FIXED FORWARD VELOCITY OF 1 ft./sec. (ANGLES

FROM PERFENDICULAR, 10 SETTINGS IN ADDITION TO O degrees)

+ 16 degrees
+ 20 degrees
1 30 degrees
*+ 40 degrees

+ 50 degrees

55



the free stream approach velocity (V) of a fluid shouid bhe a function of
the percentage of the mesh area which is blocked (&) and the shape of
the elements making up the mesh. The mesh drag coefficient {Cqp) 1is a
function of the actual free-flow drag ceoefficient of the individual mesh
members (Cq).

Fy= ¢ EA/7 Y (8.1)
2
) Cdm = mesh drag coefficient
Fd = drag force of fluid on mesh
A = overall mesh area perpendicular

to the velocity
f7 = density of fluid
5’ = percent mesh blockage

A similar expression for the drag on meshes can be written in
terms of the drag coefficient of the individual mesh members (Eqn 8.2).
It assumes that there are no hydrodynamic 1interactions between mesh
members and implies that the approach velocity of the fluid is
essentially perpendicular to the mesh. Test data given in Hoerner
{1965) substantiates that this theoretical expression 1is valid for
percent blockages of mesh from O to 40%.

F. o= cdé’Az"vz
®

d (8.2)
2

In the above expression Cg is the drag coefficient

of the individual mesh members and Vx is the increased

fluid velocity past the mesh members as a consequence of the presence of
the mesh in the flow. TFrom continuity it can be shown that:

Q = A V = vx(i—é)A
X T-F (8.3)
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Equating expression (8,1) and (8.2) and substituting into (8.3):

Cam = G4 S

D T —

(1- § 52 (8.4)
Valid for 0<¢ § { 0.4

The test results on the five meshes are given on Table 8,2,
These drag coefficients were plotted as a function of Reynold's number,
which varied for these tests from 3.8 x 10% to 5.3 x 10”. It is clear
that for the conditions and meshes tested that the drag coefficients are
essentially independent of Reynold's number and velocity. As a result,
an average mesh drag coefficient (C4,) has been calculated and is shown
on Table 8.2. In additionm, using the drag coefficient of the individual
mesh member (C4q) of 1.55 from Table 10.1 results in a predicted mesh
drag coefficient (Cdm*) alse shown on Table 8,2. These predicted wvalues
are seen to be conservative in all cases for a clean mesh,

The angle of attack test data for a single mesh are given on
Table 8.3, It can be seen that while the minimum projected area occurs
at =209, this point does not exactly coincide with the peint of minimum
drag coefficient. ¥Neither did the maximum drag coefficient coincide
with the maximum projected area, which occurs at about -70° ang is
outside of the range tested. However, it is clear that there are aspect
angle differences with a difference of 217% from the 1low to the high
values and a difference of 55% for the 0° value to the maximum drag
coefficient. This could translate into a factor of two difference in
loads in the flow direction depending on conditions. 1In addition, side
loads were measured during these tests and self-excited oscillations
occurred under some conditions, due to Strouhal shedding from the frame,

The three dimensional and unsymmetrical nature of expanded metal
undoubtedly rTesults in complex hydraulic flow around the mesh elements,
It further suggests the conservative cheice of drag coefficients for use
in design calculations when the future service conditiens at all times
may not be known. These tests also suggest that the drag coefficients
of individual mesh elements presented on Table 10.1 are conservative for
clean meshes. However, some allowance for fouling must be made (see
Section 7}, even for 90-10 Cu-Ni alloy, and an adjusted blockage factor
(&) used to calculate a design mesh drag coefficient (Cam? -

57



*(%wZ) wunuiuiw ¥ je ST 29exd01Q SIt YOIyMm 103 ‘saaadep gz~ 1w
198 sy aydwes stya ‘Araernorpusdisd pemata usym ay3ue ue 1¥ 13§ °1B SPUBRILS 1elew papuedxy (1)

wp
6G°0 8570 £9°0 29°0  £L£°0 (90 1S°C 8%°O 6C2°0 1%7°0 £2°0 a2
05+ 0v+ 0t+ 0Z+ 01+ 0 o1~ 0z~ 0g- oh- 05~ 3s8aXdag Jo # (T1)atauy
985/13 £48°0 J0 IIAS IV HSHW IN-ND .8/¢ NO SISHI FTONV 10ddSY £°g 21qel
*A3t1tiqedyidde jo a3uel §,I3Ull0H JO BPISINO ST YOTYMm ‘/4° = p (£
‘1°87 @149®) wol} G¢°1 = vu 3o anTea JUISN U0 PISEG SNTBA PRIVIPIIJ (Z)
°pa1s9l sfuex 19A0 £110073A 10 Iaqumu spiouday o uoiliouni e jou Ajzusizedde Ewo (1)
1e°1 7S°0 G800 ¢5°0 £S°0 —— 2T18eLd Wh/E
T95°0 1Z*0 ne*0 91°0 £e¢°o s 12218 ,.%/¢
(€) 65°2 SL°0 ¥8°0 wL0 89°0 £6°0 12215 ,.91/¢
€571 78°0 . 68°0 %L°0 68°0 §Z°'1 SZUOAI-TIY E/T
6L°0 190 70 %0 6£°0 [AREY] TN=-ND ..8/¢
ul u ul ur
(@ ™ (1) "o Py P Py o
PdRIDAY 225 /13 [6°S 295 /13 66°C 09s/313 680 208/13 [ZH%°0 HS3H

