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OPTIMIZING INTAKE SCREENS FOR OCEAN
THERMAL ENERGY POWER PLANTS

INTRODUCTION

Research Objectives

Ocean Thermal Energy Conversion (OTEC) utilizes the principle

of extracting work from the temperature difference between the warm

surface water and the cold deep water of the ocean. Large amounts of

warm and cold water are passed through the heat exchangers, thence

energy is produced from the work done. Thus, the oceans' huge

resource of stored solar energy can be developed. This writer hopes

that the information presented here will be useful in the design of

the intake screening systems that serve the dual purpose of protect

ing the plant from the environment and the environment from the plant.

Optimization of both these functions is subject to economic limita-

tions and must be obtained at a feasible cost. State-of-the-art

screening systems are stressed, but a system which uses screens within

a pressurized closed conduit flow is also presented. Annual costs of

screening alternatives are estimated from shorebased power plant

experience as a function of screen type, screen dimensions, volumetric

flow rate, velocity through the screen and impingement rate. Based on

these results, recommendations for an optimum screening system are made.

The OTEC Principle

The OTEC principle involves the utilization of the natural tem-

perature gradient existing within selected oceanic regions. Water

temperatures may vary from 79.8°F (26.6°C) in the surface mixed layer



to 46.5°F (8.1°C) at a depth of 1500 ft (450 m) (42). In the closed

cycle system to be used (shown schematically in Figure 1) (42), the

warm ocean water is pumped through the evaporator and the heat trans

ferred vaporizes the working field. The vapor expands through a tur-

bine which generates power, and then enters the condenser where the

cold ocean water condenses the working fluid. To complete the OTEC

power cycle, the fluid is then returned to the evaporator. The warm

and cold water is pumped through the heat exchanger units (evaporator

and condenser) and discharged at an elevation compatible with its new

density (due to the change in temperature). Several alternative de-

signs of a power plant that utilizes the OTEC principle have been

proposed (1,29,42). These research efforts have also investigated

heat exchanger configuration, working fluid selection and construc-

tion materials.

OTEC Water Requirements

Operation of an OTEC power plant requires extremely large quanti

ties of "clean" warm and cold water to be continuously pumped through

the plant. Separation of the warm and cold water sources must be main-

tained and exhausted water should not be allowed to recirculate.

Recirculation would reduce the temperature gradient (lowering plant

efficiency) and compound the hazards to marine life.

A 100 MW net power output capability plant was selected as a

basis for this study. This capability is at the lower range of plant

size considered feasible (26). The upper range of capability may
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approach 1000 MW net power output by linkage of a number of smaller

capability units (26). The 100 MW net power output plant would

require a volumetric flow, Q, of approximately 15,000 ft3/s (425 m3/s)

for each intake (26). To put this into perspective, Q is equivalent

to the average flow rate (over the past 82 years) of the Willamette

River at Albany, Oregon (44). This river supports an appreciable

fishery and was used for transportation by steamer in the 1800's.

Conventional power plants (fossil fueled) of the 100 MW size require

approximately 150 ft3/s (4.25 m3/s) for cooling water. This repre-

sents about 1% of the OTEC requirement (46). In addition, the energy

loss involved in transporting such a volume of fluid for distances

of 1500 ft (450 m) or more must be minimal for a successful OTEC

plant operation.

Intake and exit shapes and pipe friction must be carefully con

sidered in order to minimize head losses within the cold water system.

Hydraulic losses are generally proportional to the velocity squared

so a low flow velocity should be considered in conjunction with

capital constraints in order to minimize the operation cost for

maximum financial profit. For a given flow, Q, the cross sectional

area of the conduit, A, is inversely proportional to the average

velocity, V, A = Q/V. It is not the purpose of this study to examine

such inclusive optimization. The purpose is to examine an "optimum"

arrangement of screens and screen design parameters for state-of-the-

art screens, given a particular flow rate. Therefore, a baseline

velocity of 6.56 ft/s (2 m/s) within the cold water pipe was selected
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as a compromise value based on pipe size and cost and velocity

related energy losses (26). This corresponds to a cold water pipe

diameter of 54 ft (16.5 m).

OTEC Screening Requirements

Considering the large volume of water passing through the plant,

the importance of an adequate screening system as an interface between

the plant and the environment becomes evident. The screen serves the

dual purpose of protecting the plant from the environment and the envi-

ronment from the plant. A single design optimizing both of these func-

tions should be obtained, but it is not the purpose of this work to

produce such an all inclusive screening system design.

Plant protection implies a screening system that will eliminate

all debris capable of clogging or otherwise damaging the machinery

of the plant, principally the heat exchanger tubes. These tubes are

the most vulnerable and important of OTEC components and critical to

plant operation. A suggested criterion is to exclude all material of

a size greater than 50% of the tube bore (39). If heat transfer en-

hancement through the use of corrugations or complex surfaces on the

sea water side of the tubes is adopted, this criterion may need re-

evaluation. Assuming titanium alloy tubes with inside diameter of

approximately 1.0 in (2.5 cm) (25,42) a screen mesh with 3/8 in (0.95

cm) clear openings should provide effective plant protection. This

size is the most commonly selected for shorebased power plants and is

readily available (23,39).



Environmental considerations create a very complex problem.

Although marine life may be considerably less abundant at an OTEC

site than at a nearby coastal site, this difference may not be so

helpful due to the increased volume of flow through the plant. For

this reason, impingement rates of organisms and debris for an OTEC

plant may be comparable to those of a shorebased power plant of

similar net power output. Reports and predictions of screen kills

of estuarine species at shorebased power plants as summarized in an

EPA document (20) may suggest the possible extent of OTEC impacts.

Examples include a predicted annual kill of 400,000 fish and 100,000

shellfish at the Crystal River power plant near Cedar Key, Florida

and over seven million fish in one year at the P. H. Robinson plant

at Galveston Bay, Texas. Further examples are given in Tables 1

and 2 (20). However, because an OTEC-type operation has never

actually been accomplished, it is not known what impingement rates

will be experienced. It is important that test installations examine

this feature of the design of screens.

Marine organisms are subject to injury due to entrainment into

the intake and impingement on the screens. Those that are weak swim-

mers and cannot escape the intake velocity are entrained and become

inpinged if they are too large to pass through the screen mesh. In

general, as velocity decreases, smaller size animals can escape

entrainment and impingement, but screen and pipe structure costs

increase. Fish swimming performance has been empirically related

to the body length and frequency of beats of the tail (3). Body



TABLE 1. Reports and predictions of screen kills of estuaraine species.

Power Plant Impingement Event Period

Millstone, Niantic Massive kill of small 1971

Bay, Conn. menhaden (more than
2.0 million), screens
clogged.

P. H. Robinson
Galveston Bay,
Texas

Indian Point, #1
Hudson River, N.Y.

7,191,785 fish imping- 1969-70

ed in one year.

Yearly kill of 1,0
to 1.5 million fish.
Kill of 1.3 million
in 9,5 weeks.

Comments

Occuring late summer, early fall; plant
shut down on 8/21/71; persistent low
kill of 10 other species.

Projected from sampling of operating
plant; principal species were men-
haden, anchovy, croaker; highest in
March.

1965-72 Primarily white perch with 4-10% striped
bass
10% striped bass; plant closed Feb. 8.

Indian Point, #2 Massive kills; maximum Jan. 71

120,000 per day.
175,000 fish killed
in 5 days.

Indian Point, #1,2 Predicted total kill
of 6.5 million fish
per year.

Port Jefferson
Long Island, N.Y.

Two truckloads (at Jan. 26-
least) of fish killed 28, 1966
on screens in 3
days.

Testing cooling system of new plant (no
heat); white perch and other species
Testing again (no heat) Con. Ed. fined
$1.6 million by N.Y. for kills.

With both plants in full operation.

Mostly small menhaden; also white perch.



TABLE 1. (Continued)

Power Plant

Crystal River
(near) Cedar Key,
Florida

Brayton Point
Mt. Hope Bay,
Mass.

Oyster Creek,
Barnegat Bay,
N.J.

Surry Power
Station, James
River, Va.

Impingement Event

Predicted annual kill
400,000 fish and
100,000 shellfish

350,000 fish per
year.

10,000 fish, 5000
crabs, destroyed
per month in
summer and spring.

Six million river
herring destroyed
in 2-3 months

Period Comments

1969 Based upon operation of 3 units (2 units
now destroy 1/2 this amount.

1971-72 Heaviest from November to March; floun-
der, silverside, and others also im-
pinged.

1971 Estimated from 19 days of sampling;
screen kill in cold season unknown.

Oct.
Dec. 1972 Estimated by AEC from screen sampling

during partial power runs.

CO



TABLE 2. Reports and predictions of inner plant kills of estuarine species.

Power Plant Event Period Comments

Millstone, Niantic 36 million fish killed Nov. 2-18, Estimated by sampling of vertebrae of

Bay, Conn. in 16 days (probably dead fish in discharge channel.

menhaden and blueback
herring)
2.5 million flounder
entrained

Indian Point, Predicted 7.3 million
Hudson River, N.Y. striped bass killed

per year, larvae and
juveniles.

Brayton Point, 7.0 to 165.5 million
Mt. Hope Bay, Mass. menhaden (some

river herring) killed
per day.

Connecticut
Yankee, Conn.
River, Conn.

Seabrook,
Hampton-Seabrook
Estuary, N.H.

50 million fish
killed in 11 days.

179 million fish
larvae killed per
year.

Predicted kill of 74
million clam larvae
per day.

Apr.-June
1972

Future

Summer
1971

August
10-21

1971

Death rate not estimated

For Units 1 and 2; estimated from
estuary samples in 1966 and 1967.

Estimated from EPA's sampling techniques.
164.5 million kill on July 2; fish
mangled.

Estimated from net tons at discharge;
menhaden and blueback herring; tests
showed that all fish died.

1969 Estimated by B. Marcy.

1970

Future Estimate for proposed plant; 74 million
is initial kill at plant startup,
lower rate after equilibrium reached.
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length is also the most significant dimension for designing screen

mesh size as fish usually become impinged broadside against the

screen surface (39). Larger weak swimmers (jellyfish and small fish),

floating plants and other debris will be unavoidably impinged.

Thus, cleaning of the screens will be necessary when the energy loss

from the reduced effective area of the screen becomes too great.

Very low survival rates are usually associated with long im-

pingement times and high approach velocity in front of the screen (11).

Experimental data using 2-3 in (5.1-7.6 cm) rainbow trout and 1.5-2 in

(3.8-5.1 cm) chinook salmon fry indicated significant mortality levels

(greater than 40%) for an approach velocity of 2 ft/s (0.61 m/s) and

impingement time exceeding 20 minutes. When approach velocity was

decreased to 1 ft/s (0.3 m/s) mortality was minimal (less than 10%)

for impingement times of as much as 60 minutes for the salmon fry.

The trout were completely unaffected (12). Mortality was attributed

to exhaustion, asphixiation, pressure and descaling (11). Fish diver-

sion or guidance should be attempted as an alternative to impingement

and intake velocity should be reduced to minimize entrainment of

impingeable organisms. This will be discussed further in the section on

screening alternatives.

Phytoplankton, zooplankton and small invertebrates, having

very limited swimming ability will be unable to avoid entrainment but

are probably small enough to pass through the screens unaffected.

Physical damage and mortality results from contact with hard surfaces,

stresses associated with pressure change, temperature change and
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chemicals added to the system to control biofouling and corrosion (39).

In conventional power plants, a rapid temperature increase (10° C with-

in I minute) occurs within the once-through cooling system (10) and

biofouling control chemicals (typically chlorine) kill the majority of

entrained organisms (Table 3) (27). In OTEC, the water temperature

change is minimal (less than 2° C) (42) but biofouling control within

the heat exchanger tubes is critical. Alternatives to chemical con-

trol of biofouling should be considered for greater survival of organ-

isms that pass through the plant.

Obviously, a detailed biological survey is essential for proper

screen design. It is important to identify economically and ecolog-

ically valuable species or groups of organisms indigenous to the

plant site. and provide for their protection. Overall survival of

the population and not the individual is stressed. This information

should include abundance estimates, size distribution, swimming cap-

ability and other relevant behavioral characteristics. A first

attempt to accomplish this has been completed (31, 32).

An OTEC plant will withdraw, mater from two distinct vertical oceanic

zones (Figure 2). The warm water tntake will be in the epipelagic

zone (0-200 m) and the cold water intake will withdraw water from

the mesepelagic zone (200-1000 m). General biological information

for prospective OTEC sites has been compiled (31, 32). Many details

are not known but the biology is decidedly different from the near-

shore (neritic) environment. It must be emphasized that existing

biological knowledge is based on analysis of trawl catches. These



TABLE 3.

Location

Inner plant entrainment mortalities of

Species Entrained

Alewife, blueback herring,
white perch, carp, white
catfish, spottail shiner,
American shad, Johnny darter.

Spottail shiner

Connecticut Yankee
Plant, Haddam, Conn.

White River,
Indiana

Indian Point Plant
Hudson River, N.Y.

Millstone Point
Plant, Niantic
Bay Conn.

Brayton Point
Plant, Mount Hope
Bay, Mass.

Indian Point Plant
N.Y.

Vienna Plant,
Maryland

Chalk Point,
Maryland

Oyster Creek Plant,
N.J.

Not specified

Flounder, menhaden, blue-
back herring

Menhaden, river herring

Striped bass, hogchoker,
white perch, river herring

Striped bass

Not specified

24 species

fish eggs and young fish at power plants.

Percentage Estimated
Mortality Numbers Lost

Life Stage

Larvae + early 100 179 million
juveniles year
97.5% (2.6- 15.0mm)
2.5% (15.1-40 mm)

Young 100

Larvae and early 97.5

Larvae, juveniles High Up to 20
million per day

Larvae 100 7-165.5
million per day

5 species of eggs
17 species of larvae

Eggs

Larvae

Eggs and larvae

39

99.7

92.4

100 150 million
eggs/year,
100 million
larvae per year

N
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trawls are about 10 ft (3 m) wide at the mouth and are pulled through

the water in a mostly horizontal path at a speed of approximately 3.4

to 8.4 ft/s (1.0 to 2.6 m/s). They capture the fish .that cannot

escape the advancing trawl. An OTEC plant will operate in a totally

different manner more closely analogous to a vacuum cleaner. Engineers

at Oregon State University have designed a portable biological sampler

that can simulate OTEC intake operation and provide more applicable

biological data (32).

In addition to the changes that occur as a function of intake

depth, variations in the biological abundance and type of organism

occur due to season, time of day and the presence of the plant it-

self. Seasonal variations are due to geographically traveling fish,

currents and meteorological fluctuations. Some mesopelagic micronekton

ranging in size from 1-10 cm from the cold water intake region

actively migrate vertically into the epipelagic zone at night thus

entering the warm water intake region (Figure 2). Large floating

objects at sea often attract fish (31, 32) and the pumping of nutrient

rich water to the near surface may greatly increase productivity of

marine plants and animals in the area (22). This has the potential

of providing a benefit associated with an aquaculture program but

it can have a negative effect on the screen design. A further

recommendation is that debris accumulating on the screens be collected

and disposed of away from the plant to reduce the attractive nature

of the plant.
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Basic Screening Criteria

Maximum protection for the species within the warm water region.

would be achieved by providing a screening system that is fine enough

to exclude all organisms from the plant and is coupled with very low

velocity so that they can avoid impingement. Selection of this alter-

native is improbable due to cost considerations. A better approach is

to allow those organisms that cannot escape the approach velocity in

advance of the screen (phytoplankton, zooplankton, fish larvae and

small invertebrates) to pass into the plant. Those organisms that

are capable of swimming against the approach velocity should be

blocked from entering the heat exchangers by the screens. A com-

promise between this design concept. and the needs for plant protec-

tion discussed earlier must be reached.

The screening of mesopelagic micronekton (cold water intake

region) introduces a completely new screening situation. Relatively

little information about their swimming behavior is available.

Mesopelagic micronekton are particularly fragile and will not sur-

vive the stresses of rapid vertical movement, impingement or passage

through the plant (32). Meaningful fish protection, in this case,

will require minimal velocity at the cold water intake to reduce

entrainment. Possibly future development of effective "scare" devices

based on a behavioral response will help.

The following general guidelines, developed from the design

criteria for shorebased power plant intake structures and screening

systems, should be considered for OTEC (39).
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1. The water intakes should not be located in highly

productive or nursery areas. Most fish eggs and

larvae are abundant in the upper 16 ft (5 m) of

water (31, 32). The warm water intake should be

designed to avoid entraining this layer. Deep sea

scattering layers (consisting of numerous small

fish and crustaceans) (20) can be detected by

sonar and should be avoided by the cold water in-

take. A cold water pipe that can be extended to

different depths will help solve this problem.

2. Circulating water pumps should be located downstream

from the screens if possible. This protects fish

from injuries that might occur in passing through

the pumps before reaching the screens. This is

beneficial only to the warm water species since

the cold water organisms will probably be dead

before reaching the screens (31, 32).

3. The design approach velocity should be based upon

resident and migratory fish at a prospective plant

site. As intake velocities increase above 0.9 ft/s

(0.27 m/s) there is a sharp increase in the percentage

of available fish entrained (10). Most shorebased

power plants use intake velocities between 0.8 and

1.2 ft/s (0.24 - 0.37 m/s) (10). The use of a



17

bell mouth intake entrance (reducing intake velocity)

would be benefiCial in terms of reduced entrainment

and head loss.

4. The intake configuration can also be a critical factor.

A velocity cap at the intake (Figure 3) provides a

horizontal flow field that can more readily be

sensed and avoided by fish than a vertical flow (39).

Installation of such a cap at shorebased power plants

has significantly reduced fish entrainment rates

(47). The success of this approach for mesopelagic

fish that do not normally experience significant

vertical or horizontal velocity gradients cannot be

assumed (31, 32). Some reports indicate that

mesopelagic fish are often observed in a vertical

orientation (31, 32). Therefore, further investiga-

tions are necessary to determine how, or even if,

water flow direction will influence the number of

mesopelagic fish entrained.