SINAIOIAZ400 DVHd XILIDOTIA ¥VINOIANIJY¥Ad Z°8 ®1qe]



9.0 MESH ANALYTIC MODELS & LOADS DATA

Ronald C. Gularte & John E. Huguenin

Rectangular expanded-metal panels have anisotropiec structural
properties. In other words, their physical properties are a function of
direction. In addition, for thin gauge materials, the max imum
deflections at the centers of the panels even within the elastic range
can be appreciable, making techniques based on small deflection
assumptions, 1if mnot wunusable, at least very questionable. This 1is
further compounded by the unavailability of any data on uniform loading
of expanded-metal panels. Past wuses of expanded metal have usually
invelved point loadings of thick meshes with negligible deflections and
designers extrapolating from empirical data and adding large factors of
safety. These precedents have been of little use for seawater screening
applications.,

It was necessary early in the development program to develop a
simple mathematical model of the mesh for the purposes of predicting
stresses and deflections and comparing these predictions to an
experimentally loaded panel. An analytic prediction method based on
modeling each element of the mesh as two very small crossed beams was
developed and compared to test data on a single mesh type and panel size
(Gularte & Huguenin, 1977). In this single case, the predictions and
measured values compared very well. Both the mathematical model and the
test equipment were acknowledged to have possible deficiencies, which in
turn railsed several questions. Was the agreement between the 1977 test
data and the crossed-beams model 1luck or did it truly verify the
analytic technique? Would the predictions be good for other mesh sizes,
panel sizes and mesh orientations? Would a more comprehensive and
elaborate model accomodating other factors be even more predictive?
These questions are obviously of critical importance in design
calculations for seawater screening systems utilizing expanded-metal
mesh,

In addition to the simple crossed-beam model, a more rigorous
analytic method for large deflections of an anisotropic membrane was
developed. The mathematics of both the cross-beam and membrane models
have been presented elsewhere {(Gularte & Huguenin, 1980) and will not be
presented here. These models predict both deflections and stresses,

In order to rvefine design techniques a steel test fixture was
designed and built to test load, with small sand bags, 30 in. (76 com)
wide expanded-metal panels of either 60 in. (1.52 m) or 120 in. (3.1 m)
length. A number of expanded-metal meshes and expanded-metal panels
were load tested for comparison of predicted and actual maximum
deflections. The characteristics of only the copper-alloy meshes tested
are given in Tables 9.1 and 9.2. This includes the 3/8" nominal 90-10
Cu-Ni expanded-metal mesh in three different panel sizes. The empirical
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3ul _,/ R post load, po extarpsl load (mesh wt. omly) deflsctiom
E
2
5 1b 2b 7 1) ' To d
TOTAL LOAD INCLUDING WT. OF MESH (1b/#62)
7 FIGURE 9.4 1977 TEST OF 3/8" 90-10 Cu-Ni
Load | Defl.?
m/et2) (1. EXPANDED METAL k0" x 120" Punel
B Q.1
.90 3.58 0.632
2.78 0.880
3.98 1,100
5,18 1.297
DEFLECTION 6.38 1.573
T.58 1,622
AT 8.78 L7177
9.98 1,920 s
CENTER 12,38 2,000 Deflections ere adjusted to ccapensate for the high
| fixity ichersot in the 1977 testing apparatus {see
‘1a.) 1977 Aomual Report ). There was no coticeable yielding
of the panel. If yielding cccured, messurements in-
dicate that the differences batwveen the before apd
aftar oo axternal load deflactioms nt the cepter
$0 have been less than 0.2". This amall value is
1.2 pelieved to bave been dus primerily to equipment
movement ratbher than yielding,
0.5
Qe

O o o T 7 ‘ A T i
oy 2 3 4 | & T 8 s o 1L 12 13 1% 15
TOTAL LOAD INCLUDIRG WT. OF MESH (1n/2s%)



test vTesults are given on Figures 9.1, 9.2, 9.3, and 9.4. A test
comparision of measured versus predicted values for maximum deflections
are given on Tables 9.3 and 9.4, More complete details are in Gularte &
Huguenin, 1980.

The anisotrepic membrane model deflection predictiens are
contained on Table 9.4 for comparison to the crossed-beams model and the
actual measured values, It can be seen that the membrane model gives
either more accurate or more conservative predictions than the crossed-
beams model. This 1includes better values for all three 90-10 Cu-Ni
meshes tested, The reasons for a few of the large errcrs which exist
for the membrane model are not known, although the consistency of the
errors suggest the possibility of simple causes. The membrane approach
is felt to be sound. In general, there doesn't appear to be any clear-
cut superiority of one method over another for predicting deflections.

The model stress predictions are given in Tables 9.5, 9.6, 9.7,
and 9.8 for each panel as a function of load, Some of the values are
believable and some are at least gquestionable. The two models tend to
give quite different wvalues, with the crossed-beams model generally
appearing more credible. It should be noted that predictions for panels
under small deflection conditions have been known to become erratic and
inconsistent with panel length to width rTatios greater than two
(Koltunov, 1952).

Three test panels indicated some type of permanent deformation
to have occured under test, It should be noted that the actual ¥yield
stresses of these materials are not precisely known. The 90-10 Cu-Ni
was supposed 1o be quarter-hard 1in 1its original sheet form with a
vielding stress of about 48,000-49,000 psi. However, microhardness
tests using a Knoop Indentor and a 200 g load indicate a Rockwell
hardness of B~73 {4 readings) at the nodes and B-78 (5 readings) on the
strands. Since a Rockwell hardness of B-75 corresponds te a half-hard
condition, the material is essentially half-hard with a vield stress of
62,000-63,000 psi depending on yilelding criteria. The difference may be
due to the cold working that occured on making the expanded-metal mesh.
It is clear that none of the predicted stresses at the points of initial
deformation are close to the expected vield stresses. It is possible
that the permanent deformation noted in these cases was not yielding in
the «classical sense of an area reduction. Tt might have been due to
rotation and/or bending at the nodes or even pessibly some edge effects
which could have occured at stresses well below the yield stress. It is
gquite possible that the 1977 test, with the 40 x 120 in. panel, did have
some simlilar permanent deformation, although it was undetected at that
time, It should be peinted out that these permanent deflections at the
panel centers were quite small and were beyond the precision of the 1977
test equipment.
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© Table g 5 3/8" COPPER-NICKEL MESE, 30" x 120" PANEL
CROSSED-BEAMS MODEL ANISCTROPIC-MEMARANE MODEL
LOAD ACTUAL PREDICTED |DEFLECTIOND STRESS PREDICTED DE?LECI‘IO!@SI’RESS
DEFLECTIONS |DEFLECTIONSDIFFERENCES | PREDICTIONS(|DEFLECTIONS] DIFFERENCES | PREDICTIONS
)/ y WITH ACTUAL & WITE ACTUAL
2 A Ll < >’
{1pF/rt") | (im.) {iz.) (%) {psi} (in.) (%) (pet)
3.38 3.092 2.306 233 2,208 .18 + 12k
3.98 0.621 0.665 +8 10,561 .86 +38 2,825
8.78 G.957 0.871 -9 17,901 1.23 + 29 5. 779
12,38 1.118 0.977 ~13 22,513 1.k +25 7,487
k.78 1.237 1.036 =16 25,327 1.50 +21 8,595
18.358 1.310 1.114 -15 29,296 1.63 +2h 10,149
20,78 L.347 1.161 «1k 31,783 1.7¢ +26 11.040
% _ PREDICTED-ACTUAL Y ® : @
D#= ACIURL 10 & et
_ E = 16 x 10° psi
(2 Average of errors below iandlcated lipe
Table 9.6 3/8" COPPER-NICKEL MESH, 30" % 60" PANEL
CROSSED-BEAMS MODEL ANISOTROPIC-MEMBRANE MODEL
LOAD ACTUAL PREDICTED DE?I.ECTIOI@ STRESS PREDICTED Dwmcrm!@smxss
DEFLECTIONS | DEFLECTIONS |DIFFERENCES | PREDICTIONSHDEFLECTIONS| DIFFERENCES | PREDICTIONS
\/ y WITH ACTUAL 'y WITH ACTUAL
. A [258 < Y
(wF/ee”) | {im.) {in.) (%) (psi) (iz.) (%) (pat)
0.38 0.08% 0.306 + 26l 2,093 0.13 +56 21
3.98 0.452 0.660 ) 10,007 048 +6 283
8.78 3,670 3.866 +29 17,216 Q.66 =1 535
1k, 78 T.450 1.022 +20 24,022 0.1 -5 Boé
20.78 0.990 1.145 +16 30,159 0,92 -7 1,039
30,38 1170 1.300 +10 38,819 1.05 =11 1,354
34,78 1.277 1.510 +10 L5, 700 1.1k ~11 1,596
(D% PREDICTED-ACTUAL vop @ ; 5 )
ALLVAL E= 16 x 10 psi

@ Average of errors below ipdicated line




Table 9.7 1/2" ALUMINUM-BRONZT ML, 337 x 607 PANEL
CROSSED-BEAMS MODEL ANISOTROPIC-MEMBRANE MODEL
LOAD A CTUAL FREDICTED DEFLECI’IO!@ 9rRE3S PREDICTED Barmcrzm@smr;ss
DEFLECTIONS | DEFLECTIONS {DIFFERENCER | PREDICTIONS|| DEFLECTIONS| DIFFERENCES |PREDICTICRS
\ s remae s )
Ya Yh- WITH ALTUAL 5—& Y WITE ACTUAL
{le/f‘T.z) {ic,) | {tm.) 4} |ipai? {in.] (%) {pai)
1.16 L1L3 e 23 D, 500 DU 88 3
7.61 .305 B2z +38 19,583 0.14 -5k Sk
19.61 .522 .579 +11 36,806 Q.27 -8 199
25.61 603 &32 -5 43,976 2.32 LT 280
1.61 653 678 -2 30,558 0.36 ~h& 35k
;
37.63 M- L7158 -1 36,815 Q.39 -46 516
. i i
L3.61 | .18s 755 -k [oeg, T G.ka ) 452
1 ‘ ;
(D% = PREDICTED-ACTUAL 43 1@ 7 @
ACTUAL £ 5 16 x 10° pst