5. Long intake canals separating the intake structure and

the screens should be avoided. These become fish

traps as fish cannot return to the inlet and

eventually become impinged.
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FIGURE 3. Intake structure with velocity cap.
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V = fish swimming velocity
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= resultant movement of fish

FIGURE 4. Schematic of louver system in the intake channel.



19

6. Recirculation of water resulting in repeated entrain-

ment or impingement is to be avoided. This is also

undesirable for plant operation.

7. Alternatives to impingement should be provided. Place-

ment of the screens at an angle to the flow or a system

of louvers may direct fish to a bypass channel that

will return them to the ocean (Figure 4). Fish may

also be concentrated in a region of lower velocity

where they can be removed with nets or a fish pump

system (47).

The best philosophy for fish protection is to avoid handling or

removing the fish from the water, An effective bypass system coupled

with proper selection of approach velocity (based on fish swimming

performance) is a much more important factor than screen mesh size

in successful fish protection (23).

Further recommendations may evolve from each individual site

investigation. For shorebased plants it has been determined that

proper design of a screening system is very specific to the site

and the needs of a particular installation. Based on a complete

environmental survey including hydrological and biological data

collection, the screening system can be designed.

The screening system that is ultimately selected for OTEC must

meet some basic engineering criteria. The screens must be economically

feasible in terms of cost of fabrication, operation and maintenance.
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Selection of construction materials can effect both the initial cost

of the system and the cost of maintenance throughout the service life

of the power plant. A maintenance program that includes corrosion

protection can significantly extend the useful service life at a

relatively small additional expense. Predictable performance and

known reliability are desirable to minimize plant down time. Ex-

pected frequency of repair and part replacement and labor costs are

also important factors when estimating maintenance cost. The cost

of the energy needed for operation of the screens and the total

energy loss within the system must not be excessive. To summarize,

the system must provide dependable and efficient (in terms of cost

and energy) protection of the plant and environment.

Use of state-of-the-art components usually implies availability

and established performance and reliability, In addition, reliable

estimates of initial, operation, maintenance and other costs can be

obtained. While a new design may prove to be more economical, there

is a greater risk of system failure due to unforeseen problems and

greater uncertainty in its costs.

Economic feasibility of each stateoftheart alternative has

been assessed by totaling the equivalent annual costs associated

with the initial investment, energy requirements of operation, main-

tenance, cleaning, corrosion protection, biofouling control and

energy losses. Head loss in moving water through the screens is a

particularly critical factor. The low head pumping (8.7-10.7 ft,

2.6-3.2 m) and the predicted loss of approximately 8 ft (2.4 m) in
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the heat exchangers needs careful consideration (26).

From an engineering standpoint, placement of a complex screen-

ing system at the end of the cold water pipe is not recommended.

The inaccessibility at that depth would make inspection, cleaning

and repair work more difficult, if not impossible, unless a deep

sea submersible was made available. In addition, special design might

be necessary to withstand the increased pressure. There are many un-

knowns in the screening environment of an OTEC plant. A system whose

operation can be easily observed and adjusted will provide greater

flexibility as screening conditions change, The presence of a free

water surface allows for easier access to screens for visual inspec-

tion, modification of operation and maintenance work. Overall,

design should represent the best available technology with respect

to plant and environmental protection (20).
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STATE OF THE ART SCREENING ALTERNATIVES

Review of Shorebased Power Plant Screens

A summary of techniques that have been attempted to reduce

entrainment and impingement for shorebased power plants is given in

Table 4 (35), There are two broad categories of screens: behavioral

and physical. Each of these will be discussed separately.

Behavioral Screens

Behavioral screens work on the principle of guidance and

avoidance response to an unpleasant condition to direct fish towards

safe bypass routes or to discourage them from entering the intake.

They are not intended for use as the primary screening system but

are useful in conjunction with a physical screen to reduce entrain-

ment and impingement. Experimental testing of behavioral screens

usually involves relatively few species of fish. Trout and salmon

are common subjects and there is considerable information on their

protection at water diversions, intakes and dams (24, 45). Simple

extrapolation of these results to other species is not justified (39).

Another drawback of behavioral screens is that fish may become

accustomed to a stimulus (habituation) causing its effectiveness to

decline with time (39). A brief summary of existing and proposed

behavioral screening systems follows.

The use of sound to repel fish was unsuccessful at the Indian

Point power plant (10). Extensive testing with frequencies ranging



TABLE 4. Techniques and applications for reducing impingement.

Mode of Operation

Physically Guide fish to Save fish by
prevent a bypass or capture and
fish passage collecting release

system

Discourage
from entering
intake

Stationary Screens
Bar racks Existingl Experimental2 Not used Experimental
Fine mesh vertical
and horizontal

Existing Experimental' Not used Experimental

Inclined plane Existing Existing Existing Not used
Electric screens Not used Experimental Not used Existing

3

Air bubble screens Experimental Experimental Not used Not used'
Moving screens

Vertical traveling Existing Experimental Existing Not used

Revolving drum Existing Experimental Existing Not used

Horizontal traveling Existing Existing Experimental Experimental

Other devices
Hanging chains Not used Experimental Not used Experimental

Lights Not used Experimental Not used Experimental

Sound Not used Experimental Not used Experimental

Louvers Not used Experimental Not used Experimental

Fish elevators
(baskets, nets)

Experimental Not used Existing Not used

Fish crowders Experimental Experimental Not used Not used

Fish pumps Not used Not used Existing Not used

Escapes Not used Existing Not used Not used

Water current
modification

Experimental Existing Not used Experimental

Coarse particle filter
(racks)

Not used Not used Not used Existing



TABLE 4. (Continued)

Physically Guide fish to Save fish by Discourage
prevent a bypass or capture and from entering
fish passage collecting release intake

system

Fine particle filter Existing Not used Not used Not used
(sand)

Chemicals Not used Experimental Not used Experimental

1 for large fish
2 act as louvers
3 fish size important
4 site specific
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from 67 cycles/s to 50 kilocycles/s did not produce consistent

results (8). More recent experience with a piston device that

operates continuously at 6 to 12 cycles/min has shown promise but

needs further testing (34).

Fish will avoid chemicals such as copper and zinc compounds,

chlorine and some herbicides and pesticides, when introduced at sub-

lethal doses (39). This procedure is still experimental and unpopu-

lar due to cost and environmental concern. Field testing of air bub-

ble screens has demonstrated that they are ineffective, especially

under conditions of darkness (10). There has been some success with

electrical barriers and guidance systems in fresh water applications

for guiding upstream migrating fish such as salmon and steelhead

trout (24, 45). Effectiveness of 70-80% has been reported for a

velotity of less than 1 ft/s (0.3 m/s) (39). Salt water installation

is not considered feasible due to rapid corrosion of anodes, biofoul-

ing and energy costs. A more serious problem is related to the fact

that the magnitude of the electrical shock experienced is proportional

to the length of the fish. An electric field that is designed to

repel small fish may stun or kill larger ones allowing them to become

entrained and impinged (39). Thus, this method will not perform well

where fish of greatly varying sizes exist, There may be some appli-

cations where this system will be useful in preventing fish from enter-

ing the water discharge area (24). EXperimentation with light has

shown both strong attraction and repulsion reponses (10, 45). At

night, mesopelagic micronekton are attracted to lights on ships

while lights at depth will probably repel them (31, 32).



26

Most fish have a natural tendency to avoid entering a re-

gion of high velocity. This tendency will cause fish to seek and

remain in a region of lower velocity where they may be removed with

fish pumps or fish elevators (39). Louvers combine this velocity

response with the visual effect of a solid barrier. A louver system

consists of a line of vertical slats 2-4 in (5-10 cm) apart at a

small angle to the flow (15°-20°) (Figure 3). Fish approaching the

louvers see a solid barrier and sense a higher velocity. They orient

themselves perpendicular to the line of louvers and are directed

towards a bypass channel before reaching a fine mesh screen. LouverS

work most effectively with fish greater than 3 in (8 cm) in length

that are also able swimmers. An approach velocity of 2 ft/s (0.61 m/s)

and bypass velocity of 1.2-1.6 times the approach velocity is used (20).

Combinations of several of the above methods may improve performance

but without sufficient data and field testing any of these choices are

high risk alternatives for OTEC.

Physical Screens

Bar Screens

Physical screens are the most effective means of preventing fish

from entering the sea. The usual intake configuration for a shore-

based power plant consists of a pump well with a fixed bar screen

(trash rack) and the through-flow vertical traveling screen upstream

of the pumps (Figure 5). A bar screen consists of vertical parallel

bars positioned over the intake. The principal function is to
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FIGURE 5. Typical shorebased power plant intake.
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prevent passage of large objects (large fish, logs and other floating

debris) that might damage the pumps and secondary screening system.