(2 Avarage of errcrs below ipdicated lipe

Teble 9.8 3/8" COPPER-WICKEL MESH, LO" x 120" PAMEL
CROSSED-BEAMS MODEL ANISOTROPIC-MEMBRANE MODEL
LOAD ACTUAL PREDICTED Dm'mcrzo@ STRESS FREDICTED | DEFLECTT STRESS
CEFLECTIONS | DEFLECTIONS {DIFFERENCES | PREDICTIONS]| DEFLECTIONS| DIFFERENCES | PREDICTIONS
v Y WITH ACTUAL{ ¢ y WITH ACTUAL
2 e <
(wr/ee?) | (is.) (1z.) %) {pa1) (1n.) (%) {ps1)
.38 0.177 C.khg #3154 2,631 0.36 103 230
3.38 1,300 0.981 -1l 12,597 1.07 -3 2,030
6.38 1.573 1.149 -22 17,256 1.28 -13 2,905
7.58 1.622 1.2%7 -25 19,355 1.36 =16 3,279
H.78 1.TTT 1.278 -28 2L, 347 1.4k -19 3,676
9.98 1.320 1.333 -3k 23,250 1.50 -22 3,989
12.38 2.020 1.433 -25 26,842 1.62 -20 L,653
(%~ PREDICTED-ACTUAL TR € -16 @
= T . .
- 1 | E & 16 x 10° psi

(2 Aversgs of errors below indieated lipe




10.0 STRUCTURAL ANALYSIS

Ronald €, Gularte & John E. Huguenin

In the general case we are dealing with a structure of arbitrary
shape. It might be a rectangular square box or even a polygon with many
sides and approximating a cylinder. Its purpcse might be as a fish cage
or an intake screen and intended for either floating or submerged use,
It is assumed that it is made up of & number of standard (30" x 120')
panels along with a pultruded fiberglass structural space frame, whose
sizing of component parts remains to be determined. Even with a given
size and shape it is quite possible To have differences in the space
frame to compensate for varing severity of use,

10.1 SOURCES OF LOADS

The major sources of loads on such a structure are due to water
currents, waves and winds. Water currents are usually assumed to be
uniform in magnitude, depth, horizontal distance and direction. This
may not always be true in estuaries and sheltered areas due to nearby
objects, structures or bottom topography. It is important to know both:
the normal water currents, usually predominantly due to tides; and those
due to extreme high and low tides asscciated with major storms. The
maximum tidal velocities need to be known for design calculations. The
setting of design currents is dependent not only on a large number of
specific site and service conditions but also on the desired probability
(risk) of actually encountering the design values (i.e. whether to
design for 25, 50, or 100 year maximum conditions?). In sheltered areas
tide induced water currents are usually the most severe load input.

In exposed areas or if storms hit from an open side, waves can
provide significant loads. If the open distance is known (called
fetch), the maximum wind velocity and the period of time the wind blows
in this direction the wave heights can be predicted (U.S. Army, 1975),
assuming a water depth of at least % of a wave length. This "deep
water"  wave assumption is not always accurate in shallow areas but is
conservative, since it will predict a larger wave than will actually be
seen. Waves hitting structures produce not only drag forces but also
inertia forces, they decay hyperbolically with depth and are very
dependent on wave parameters, in short a complex subject. A critiecal
aspect of waves 1is to assure the avoidance of breaking waves, whose
forces can be a hundred fold that of non-breaking waves. Since the
maximum design wave is likely to concide with a major storm, the timing
may occur with an unusually low tide. A very low tide along with a
large wave will produce breaking waves where they are not otherwise
expected. It is important to pick a site where this doesn't happen and
there are several wave breaking criteria available. One is called
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Monk’s criteria and is given below, where to avoid breaking waves the
water depth must be greater than dp.

d = 1.28 H
b ] b
c‘.?1 = ‘hreaking depth
b
H = wave height of incoeming wave

Wind loading is unlikely to be important for our types of
applications except under unusual circumstances. These might include
appreciable parts of the structure being above water level during a
hurricane. Wind forces are calculated just like water current forces
with appropriate adjustment for fluid density, velocity and possible
Reynolds' number differences. Dther sources of loads which have to be
addressed on an individual basis are ice loads, which can be very high,
impact loads from moving objects, mooring loads possibly transmitted
from other units and total mesh blockage due to drifting debris, such as
plastic or cloth sheet., In any given situation, there might be specific
circumstances which might dramatically alter the conclusion of a
simplified methodology and some care should be exercised, with
particular attention to assumptions and limitations.