It is not intended for use as the only screen. Shorebased power plants

normally use 3.5 by 0.5 in (8.9 by 1.3 cm) flat steel bars with 3 to

4 in (7.6-10.2 cm) clear openings (39). Standard A7 structural steel

with two coats of tar would probably require replacement every ten

years (19, 36). If heavy trash loads are anticipated, a traversing

rake or brush assembly is used for regular cleaning. Installation

of the bars at an angle of 15° - 20° to the vertical and 20° - 30°

to the flow to divert fish is preferred (39). A log boom may be

needed to prevent blockage by large floating objects.

Through-Flow Vertical Traveling Screen

The through-flow vertical traveling screen with 3/8 in to

1/2 in (0.95 - 1.3 cm) mesh size is the standard for power plants in

the United States (Figure 6a). Several screens may be installed in

a single screen well. Figure 8 shoWs four screens in a line and de-

fines the screen (water) depth and screen width. Traveling screens

require a free water surface for debris removal and cleaning.

Water is passed through a continuous belt of mesh material

(composed of individual screen panels) removing fish and debris

that are hazardous to the plant. Traveling screens are operated in-

termittently as clogging occurs. As the screen becomes clogged, the

water level downstream of the screen drops and an automated system

initiates the cleaning cycle based on a preset pressure drop (measur-

ed by manometers). The screen is rotated in a vertical direction at

a rate of 10 ft/min and the cleaning cycle continues for 1.25
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(a)
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D
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FIGURE 6. State-of-the-art screens: (a) Through-flow vertical traveling screen, rotation

rate of 10 ft/min, screen (water) depth (D) of 30 - 100 ft. (b) Dual-flow

vertical traveling screen, rotation rate of 10 ft/min, D of 30 - 100 ft.

(c) Johnson screen.
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4

FIGURE 7. Cross section of dual-flow vertical traveling screen
(also referred to as No-Well type).
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FIGURE 8. Screen well with four through-flow type vertical traveling screens in a line.
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revolutions of the screen loop (38). The screen is cleaned with a

high pressure water spray (80-120 psi, pounds/in
2
) and flushed

material is collected. A minimum of one cleaning cycle every 12

hours is suggested to control biofouling and keep the machinery

running smoothly (38). Velocity through the screen is no greater

than 2.5 ft/s (0.76 m/s) to limit head loss through the screen

but at these lower velocities fouling of the screen mesh will occur

especially within the warm water system. The high pressure spray can

effectively dislodge fouling organisms and control their growth. In

addition, each screen unit may be individually removed for periodic

cleaning and maintenance work every five years (36).

For salt water application, Monel wire is the preferred mesh

material (36, 39). Monel has good corrosion resistance in sea

water (corrosion rate less than 1 mpy, mils/year) and is particularly

durable in the highly corrosive splash zone (19). The steel frame

will also need corrosion protection to extend its service life.

Further details of corrosion protection are given in the section

on Engineering Cost Analysis.

The vertical traveling screen was originally designed to

protect the plant from the environment and it does. Fish protection

is improved by addition of baskets to the screen panels to collect

and hold fish as the screen travels, an additional low pressure spray

that precedes the high pressure spray, separate collection and return

channels for the fish and trash and multiple speed screen drive.

Mounting the screens at an angle to the flow direction can direct fish
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towards a bypass channel that safely returns them to the water and

reduces impingement. Continuous operation of the screens will limit

impingement time but is not used unless the increased expense can

be justified.

Dual-Flow Vertical Traveling Screens

The dual-flow vertical traveling screen allows water to pass

through both the ascending and descending faces of the screen and

the bottom and out through the middle (Figures 6b, 7). For a given

volumetric flow rate and velocity, considerably fewer screens will be

needed (when compared to the through-flow type. There is also less

danger of screen debris carrying over into the screened water and

damaging the plant. In addition, the dual-flow vertical traveling

screen does not require the usual screen well as does the through-flow

type (Figure 7). This may result in a savings in total construction

cost (38). However, this study has not investigated the total cost

of implementing each particular screening system so that direct cost

comparison between alternatives is not possible. Since the water

flows through the screen surface only once (twice with the through-

flow type) the resultant head loss is slightly lower. However, higher

head loss associated with flow-through the central exit of the screen

cannot be estimated,

This screen type is relatively new in comparison to the through-

flow type and has not been extensively accepted for power plant applica-

tion. There may be greater uncertainty concerning reliability of dual-

flow screens and one manufacturer has discontinued production of this

type of screen'due to mechanical problems (40).
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Johnson Screen

Fine meshed stationary screens are mechanically much simpler

than traveling screens and can provide effective plant protection.

However, cleaning still becomes necessary as clogging occurs. One

cleaning method is to use traversing scrapers or brushes, but impinged

fish are usually subject to greater damage and mortality than with

the conventional vertical traveling screens. The Johnson screen is

a cylindrically shaped stationary screen with no moving parts. It

operates in a submerged state at the terminus of the intake and

does not require a free water surface (Figure 6c) (13). Its effec

tiveness is dependent on a very low velocity through the screen (less

than 0.5 ft/s, 0.15 m/s) allowing most fish to escape impingement,

and other debris to be washed away by ambient currents. If severe

clogging occurs, backwashing or reverse flow through the screen may

be necessary. (This would require supplementary screens to provide

uninterrupted and constant volumetric flow to the plant during clean-

ing. While one screen is being backflushed, the other is in normal

operation.)

Other Screens

Several alternatives have been eliminated from consideration

here, because they are not applicable to OTEC. These are the revolv-

ing drum screen, horizontal traveling screen, perforated pipe and fine

particle filter. The perforated pipe and fine particle filter are

not considered feasible for the large flow requirements of OTEC.

They would also be subject to high head loss and might require
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frequent backflushing to control clogging, resulting in high opera-

tion and maintenance costs. The revolving drum screen, while popular

in Europe, is not readily available in the United States (20).

Horizontal traveling screens effectively divert migrating fish in

rivers from water intakes when placed at an angle to the flow. The

advantage of this type of screen is that the fish are not removed

from the water. However, large scale prototypes for power plants

are not yet state-of-the-art (18, 20).
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Bar screens, through-flow and dual-flow vertical traveling

screens and the Johnson screen are investigated here. In addition,

an original design for, a screening system that operates within closed

conduit flow under pressure is presented. The screening conditions

for the cold and warm water systems will be different (due to changes

in organism size, abundance, behavior and species with depth) and

are considered separately.

Warm Water System

The warm water intake has a free water surface and can easily

accommodate a vertical traveling screen as used by shorebased power

plants (Figure 5). A coarse bar screen over the intake prevents the

entrance of large fish and floating debris. The openings in the in-

take grating may be about 0.5 ft (.15 m) thus most fish and other

material will pass. The bar screen will need to be cleaned at un-

known intervals (especially in the warm water intake) due to accumula-

tion of fouling organisms and debris. A steel bar screen has a sub-

merged corrosion rate of approximately 5 mpy and may need replacement

every five to seven years if unprotected (36), Cathodic protection

and corrosion and antifouling coatings may extend the useful life and

reduce maintenance expenses.

The vertical traveling screens will require fish protection

options such as fish baskets, low pressure spray and separate fish
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collection and return systems. A minimum of one cleaning cycle every

12 hours is recommended (38), but automated operation is initiated

if head loss (due to clogging) exceeds 0.33 ft (.10 m ) sooner.

During incidents of high impingement, it should be operated

continuously. Thus, flexibility of operation of a vertical travel-

ing screen is a distinct advantage. In the warm water region, the

impingement rate at night may be as high as seven times the daytime

rate due to vertical migration (31, 32). There are many unknowns

in the ocean environment that OTEC will be exposed to and a system

that is capable of adjusting to unexpected conditions is advantageous.

Each vertical traveling screen may need to be removed from the

water for mechanical overhaul every five years (36). Suitable lift-

ing equipment and deck space would need to be provided. A 10 ft (3 m)

wide by 50 ft (15.2 m) deep screen weighs approximately 35,000 lbs

(156 kN). Each additional 10 ft (3 m) of depth adds another 5000

lbs (22 kN) (40).

The Johnson screen has been designed to provide improved

environmental protection and be continuously self cleaning, providing

a sufficient ambient flow exists. If sufficient ambient current

does not exist, there is a danger that inanimate debris will remain

impinged on the screen. Greater fish survival is attributed to

shorter impingement times, lower velocity and an operation which

does not remove the fish from the water.

A 100 MW plant would require approximately 60,000 ft
2

(5574 m
2

)

of screen surface area. One possible configuration would have a
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network of 101 cylindrical screens each having 6 ft (1.83 m) diameter

and 30 ft (9.1 m) length. Adequate clearance between adjacent screens

will need to be determined. If severe clogging occurs, backwashing

may be necessary. This would require supplementary screens to insure

uninterrupted and constant volumetric flow during cleaning. Thus,

the screen network design becomes a complex problem itself.

For velocity of 0.5 ft/s (0.15 m/s) or less biofouling of the

Johnson screen will be a serious problem in the warm water system.

Backflushing alone may not control biofouling. To some extent,

higher through-screen water velocity will reduce fouling but must

be balanced against higher impingement rates and head losses. A

likely choice for the screen mesh material is 90/10 copper nickel

alloy. This material combines good corrosion resistance in sea

water (less than 1 mpy) over a wide range of velocities with proven

fouling resistance and would provide essentially maintenance free

performance (6, 19, 41). Less resistant materials with coatings

may also be effective but will require conscientious inspection

and maintenance.