16.2 SIMPLIFIED SPACE-FRAME ANALYSIS

A simplified but complete space-frame analysis was presented in
Gularte and Huguenin, 1980C. This analysis assumed water current loading
was dominant and the other sources insignificant, a reasonable
assumption under many conditions, and a rectangular box shaped unit,
The rest of this section presents a qualitative review of this
methodology, the main equations and the needed structual input
parameters,

The forces on the possibly unequal sides and the subsequent
sizing of structural members has to be done independently for each side.
Even 1f the walls were equal in size, separate calculations might have
to be done, if the service conditions indicated that much higher water
velocities, with resulting higher forces, could be expected on some
sides and not others. Expected placement and orientation with respect
to nearby walls, pilers or shoreline could create this situation. The
placement, orientation and service conditions on the unit, the maximum
design water velocity for each side and the overall shape and dimensions
of the wunit have to be determined before the sizing of individual
structural members can proceed., It should be remembered that the
structural members between any two panels automatically includes the two
2" x 9/16" x 1/8" C-channel componeut parts of the panels and the
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exercise is to determine; in  addition Lo horizontal members, what
additional structural reinfercement, if any, is required at each seam,

We will assume for calculation PUrposes an imaginary horizontal
CUt  on  the side ar mid-depth ang consider the top  and bottom halves
separately. We will assume  that the pmesh transfers loads to the
structure but does net itself carry loads or stiffen the unit, This is
4 conservative assumption. It is liecessary to consider three sources of
lcads, One is the drag force on the mesh, ancther is the drag force on
the horizontal structural member and the last is the drag force on the
vertical members, These are caloculated Separately and added to find a
distributed load on the top and horizontal members PeT unit iength of

The drag forces on  the mesh are determined by the equation
below:

2
= X 7
Fn =5 Cy A PVo,

Fm = drag force in 1b,

Cd = drag coefficient, sees section 8 angd Table 10.1

A = total perpendicular area of mesh, for 1/2 of
the side,

length x depth
2

(ftz)

fg = density of Seawater 27 slugs/ft3

_ i : _ 1
VH = an adjusted velocity {see Hoerner, 18655 = VO(T“ZEV)
VO = free strean velocity (ft/sec), a maximum value for

design purposes

¥ = fractional mesh blockage factor {method stated to be
good for 0< T <o#, Hoerner, 1965)

The fractional mesh blockage factor for the expanded-metal mesh
used to date is5 ¥= G.27. However, eaven 90-10 cCu-Ni mesh is not



is adeqguate for most circumstances {Huguenin and Ansuini 1981} for a
value of ¥ 2% 0.37.

Now 1t 1s nmnecessary to consider the drag forces on the
structurals, starting with the top horizontal. A version of the
equation used for the forces on the mesh 1s used but the terms and
values are somewhat different (see below). In particular, the area Ag
is the actual projected area of the structural member perpendicular to
the current. Since the structural member has not vet been sized, it is
an indeterminant problem. In addition these structurals, can, over
time, become highly fouled with the total projected area A Dbeing
considerably greater than the physical dimension As. The differences
in the physical projected areas of the various structural shapes
available; in a high fouling environment, may be small compared to the
increased area generated by fouling. Based on experience to date this
increased area, or fouling factoer (), for fiberglass structurals can,
in  high fouling conditions, easily reach values of 1.5 eX€2. Without -
periodic removal and in the presence of certain fouling organisms, such
-as mussels, this factor may even be higher. Factors as high as 3 have
been seen. It 1s vrecommended that one guess at the sizing of the
structurals and the feouling factor and re-examine adequacy of guesses
after completing the calculations and reiterating if necessary. Cg4gq 1is
the drag coefficient for the structural shapes {see Table 10.1).

Table 10.1 ESTIMATED DBAG COEFFICIENTS FOR TWO DIMENSIONAL SHAPES
AND REYNOLDS NUMBERS IN THE RANGE OF EOA to 106. (DERIVED FROM
HOERNER, 1965). FLCW DIRECTION IS FROM LEFT.

SHORTENED FROM TABLE IN GULARTE AND HUGUENIN, 1980,

Section Shape Drag Coefficient "Cd“(Dimensionless)

l
Vln =IO NG
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Under fouled conditions these coefficients will probably change,
but there is mo better data available. It should also be noted that the
velocity inm the equation below is the free stream velocity Ve

2
= L
FTH— 2Cds/{gvo A

Now it is mnecessary to consider the forces placed on the top
horizontal structural by a number of vertical members. Taking a length
of Df2 {(the half-side depth dimension) of any one of the wvertical
structurals, assuming a size with assocliated C4, and A, we have the
equation below:

w
il

actual width of structural perpendicular to normal
incident current

Now we must add the forces on the side and find the distributed
load. The forces due to the verticals are distributed at regular inter-
vals and to simplify calculations will be assumed to have a uniform
distribution. We also assume that this top horizontal structural is a
simply supported beam. This is a more conservative assumption than
fixed ends Dbecause the maximum mid-span moment used to size the
structural will be higher.