Cold Water System

The cold water system can accommodate state-of-the-art vertical

traveling screens by using a surge tank type of construction or

sump at sea level to create a free water surface and screen the

water just before entering the pumps (Figure 9). The surge tank

also serves two other important functions:
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DIFFERENCE IN WATER LEVELS FROM
VELOCITY HEAD AND LOSSES IN
INTAKE PIPE
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ATMOSPHERIC
PRESSURE
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TO PUMPS AND
HEAT EXCHANGERS

FIGURE 9. Surge tank in cold water system with two pOssible
intake structure shapes.
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1. Relieve the conduit of excessive pressure due to

water hammer if pumping stops abruptly.

2. Supply the initial water for increasing flow demand

while water in the conduit is being accelerated. It

also limits and suppresses the effects of surges due

to variable demand providing more stable flow con-

ditions (15).

The mesopelagic fish (cold water region) are particularly fragile

and will probably not survive the stresses of rapid vertical movement,

impingement on the screen or passage through the plant (31, 32). Fish

protection features for the vertical traveling screens are an unjusti-

fiable expense. Meaningful fish protection is dependent on minimal

intake velocity at the cold water inlet to reduce entrainment. The

velocity in the cold water pipe will be relatively high (6.56 ft/s,

2 m/s) (26). A bell mouth intake structure (Figure 9) is needed to

reduce the velocity at the intake and limit entrainment and head

losses. A coarse bar screen with 0.5 ft (0.15 m) clear opening is

recommended at the cold water inlet to exclude large fish and pro-

tect the fine mesh screens at the surface. Testing of behavioral

guidance methods may be productive. It is generally accepted that

biofouling and clogging will not be serious problems in the cold

water system (42). A bar screen made of 316 stainless steel should

be maintenance free for the life of the plant (41).

From an engineering point of view, placement of a fine mesh screen

(such as the Johnson screen) at the intake end of the cold water pipe would
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probably be a mistake. The inaccessibility at that depth would make

inspection, cleaning and repair work difficult, if not impossible

and jeopardize plant operation.

Surge Tank

Proper design of the surge tank is in itself a complex hydraulics

problem beyond the scope of this work. The details of analysis have

been left to the experienced hydraulic engineer and should include

model testing to optimize dimensions to conserve head. Figure 10 will

help to define some of the problems that must be solved. The solutions

that are presented are only preliminary but have addressed the major

concerns of head loss, water seal, maximum surge and stability. There

are still many unknowns in the final plant configuration.

The total head loss (HLT) between the points A and B may be

divided into five parts:

HL
1
= head loss at the bell shaped cold water intake with a

bar screen

HL2 = head loss within the cold water pipe

HL
3

= head loss within the transition (diffuser ) section

HL
4

head loss in passing through the screens

and

HL
5
= head loss at the entrance to the pumps

A sample calculation of these head losses is given in Appendix I. The

largest single component is HL3.

The total head loss may be .6 1.0 ft (.18 - .30 m) and greater

as the screen clogs.
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SCREENS

FIGURE 10. Surge tank design parameters.
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The head loss in the diffuser section of the conduit (HL
3

) is

associated with divergence of the flow resulting in a decrease in

the velocity, which should be as gradual as economically possible.

Losses are due to a change in the cross sectional size and shape

of the conduit and a change in the direction of the flow from vertical

to horizontal.

The value of HL
5

assumes a properly designed intake structure.

If at this point the flow is divided for distribution to the heat

exchangers additional head loss may occur. The angle between the

centerline of the pipe and the free water surface in the surge tank

should be less than 30° (9). It is also desirable to maintain a

water seal (h
2

) above the opening (9). The seal is needed to pre-

vent the entrainment of air into the pumps, which would reduce the

capacity and possibly cause cavitation damage to the pumps and heat

exchangers. The water surface dips down at the head wall above the

intake by the amount:

2 2

h1 = 1.1 (

V-22g

2

A
g

) (42) (1)

Thus, the minimum recommended value for the water seal, h2 min = ht.

The maximum recommended value for the water seal, h2 max is:

2

max = 1.5 ( V2 A
2g

(2)

or 1.5 ft (.46 m) whichever is greater (42). For the conditions

assumed for the head loss calculations in Appendix I (i.e., VA = 1.2

ft/s, V2 = 3.0 ft/s), h2 min = 0.13 ft (.05 m) and h2 max = 0.18 ft
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(.05 m ). Therefore, the desirable range of h2 (for the given set

of assumptions) is 0.13 - 1.5 ft (.05 m - .46 m).

The principle objective of a surge tank (sump) design is to

limit the change in water depth in the sump due to abrupt starting

or stopping of the flow (surge). As the pumps are started, the

water level in the sump will drop more than for steady flow (ph is

negative) because the flow out (QoAt) exceeds the flow in (QiAt):

Ah = At (Q. - Q ) (3)
K-- o

where Ah = change in water surface elevation in the sump

A
s
= surface area of the sump

Qi = volumetric flow rate into sump

and Qo = volumetric flow rate out of sump (37),

The horizontal pressure difference or gradient created by the

drop in water surface elevation of the sump relative to the ocean

generates a pressure wave that propagates down the conduit and "com-

municates" the existing pressure gradient to the intake end of the

cold water pipe causing inflow of water. This inflow generates a

similar pressure disturbance that travels up the conduit and Qi

begins. The velocity of propagation of the pressure wave is;

c
c*

(4)

+ E
d
/E

p
w

where c = velocity of propagation of the pressure water in the

pipe



c* = velocity of propagation of pressure wave in fluid

of infinite extent

VT77 (4750 ft/s)

E = bulk modulus of elasticity of the fluid (45 x 106

lb/ft
2

)

p = density of the fluid (1.99 lb s2/ft4)

E = bulk modulus of elasticity of the pipe material

(4032 x 106 lb/ft2)

= diameter of the pipe (54 ft)

and

45

w = thickness of the pipe wall (0.13 ft).

Assuming the values in parentheses for sea water and steel conduit

(26, 37), c = 2000 ft/s.

There may be a significant time lag between the initiation of

slow out of the sump, po, and the start of significant ForFor a cold

water pipe that is 1500 ft long, the lag is 1.5 seconds. During this

lag, the water in the pipe is accelerating as the water level drops

further and the pressure gradient increases. In general, if the pump

capacity and intake pipe length are large combined with a small sump

and pipe diameter, the pump may empty the sump. At the other extreme,

if the pipe diameter and storage capacity of the sump are large as

compared to the pipe length and the pump discharge, the system will

operate well, although the large diameter pipe and sump will be expen-

sive. In a well matched system, the water level within the sump will

continue to fluctuate (within reasonable bounds) until a steady state
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flow condition is established where Qi = Q0. At this point, Ah

approaches zero (neglecting hydraulic losses). Including these

losses A h = -.7 ft for a 1500 ft cold water pipe (Appendix I).

A similar situation occurs when the pumps are stopped, the water

level in the sump rises and Ah becomes positive as Qi At exceeds

Q0 At. The sump wails should be high enough to prevent overflow

and loss of the cold water and flooding of the plant.

For some time after the starting or stopping of the pumps, un-

steady flow conditions exist where both Ah and Qi are functions of

time. It is most important to determine the maximum and minimum

values of Ah. A first approximation of the maximum surge (S max) for

a simple surge tank is:

1 '5 max = H
f

(1 +
2me

m ( Tr- cos
(5)

where H
f

= the total head loss between the cold water intake

and the surge tank (ft)

Hf As gA

and

2Q L

= steady volumetric flow rate out of sump (ft3 /s)

g = 32.2 ft/s 2

L = length of the cold water pipe (ft)

A
s

= surface area of the surge tank (ft2)

A = cross sectional area of the pipe line (ft2)

e = 2.718

m2
(30).
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For the sample calculation in Appendix I, S max =
0.8 ft (0.25 m).

For starting the pumps, S max is measured from the free water sur-

face under static conditions and for stopping of the pumps S max is

measured from a level below this equal to A hs, elevation of the

water surface under steady flow conditions. Thus, the minimum value

of Ah is -0.82 ft and the maximum value of Ah is +0.16 ft (0.05 m)

(Appendix I).

The maximum surge occurs only when the starting and stopping

times (the time for po to go from 0 to 15,000 ft3/s and 15,000 to 0 ft3/s,

2L
respectively) are less than --and is less otherwise (40). Due to the

large conduit size and storage volume, the changes in water level due

to surge are small and should not seriously affect the design of tie

water seal or the tank wall height. The water seal will need to be

greater than S max + h
2
min or approximately 0.95 ft (0.29 m), plus

some factor of safety. The surge tank must also have inherent damp-

ing power or stability such that oscillations of the water surface

due to variable flow conditions are rapidly attenuated and resonance

does not occur. The minimum surface area of a simple surge tank

for a rapid rate of damping is:

A L
As = 2.25

2gaH

where

As, A, and g are as previously defined

( 6 )



and

= the head loss in the conduit from intake to surge

tank

= HL
1
+ HL

2
+ HL

3

V = average velocity in the conduit

= difference in elevation between the ocean surface

and the conduit intake (14, 33).
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The minimum surface area for stability is 5270 ft2 (Appendix I), Since

the assumed surge tank dimensions are well above this minimum value,

stability is assured. Since the water level in the surge tank is

subject to only minor variation, the design through screen velocity

will remain essentially constant as the water level varies.

Closed Conduit Static Screen

In the event that the final OTEC design does not include a free

water surface within the cold water system, the design of a screening

system which allows for the removal of impinged fish with bypass and

escape routes becomes complex. At present, there are no suitable

state of the art screens that can operate within closed conduit

flow under pressure and meet the water and screening needs of OTEC.

The schematic design of a possible fine mesh screen in a circular

pipe section (Figure 11) provides for removal of screenable material

and diversion back to the outside environment. The pressure distri-

bution within closed conduit flow must be carefully considered for

effective cleaning and backflushing of the screen. Figure 12 shows
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Center
support4

Nozzle (4)

Diffuser turning
vanes both sides

Turning vanes turntable

FIGURE 11. Schematic of pressurized closed conduit flow screening,
system.
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Intake

FIGURE 12. Pressure distribution in closed conduit flow.
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that if the pump is located downstream from the screens, an opening

in the pipe at the screens will allow strong flow from the outside

environment into the pipe. However, if the pump is located upstream

of the screens (as in Figure 11), an opening in the pipe at the screens

will allow flow from inside the pipe to the outside environment. This

latter configuration creates a bypass route and allows for backflush-

ing of the screens.

The cold water flow from the single main conduit is diverted

with turning vanes into one of the two parallel pipe sections. The

parallel system operates in an alternating fashion. One side is

carrying the main flow while the other side is being cleaned,provid-

ing continuous fluid flow to the pumps. Figure 11 indicates that the

main flow has been directed into the left pipe section. The flow

then passes through .a bend-diffuser and enters a section of much

greater diameter than the main conduit. The increase in diameter

reduces the flow velocity through the screen and lowers the correspond-

ing head loss. Both gates and valves in the nozzles are shown as

open. Entrained screenable material either impinges on the screen

or slides towards the nozzle and is returned to the environment.

In the right pipe section, the upstream gate is closed and with the

valves in the nozzles open, a small portion of the main flow is

diverted into this section. This flow passes through the screens

from the back and flushes debris out through the nozzles. A high

pressure submerged jet may be necessary to dislodge impinged

material and fouling organisms. With both gates and valves closed,

this chamber may be dewatered allowing workmen to service the screens,
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as required. As the screen in the left pipe section becomes clogged,

the flow is diverted to the right pipe section by rotating the turn-

ing vanes turntable. The main flow now passes through the right

pipe section and the left section can be cleaned.

Monel is a suitable mesh material for this screen. The corrosion

rate in sea water is generally less than 1 mpy although some localized

pitting may occur. Monel is susceptible to biofouling and may require

frequent cleaning. The details of this complex design (Figure 11)

will include knowledge of the head (energy) losses associated with

the intakes, turning vanes, valves, screens and diffusers. Model

testing will be required to estimate these losses and optimize the

design parameters. Further optimization of the closed conduit screen

was not attempted, because of the superiority of the traveling screens

due to state-of-theart refinements and serviceability.
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ENGINEERING COST ANALYSIS

Optimization Based on Cost

The optimum screening system can be selected based on minimiza-

tion of the total annual cost. This approach also provides insight

of the effect of each design variable on the ultimate cost. Among

the costs that the estimates have omitted are construction of surge

tank, screen well and conduit intake sections, differential head con-

trols, circulating water pumps, and value of the fish killed or pro-

tected.

By attempting to quantify the contribution of each variable to

the total cost, it is possible to compare the different screening

alternatives on a cost basis. The cost estimates presented here may

differ from the actual annual costs for a particular installation due

to the numerous assumptions that had to be made. However, the relative

cost difference should be reasonably accurate because the assumptions

are consistent for all screen types. Hopefully, this study contributes

information useful to the designer for. selecting the "best" system in

terms of annual cost by identifying the most economical ranges of

screen design parameters. These parameters include plant size,

volumetric flow rate, screen type, velocity, dimensions and materials.

State-of-the-art screens utilizing a free water surface are stressed.

The screens studied in detail were the vertical traveling, in

both the through-flow and dual-flow models and the Johnson screen.

There is also a brief look at screens in closed conduits. A con-

siderable amount of cost data are available on-vertical traveling
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screens from manufacturers and power plant operators (7, 30, 40).

Since Johnson screens are individually designed for each application

only very approximate costs can be developed for them. The closed

conduit screen includes only rudimentary design concepts and cost

estimation from material quantities of state of the art components.

Cost Analysis Factors

In the following sections some of the recurring symbols and

their definitions are:

I = initial cost of standard screen (equivalent annual

amount)

FP = initial cost for fish protection features (eaa)

M = initial cost for Monel wire mesh material (eaa)

CP = annual cost of corrosion protection

OM = annual cost of operation and maintenance

HL = annual cost of head loss through clean screen

and

T = total annual cost (sum of above factors).

In order to establish a basis on which a comparative study could

be made, typical plant parameters had to be assumed. Computations for

each screen arrangement were based on a 100 MW plant with warm and cold

water flows of 15,000 ft
3
/s each (26). Annual costs were chosen as the

basis for comparison. A 6% interest rate and 30 year plant life were

assumed to convert initial costs to equivalent annual amounts. These

values are representative of the capital cost and design life of new

shorebased power plants (16).
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Through-Flow Vertical Traveling Screens

Initial Cost

A 3/8 in mesh size (most commonly used by shore-based power

plants) will meet OTEC's screening requirements and was assumed for

both type vertical traveling screens. The percentage of open area,

ag '

is 0.60 where an is the net area of flow through the screen and

ag is the gross area of the screen face (38). The total required

screen width is:

1.14 Q
W .125 (38) (7)

V(D = 0.5) fan /ag)

where

W = total screen width (ft)

V = average velocity through the screen (ft/s)

D = water depth in front of the screen (ft)

Q = volumetric flow rate (ft3/s)

and

an/ag = 0.60.

This equation was presented in the manufacturers literature without

derivation. It is developed from the basic equation A = (1 ((with

minor adjustment factors)

where A = W(D - .05) (an/ag).
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The factor of 1.14 increases the screen width to account for the

additional clearance needed between screens in series. The most

economical individual screen width is 10 ft. Therefore, the num-

ber of 10 ft wide screens, N, needed to span W is:

N 10
(8)

The cost per screen, Cl, is a linear function of the channel water

depth just upstream of the screen.

C1 = $51,000 + (0 - 50) $500 (40). (9)

The equiplent annual cost of the initial screen purchase is there-

fore:

I = 0.07265 N C1. (10)

Fish Protection

Fish protection options are recommended to improve environmental

protection, especially for the warm water region. The additional cost

per screen, C2, is:

C
2

= $20,000 + (D 50) $200 (40) (11)

(the second term in this cost expression is a conservative estimate),

and:

FP = 0.07265 N C2. (12)

Monel

The standard screen uses galvanized steel wire mesh material.

A preferred material for service in sea water is Monel. The galvanized

steel mesh costs $1.55/ft
2
and the Monel costs $9.0 /ft

2
(40). The



total mesh area per 10 ft wide screen, A
m

(ft
2
), was estimated from

measured drawings of a through-flow vertical traveling screen (38).

to be approximately:

A
m

= 20 D 100

and the equivalent annual cost for Monel is:

M = N Am (9.00 1.55) 0.07265

(13)

(14)
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This small additional expense (approximately 15% of C1) is worthwhile

and should significantly extend the screen service life.

Head Loss

The theoretical head loss is a function of the velocity through

the screen and may be estimated by the following relationship (43):

hl
K V
2g

where

2

hl = head loss (ft)

g = 32.2 ft/s
2

K = 1.45 - 0.45 (an/ag) - (an/ag (for an/ag = 0.6,

K = K
o

= 0.82)

V = velocity through the screen (ft/s)

an = net area of flow through screen

and

(15)

ag = gross area of screen face.

For a clean screen of 3/8 in mesh size, an/ag = 0.60. As the

screen clogs with impinged material, an/ag decreases, the velocity

through the screen must increase (if Q is to remain constant) and K

increases resulting in a greater head loss. For a given Vo, velocity



through a clean screen, V =
0,6

an/ag
) V

0.
The head loss as a func-

tion of K, an/ag and Vo is:

0.6 2 2
( ) V
an/ag o

hl = K
2g

(16)

The total head loss due to a through-flow vertical traveling screen

is the sum of the losses through the forward screen face (which is

subject to clogging) and the rear screen face (which remains clean)

(Figure 13):

v
2

hl =
o

(K (
0.6

) + K )

2g an/a6
(17)
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Experiments performed at the University of Wisconsin Hydraulics Lab

using galvanized wire mesh with 3/8 in mesh opening, an/ag = 0.7 and

approach velocity (in advance of the screen) of 3 ft/s (this corresponds

to a through screen velocity Vo = 3.0/0.7 = 4.29 ft/s) recorded a head

loss of .44 ft that was approximately 15% greater than computed by

equation (17) .37 ft (8). It is assumed that this difference will

be smaller at lower velocities and equation (15) has been used

throughout this study.