+
. o= Iyt EpygtNFy 1b/in,

L

N = number of identical verticals per side
L = horizontal length of wall
WD = distributed uniform load on horizontal

We can now determine the maximum moment on the top horizontal
structural as given by the eguation below. It is time to consider the
allowable stress in the pultruded structurals being used. The
manufacturer rtecommends a factor of safety of four for conditions of
dynamic or cyclic loading (Morrison, 1978). This is conservative for
our case, especially if wave forces are insignificant. This gives an
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allowance stress of 5,000 psi. This stress can be related 1o the
maximum moment by use of the equation below,

é/ali = alliowable stress in fiberglass

T = tensile strength of material = 20,000 psi

éfall

= E = 20,000 = 5,000 psi
& 4
) A
{{all =M @ =M = 5,000 pst
I i
Teg
. . .4 -
I = moment of inertia (in. ), see Table 10.2

C = distance from centroid of section to extremity {(in.}

™~
1l

required sectilon modulus

Table 10.2 gives a selected listing of section moduli for
various pultruded structural shapes and combinations of shapes. It
assumes no shear transfer between shapes in a composite structural,
wnhich 1s a wvery conservative assumption. The table 1is assembled
assuming the vertical axls goes through the centroid of all the shapes
in a composite. Since this is the worst case, displacing any shape
horizontally yelative to the others will improve both the section
modulus and the wmoment of inertia. More precise evaluation of
improvements in section modulus or moments of inertia can be calculated
using the parallel axis transfer theorem. Therefore, the values in the
table are also conservative in this regard. Additional combinations can
be developed from the table by adding the Z's and 1I's of the component
parts. The structural member can be sized by selecting a combination of
shapes such that the 7 selected Zreqs remembering that there 1is
essentially at least one 2" x 9/16° x1/8" 8wchannel due to the panels
attached to the top horizontal member. If the top member of the unit is
stiffened in any way, such as being secured to a foundation, or if the
top member and parts of the mesh are out of water, the results will be
more conservative. The bottom horizontal structural member can be sized
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Table 10,2 SECTION MODULI AND MOMENTS OF INERTIA FOR COMPOSITE
FIBERGLASS SECTIONS WITH BENDING ABOUT VERTICAL AXIS THROUGH
CENTROIDS AND ASSUMING NO SHEAR TRANSFER., (DERIVED FROM
MORRISON MOLDED FIBERGLASS, 1978) SHORTENED FROM TABLE

IN GULARTE AND HUGUENIN, 1980,

Sections Dimegsions AcFua% z AcFua% I
(Load Directions) (in.) (in. ) {in. )
L 2 x 9/16 x 1/8 0.18 0.18
L 2x2x 14 0.24 0.34
" 3 x 3 x 1/4 0.54 1.18
F___+ 3x 15 x 1/4 1.17 1.7%
w 4 x 2 x 1/4 2.20 4,40
" 6 x 3 x1/4 5.32 15.92
?ZZ::% two 2 x 9/16 x 1/8 0.36 ¢.36
rJ:::j 2 x 2 x 1/41; 2 x 9/16 % 1/8 0.42 0.52
" 3 x 3 x I/QZ; 2 x 9/16 x 1/8 0.72 1.36
}F:—-Ti 3x 1% x 1/4; 2 x 9/16 x1/8 1.35 1.93
" G x 2 x 1f4; 2 x 9/16 x 1/8 2.38 4.58
" 6 x 3 x 1/4; 2 x 9/16 x 1/8 5.50 16.10
P%EE%{ 3 x 1% x 1/4; two 2 x 9/16 x 1/8 1.53 2.11
w 4 x 2 x 1/4; two 2 x 9/16 x 1/8 2.56 4.76
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in the same way as the top member. However, the results will be even
more conservative, due to the stiffening provided by the bottom cross

members.

Now we will address the sizing of vertical members. Here again
there are several 1load components to consider. One is the 1load on the
mesh and the other 1s the load directly on the vertical structural. In
calculating the mesh loads on the vertical structurals, imaginary lines
are drawn down the middle of each adjacent 30" x 120" panel. The same
equations as before for mesh drag force and loads on structural shapes
are again valid. The maximum moment at mid-span is calculated with a
moment equation of the same form as used for the horizontal members,
The structural member, similar to before, can be sized. However, it
should be remembered that there are automatically two 2' x 9/16" x1/8"
C~channels between two panels. FEach wvertical member is sized until ail
members on & side have been selected. Each side is in turn analyzed.
This now leaves oniy the bottom side {or top) tc be sized.

The bottom of the wunit is somewhat different from the sides.
The maximum water currents through the bottom can be expected to be
minimal. Therefore forces from perpendicular currents can be neglected,
However, the bottom must support its own weight and the in-water welght
of fouling on the structurals, in a high fouling environment, has been
estimated to have an in-water weight of as much as 0.3 1b/in. This can
be considered as a uniformed distribution load (Wg). The other part of
vertical 1loading is the dead weight of the mesh, structurals, and any
accumulated debris (Wpu). This includes a 30" x W (width of mesh
assigned to each structural) in bottom area of mesh times its weight per
unit area divided by W, te give a distributed load, added to the in-
water weight per inch of the assumed structural shape. The section can
now be tentatively selected.

MB = maximum bending moment on boltom at mid-span
Moo= (K o+ W) W
B F DW (in.-1bJ}
L
Zreq~1 = MB = MB (iﬁ.B)
alil 5,000

Z first approximation 2 Zreq~l

(including two 2" x 9/16™ x 1/8" C's)

However, this treatment does not account for the important hori-
zontal forces from the adjacent sides pushing on the ends of the struc-
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tural beam and tending to buckle it. The end force P can be acquired
from the combined “distributed loading on the horizontal member
previously calculated, Considering the bean with end loads; a new
maximum mid-span moment (Mgp) can be calculated with the equation below.
If the last equation concerning Z value requirements does not hold,
choose new bottonm structural section and iterate,

- i
Mpp = (Wp + Wpy?) E I (SecdOW P
2 NN ET

= modulus of elasticity of structurals 2 2.3 106 psi

i}
i

I = moment of inertia of selected section,

see Table 10,72 (in,a)

P =30 WD(lb)

Zreq-—2 - MBP - MBP (in,B)
gall 5,000

Z selected » Zreq—Z 2 Z first approx., zrzreqwl

This section has attempted to provide a general guide and
methodology for sizing structural members in a three dimensional wunit,
It has, by necessity, been a simplified Presentation and has ignored
many considerations, which often can be of minor importance. In any
given situation, there may be specific circumstances which might
dramatically alter the conclusions drawn from this simplified
methodology and it should therefore be used with caution, with
particular attention to its assumptions and limitations,
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1l.¢ 0 MANUF

The data base upon
fabricarion of the INCRA Cage
over more than five yvears, the
varlety of test units and design
information on U.5. and el i
wardware, [n all of these efforts, a number of design  and construction
methods were tried and INCRA Projiect 268 has alwavs contalned an eloment
of manufacturing engineering, whos
construction costs. In addition, the proje
methoeds for servicing the cages and for nhandling and harvesting the
marine animals.

<
erntion hras heen e reduce
T B!

t had to  develop practical

11.1 MANUFACTURING

s
¥

D TOOLING

The original IKCRA cage deploved 1in 1977 was constructed

prim irily by project persconnel using heme-made toollng and conservative
anufacturing techniques. Tooling included panel frame corner fixtures
(see Figure 11.1), driliing and cutting Jjigs to eliminate repetitive
measurments on fiberglass pultruded sections and a deuble acting brake

forming machine on all four sides {(see Figure 11.23. The brake forming
machine was used to wrap the expandod-metal mesh  around the
nertabricated {fiberglass {rame to form large fiberplass/mesh panels.

The final clamping of the mesh about the outside flange of the bwchannel
was dome Dby hand with sheet-metal pliers to get a firm hold. Although
made of wood and pianc hinges, it worked well for the limited production
undertaken with it. A steel unit would have been more rigld and longer
lived.

In 1980, two additional cages were built for deplovment in New
Brunswick, Canada. These gages niot  only  serve to  glve The concept

wider exposure, but also to test new manufacturing technigues in
effort to reduce the cost of the cage. In particular, this include
considerable documentation and preoparvation of drawings, which now belong
to INCRA. Among the innovations were:

iy

A) Reduction in panel width to 30" to allow the use ol narrower
mesh, which has a significantly lower unit zost,

B} Use of 90-10 Cu-Ni fasteners, which are less expensive than the
Monel fasteners used on the proteivpe.

.
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€} Funching rather than drilling noles on the 1/8" thick fiberglass
structurals.

) Use of a coped rather than a mitered corner on the panel frames
(see WHEA Drawing C-21-1113.

E} Sub-contracting all construction operations 1o a sheet metal
shop To gain access te more efficient cutting and forming

equipment.,

The subcontractor used a few of the prototype iigs but not the
double acting brake, rather using a conventional bender for each of the
four sides. While all these modifications did serve to reduce the cost
of the modified cages from that which would have been incurred if an
exact copy of the prototype were built, there was still room for further
improvement. One particularly troublesome area was the large amount of
labor wused for assembly of the panel frames. These rectangular frames
are made from four pleces of fiberglass channel joined by means of a
braca cut from a length of fiberglass angle (see Figure 2.1). The brace
is epoxy cemented to the inside of the channel after the mating surfaces
have been sanded to remove the glaze. This joint is then reinforced by
securing a sheet-metal screw through the parts. WHEA drawing C-21-111,
shows this assembly in detail,

The primary function of the brace is to keep the panel frame
together until it has been wrapped with mesh. After the wrapping. the
frame is held in place by the mesh, although the brace still serves to
keep the {rame 1in one piece. Once the cage has been assembled, the
panels are held rigidly by the space frame so the function of the brace
is relatively unimportant.

Personal ohservation and discussions with the foreman at the
fabricators, indicated that much of the time in assembling the panel
frame was spent in sanding the mating surfaces prior to cementing in the
brace, While the prototype frames had been successfully assembled
without sanding and in the absence of hard data, as a conservative
measure, sanding or grinding of the mating surfaces was specified for
production C-21 cages., In addition, similar panels were being
constructed in Great Britain at a lower labor cost. These U.X, panels
were assembled using a different adhesive and mating surfaces were not
being sanded. Thus, 1t was felt that a brief program to evaluate
adhesives and surface preparation techniques would be in order.

Fiberglass pultrusions are extremely anisotropic in their
mechanical properties. The fiber reinforcements run more or less
parallel to the long axis of the structural, making them able to
withstand loading in that direction, Their transverse strength is very
low, essentially that of the polyester resin, because the oniy
transverse reinforcement consists of a thin surface veil of glass mat,
The panel frame is subject to two types of 1loading during the course of
handling. When the frame is placed in shear, the lecad on the cement
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joint is one of tearing. Once the frame is wrapped with mesh, this type
of lcading becomes insignificant., The other type of loading, which can
occur until the panel is incorporated into the Cage, is twisting. This
applies a torque loading to the cement joint. The 1load on the brace
itself in both these ctases 1s in the transverse direction where the
material has the least strength.