The head loss is converted to horse power, hp,

where

and

gyhl
hp =

550

= 64 lb/ft
3

= 15,000 ft
3

s

(18)
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and then to kilowatt hours per year:

kwh kw hrs
hp x 0.7457 x 8760

year hp year
(19)
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The estimated annual cost of the head loss through a clean screen, HL,

is proportional to hl and the value of the power produced by the plant

(lost income), $/kwh. Typically, the revenue derived from the sale of

electric power is $0.06/kwh, therefore (17):

HL = $684,000 x hl (20)

The additional head loss due to clogging between cleaning cycles is

included in the calculation of annual operation and maintenance cost.

Corrosion Protection

The screen frame (steel) and mesh material (Monel) will need to

be protected from corrosion. Effective corrosion control is a relatively

inexpensive means of extending the service life of the screen units.

The cost of corrosion protection is a function of the surface area

exposed to the environment, material corrosion rate, intended life

of the structure and the method of corrosion protection selected.

Three distinct zones may be defined in which the material corrosion

rate and method of corrosion protection are different. These zones

are the:

1. Atmospheric zone which remains dry

2. Immersed zone which is continuously submerged in the sea

and 3. Splash zone which experiences alternating conditions of

wet and dry due to waves and tides.

In the atmospheric zone, coatings such as vinyl or epoxy base

paints offer good protection. Most coatings will need periodic
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inspection and renewal to maintain protection.

Most of the screen will be in the immersed zone. Cathodic pro-

tection with sacrificial anodes is a reliable and simple means of

corrosion control that is widely used for offshore structures (5).

Aluminum alloy (Galvalum) anodes are preferred over zinc because

of their high current output (1290 amp hours/lb) and resulting longer

protection period at a moderate cost ($0.60/1b) (21). In the immersed

zone, uncoated steel and Monel will require approximately 6 ma/ft
2

and 1 ma/ft2 (milli amps per square foot) respectively for adequate

protection (36, 19, 21). Coated steel will significantly reduce the

required protection and anodes will corrode more slowly.

The splashzone is a particularly aggressive environment. Unpro-

tected steel may corrode at a rate as high as 15 mpy (19). Cathodic

protection is not effective in this zone and coatings tend to fail

more frequently and are difficult to maintain. Both Monel cladding

on the steel and steel double plate (an extra layer of steel) are

effective in this zone (21). At the above corrosion rate, 1/2" steel

double plate would provide more than 30 years protection.

The amount of anode material, P(lb), needed to protect the sub-

merged structure for 30 years (262,800 hours) is:

J

P = x 262,800 x 0
-3

a

where

S
t

= submerged surface area of structure (ft2)

(21)

J = current need to cathodically protect material (ma/ft
2

)

and
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a
= current output of anode material (amp hours/lb)

The areas of each material (SM for Monel and S
S

for steel) were

estimated from manufacturers measured drawings of the screens (38)

and are:

SM = 33,3 D + 166.6 (22)

S = 28 D + 190.3 (23)

The total annual cost of corrosion protection of the screens, CP, is:

CP = N [ ( Pm + Ps ) x $0,60 ] (1.3) (0.07265) (24)

where

N = number of screens (equation 8)

PM = amount of anode material to protect Monel (lb)

and

P = amount of anode material to protect steel (lb)

(see Appendix II for a sample calculation). Labor cost of installation

is estimated as an additional 30% of the material cost (36). The annual

cost of corrosion protection is a relatively minor component of the

total annual cost, T. It is bounded between approximately $15,000 and

$2,600 for the extreme values of V = 0.5 ft/s, D = 30 ft and V = 2.5

ft/s, D = 100 ft. In addition, a potential survey is recommended

(at least annually) to check that the structure is being protected

adequately and replace anodes as needed (21).

.operation and Maintenance

Actual operation and maintenance cost is related to the percent

of time that the screen is cycling and the number of screens. This

cost is ultimately related to the amount of material captured and
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impinged on the screens causing clogging. This is defined as the

impingement rate in ft
2
/hr, The impingement rate is a function of

the amount of impingeable material subject to entrainment, the in-

take velocity, V, and volumetric flow rate, Q. For the purposes

of this study, each calculation assumes the intake velocity and

through screen velocity have been matched. They are plotted on the

same scale and will both be referred to as V. For V up to about 1.3

ft/s the impingement rate is proportional to Q only (10). More

recent research confirms this dependence on Q but also shows a sig-

nificant increase as the velocity approaches 1.5 ft/s and greater (34).

The estimated impingement rate as a function of V is:

Impingement rate = R K

where
R = impingement rate for V = 1.0 ft/s

K = 1,0 (V = 0.5, 1.0 ft/s)

K = 1.5 (V = 1.5 ft/s)

K = 2.75 (V = 2.0 ft/s)

and
K = 3.5 (V = 2.5 ft/s)

The maximum impingement rate is of course limited by the total avail-

able screenable material at the plant site, but at present this informa-

tion is unavailable (31, 32).

The volume related impingement rate at OTEC, R, will include

micronekton, sargassum and other floating sea plants, floating debris,

and large weak swimmers such as jellyfish. As much as 125 ft
2
/hr of

micronekton (size range 0.39 - 3,9 in) may become impinged on the

screens although a more typical rate is 32 ft2/hr (31, 32). The
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The impingement rate of sargassum and other sea plants will vary

greatly for potential OTEC sites but is generally between 6.4 and

31.8 ft
2
/hr (31, 32). The amount of floating debris has not been

estimated, but is probably small. Salps and other jelly -like forms

will be entrained in large quantities during "bloom" conditions.

These blooms occur at all latitudes. They will be infrequent,

but very dense when they do occur, significantly altering the

impingement rate (31, 32). Unknown factors (previously discussed)

that will undoubtedly increase the impingement rate are the pre-

sence of the plant, dispersal of nutrient rich water within the

photic zone (where light penetrates) and disposal of material

washed from screens.

The two values of R that have been selected for calculation

of operation and maintenance cost are 140 and 280 ft
2
/hr and are

designated a and b, respectively in Figures 14-21. The impingement

rate b may only be approached for short periods of time under the

most unfavorable screening conditions. Impingement rate a is a more

realistic maximum expected rate. The lower limit of the operation

and maintenance cost was calculated assuming that the intake velocity

can be reduced to 1.0 ft/s and only the micronekton are entrained

(typically 32 ft2/hr). Figure 22 shows the total annual cost incor-

porating these assumptions. If it is not possible to limit the in-

take velocity to 1.0 ft/s, the total annual cost should fall between

these minimal values (Figure 22 and those assuming impingement rate

a (Figure 20).
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Detailed cost information was provided by Florida Power and

Light (7). Each intake unit consists of a traveling screen with

3 hp drive motor, 40 hp screen wash pump and 1000 hp circulating

water pump that supplies 217.78 ft3/s. The following costs reflect

screen operation 10% of the time:

Annual power consumption = $1,686 (@ $0.06/kwh)

Annual operator labor cost = $4,730.40 (@ $5.40/hr)

and Annual maintenance cost = $3,096

The components most frequently requiring repair are the screen drive,

differential head meter and screen wash system. Routine maintenance

includes cleaning and lubricant changes. When extensive work is required,

a screen may need to be lifted out of the water.

These amounts were scaled up (using a linear scale based on Q)

for Q = 15,000 ft3/s by multiplying by 68.88. The projected annual

cost is $116,132 for power consumption ($108,029 for the screen wash

pump and $8,102 for the screen drive), $325,830 for operator labor

and $213,252 for maintenance. Operation and maintenance cost is

increased by the addition of the low pressure spray system for fish

protection. The standard high pressure spray (90 psi) uses 287 gpm

(gallons per minute) (0.638 ft3/s) per 10 ft of screen width (38).

The low pressure spray (40 psi) uses 192 gpm (0.427 ft3/s) per 10

ft of screen width (38) and annual pumping cost is estimated to be

192 x $108,029 = $72,270. Thus, the total operation and maintenance
287

cost including fish protection is $727,484 for 69 screens with

equipment operating 10% of the time. This is equivalent to 60,444

screen hours and approximately $12/screen hour. A rate of $12 is
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assumed to include the unknowns of maintenance expense associated

with the fish protection system and probable greater labor cost at

sea.

An additional head loss that occurs due to the reduction of

an/ag between cleaning cycles is included in the total operation and

maintenance cost, OM, for a given impingement rate. The total

annual cost, T, is the sum of the above factors:

T = I + FP + M + CP + HL + OM

(See Appendix II for example and Figures 14-22)

Dual-Flow Vertical Traveling Screen

All cost estimation procedures are the same as for the through-

flow vertical traveling screen. The initial cost, 1, was computed

from eqns. (8), (9), (10) where:

0.61 Q
4- .125

V D an/ag
(25)

and Q, V, D, an/ag are as defined in eqn. (7). The resultant lower

value of N, number of screens for a given V, Q, D, and an/ag, causes

the costs of FP, M and CP for dual-flow screens to be proportionately

lower than corresponding costs with through-flow screens. The cost

of OM is not simply proportional to N but was computed as in the

previous example.