A test program involving two types of loading, three different
adhesives, three types of surface preparation (sanding, solvent wipe,
and none) was carried out. These tests are reported ftully in WHEA,
1983  (P-106-115). The results of these tests indicated for this
specific type of application, that the Joint doesn't faiil along the
joining boundaries, Therefore, any of the EpoXys tested were acceptabie
and a solvent wipe was sufficient surface preparation. The labor
intensive sanding for this specific application is therefore
unnecessary. These results for INCRA-type panel frames should not be
generalized to other situations.

The fabrication of the tage results in four types of components
which can be shipped to the deployment site., This includes the
fabricated mesh panels, which must be bpackaged carefully, since they are
somewhat fragile and can be 2asily twisted or punictured during shipment,
The other parts are the space frame, comprising measured, cut and
drilled fiberglass sections, ‘the metallic corner brackets and the
fastener sets, The general fabrication sequence is given on Table 11.1.
The complete specifications and manufacturing instructions for all the
parts are included in Cage Construction Drawings INCRA-type C-21 Fish
Cage, July 1980,(revised Sept. 1982), 17 bages. The float coliar has
six parts and is manufactured and assembled separately (see Assembly
Instruction C-21 Float Collar, July 1980, 28 pages). These drawings
belong to INCRA, The C-27 and C-23 fish cages are generally similar.

11.2 CAGE ASSEMBLY

The assembly of an INCRA cage is rather straightforward, Five
subassemblies of mesh panels and space-frame components are assembled,
These include the bottom, and parts of each of the four sides, The two
corner panels are carefully placed at each corner (see Figure 11.3) on
the bottom pan, At this stage the panels lack rigidity and they must be
supported. The short-wall subassemblies are then installed followed by
the long wall subassemblies. Once assembled the cage is extremely rigid
and strong but the components need careful handling and temporary strong
backs during assembly. Once assembled it is wvital that al1 the
fasteners on the metallic coerner brackets be checked to assure that
there 1s no inadvertent electrical contact between the corner brackets
and the mesh. Under good conditions, a C-21 cage can be fully assembled
by three men in about four hours (see Figure 3.5). These assembly
instruction are more fully documented in Type C-21 Fish Cage Assembly
Instruction, July 1980, 12 pages,
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.1 FABRICATION SEQUENCE FOR INCRA
FROTOTYPE OR C-21 FISH CAGES
Cut and drill fiberglass frame parts from C-channel, two sizes,
Cut small piece of fiberglass angle for panel corner reinforcement.

Using jig assenble and fix fiberglass frame at four corners with
screws and epoxy.

Trim expanded metal mesh sheets to sirze,
Wrap fiberglass frame with expanded metal mesh sheet.
Cut and drill space-frame structurals.

Manufacture corner brackets and reinforcements, suspension system
components and floats.

Package mesh panels carefully, packaging of other components is not

critical. Total shipping welght 1is about 1,150 pounds, not
inciuding float collar.

Table 11,2 CAGE SERVICING TASKS

Remove fish and any floating debris from cage.
Install lifting frames and winches.

Lift cage uniformly, using water jet removing fouling and debris
from structurals as it rises.

Lift cage until bottom is just below waterline, With high pressure
water jet fiush silt and debris from cage bottom,

Lift cage clear of water. Place short wooden beams across Ccorners
for satfetv.

Inspect cages for any holes and/or corrosicn. Make any Tepairs
that might be necessary.

Inspect sacrificial anodes on galvanized fittings, replace 1f
NECessary.

The cage 1s now ready tc he relowered or towed to new szite,
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11.3 CAGE OPERATIONS AND SERVICING

INCRA cages are rigid cages. While rtigid cages are used
commercially 1in Japan and elsewhere, little was known about how to
operate and service such cages. As a consequence, the INCRA proiect had
to solve many of the practical gquestions involved with using these
cages. A net cage 15 harvested by collapsing the bag and concentrating
the fish. For the INCRA type cages a c¢rowding device had to bhe
successfully developed, built and tested {see Huguenin and Ansuini,
1980}). Likewise a practical means of inspection, repair and servicing
had o be developed. This involived the use of lifting frames and
winches in each of four corners. In spite of the size and weight of
INCRA cages, this lifting system is simple and practical (see Figure 3.3
and Figure 11.4). This method with small changes is expected to work
equally well with the larger C-22 and C-23 cages. Additional data on
hardware and technique are in Model C~21 Fish Cage Instructions for Use
of Lifting Frames, July 1980, 6 pages. A number of servicing functions
using lifting fIrames are listed on Table 11.2. The guickest and most
effective cleaning techniques tested is shown on Figure 11.4. It 1is
important to remember that while the mesh has considerable blofouling
resistance the fiberglass frame does not, and the mesh has no immunity
to drifting debris. In addition, the bottom can under some conditions
accumulate very high loads of silt and organic debris which must be
periodically removed.
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