The total head loss through the dual-flow screen can be estimated

by eqn. (16) (Figure 24). It is notably lower than for the through

flow screen because the flow passes through the screen mesh, material

only once. The additional head loss experienced in passing through
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the central exit of the dual-flow screen (Figure 6 (b)) may be signifi-

cant but cannot be estimated. In general, the head loss is:

where

and

K
hl =

V
2

2g

hl = head loss (ft)

K = 0.2 0.3 for a transition with convergent flow

V = velocity (may range between 2 and 8 ft/s)

g = 32.2 ft/s
2

The details of the system of distribution and conveyance of the flow to

the heat exchangers, after passing through either type of screen, are

not known. Consequently, the head loss associated with this flow can-

not be estimated.

Once again, the total annual cost is the sum of the above esti-

mates (Figures 23-32, Appendix III). The same costs computed for the

through-flow vertical traveling screen are applicable to the dual-

flow screen except that the dual-flow screen does not need an intake

well. This difference can result in considerable savings in concrete

construction costs. For six screens recently installed at a shore-

based power plant the savings amounted to $1 million (38).

(26)

Johnson Screen

The Johnson screen is generally not a stock item. Each specific

application requires individual design. A broad estimate of the

2
initial cost is $300 $450/ft of screen surface (13), This includes
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the cost of the copper-nickel. The required screen surface area, A,

is:

where

and

A=
V an/ag

= 15,000 ft3/s

= velocity through the screen (ft/s)

an/ag = 0.5,

and the range of equivalent annual cost, I, is:

I = ($300 to $450) A 0.07265

(27)

(28)

A parallel duplicate system may be necessary to assure steady flow of

water to the plant during backflushing. Operation and maintenance cost

should be negligible, with respect to I, for V = 0.5 ft/s (13). Above

this limit, operation and maintenance cost may increase rapidly, but

cannot be estimated due to lack of data. The head loss through the

screen will be less than .23 ft (13). Assuming that the head loss

for V = 0.5 ft/s is .23 ft, then in general:

V
2

hl = .23 (29)

(0.5)2

and annual cost of head loss, HL, is found from eqn. (20). The total

annual cost, T = HL + I is given in Figure 33 (Appendix IV).

Closed Conduit Static Screen

Costs for the static screen within closed conduit flow have been

only very approximately estimated. The design concept presented
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(Figure 11) lacks sufficient detail for more accurate cost estimation.

Clearly there are many unknowns in the cost of this design and its

basic reliability is untested. Where possible, estimates are based

on the cost of state-of-the-art components. It is at best only a

first order analysis. Previous analyses indicate that the most

critical cost constituents are the initial cost, cost of head loss

and the operation and maintenance cost.

The initial cost includes the screens and conduit section. The

cost of the fixed screen will be comparable to the cost of the screen

section (without the screen drive) of a vertical traveling screen for

an equivalent area. If the maximum span of the screen structure is

100 ft or less state-of-the-art components may be utilized. The

screen structure (including Monel mesh) costs approximately $60/ft
2

(40). Assuming that a total screen area of 28,000 ft2 is needed (for

the four screens) the initial cost is $1,680,000. The initial cost

of the conduit section containing the screens was estimated to be

five times the cost per ft of the cold water conduit for a length of

400 ft. This includes a split conduit section with diameter greater

than the cold water pipe, gates, turning vanes, nozzles, valves and

diffusers. Based on a conduit cost range of $1,525 to $7,215/ft

(depending on the material) for a 100 MW plant (26) the cost might

range between $3.0 x 106 and $14.4 x 106, Thus, the total initial

cost is between $4.68 x 106 and $16.08 x 106 and the equivalent

annual cost (this sum multiplied by 0.07265), I is between $0,34

x 10
6

and $1.17 x 10
6

,
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The head loss through the screen can be estimated as before

(Eqn. 16). The head loss through the clean screen, assuming

V = 6 ft/s and an/ag = 0.6 is about .46 ft. This corresponds to

an annual cost, HL, of $313,500. Other complex losses within this

segment of the conduit due to the nozzles, turning vanes and diffusers,

may be significant and can best be estimated through model testing.

The head loss through the screen is reduced by increasing the con-

duit diameter (thus decreasing V) but this may increase screen and

conduit costs. This problem suggests an additional optimization

study.

Assuming an impingement rate of 32 ft
2
/hr, and a maximum allow-

able head loss of 1.1 ft the screen will require cleaning every 70

hours. The additional head loss costs about $214,000 and increases

rapidly for less frequent cleaning (Appendix V). Operation and main-

tenance costs are not known but should be less than for vertical

traveling screens, and of the order of $100,000/year. The summation

of the above factors (I, HP, OM) predicts an equivalent annual cost

between $1 x 106 and $1.8 x 106.

Very low survival rates are anticipated for mesopelagic fish

that are impinged for this length of time at this rather high velocity.

The present design has no provision for collection and disposal of

these organisms but simply returns them to the environment,
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DISCUSSION OF RESULTS

Through-Flow Vertical Traveling Screen

Figures 14 through 19 show the equivalent annual costs for the

through-flow vertical traveling screen as a function of screen (water)

depth and through screen velocity. At all depths, the principal

components of the total annual cost, T, are the initial cost, I, head

loss, HL and operation and maintenance costs, OM. The cost associated

with corrosion protection is of relatively minor significance. Fish

protection and Monel mesh material are of the same shape as I but of

lesser significance. These costs have not been plotted individually

but are included in the total cost. The total and operation and

maintenance costs are subscripted "a" and "b", representing the two

limits of impingement rate discussed earlier. The total cost should

normally fall between the values for rate "a" and the minimal rate

assumed in Figure 22, but under unusual conditions, may approach the

values for rate "b".

For velocities less than 1.0 ft/s the sharp increase in the

initial cost is due to the increased number of screens needed to

accommodate the same flow. The economic advantage of allowing greater

velocity through the screen resulting in fewer screens is countered

by the increase in the head loss cost and impingement rate which

influences the operation and maintenance cost. There is considerable

increase in the total cost for velocities less than 1.0 ft/s and no

apparent benefit in terms of improved environment protection since the
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impingement rate is only a function of the volumetric flow rate and

not the velocity. Figures 20 and 21 plot the total cost against screen

depth for various through screen velocities and indicate that the

total cost is optimized at V = 1.5 ft/s for all depths (for impinge-

ment rates a and b) but is comparable with velocities of 1.0, 2.0 and

2.5 ft/s. The total cost advantage of going to greater screen (water)

depth diminishes for depths of 50 to 100 ft as the curve flattens and

becomes only weakly dependent on depth. The present practical limit

of screen depth is 100 ft (40). Figure 22 shows that as the impinge-

ment rate approaches its minimum expected value, the total annual cost

is optimized at a velocity greater than 1,5 ft/s, however the differ-

ence is small. This confirms that V = 1.5 ft/s is an economic choice

over a wide range of impingement rates.

Dual-Flow Vertical Traveling Screen

Figures 24 through 30 show the equivalent annual cost for the

dual-flow vertical traveling screen as a function of screen depth and

through screen velocity. As above, the dominant cost factors are the

initial, head loss and operation and maintenance costs. The total

cost is optimized near a velocity of 1.5 ft/s. Figures 31 and 32 show

a narrow economic range in terms of velocity between 1.0 and 1.5 ft/s

and a broad economic range in terms of screen depth between 50 and 100

ft. Figure 23 shows that the cost is optimized for V = 1.5 ft/s over

a wide range of impingement rates. Since the cost estimates must be

interpreted as approximations that may have omitted some important

undefined costs, it is uncertain whether the dual-flow vertical
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traveling screen has any economic advantage over the through flow

model. However, the dual-flow screen has not been widely accepted

and may have greater uncertainties in its reliability.

Johnson Screen

Figure 33 shows the equivalent annual cost for the Johnson screen

as a function of through screen velocity. The total annual cost

including only the initial and head loss cost factors may be greater

than $1.5 x 106. This does not compare favorably with the traveling

screens at first. However, the amount of organisms that will need

to be excluded from the plant is not well known. If sufficient

material is present to warrant continuous operation of the traveling

screens, the operation and maintenance cost will increase tremendously

from that shown in previous figures where the screens are operating

less than 15% of the time. Assuming that operation cost is $13/screen-

hr, continuous operation will cost approximately $114,000/screen

annually. This expense for fish protection must be justified by

determining the value of the fish that are saved. In this instance,

the Johnson screen is considerably less costly than continuous opera-

tion of a vertical traveling screen and is a viable alternative for

the warm water intake if maximum environmental protection is sought.
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Closed Conduit Static Screen

There are many uncertainties in the cost estimation for this non

state of the art design. Further optimization of the closed conduit

screen may make it an alternative that is competitive with state of the

art screens. The total cost estimate of $1 x 10
6

to $2 x 106, includ-

ing only initial, head loss and operation and maintenance costs, is far

greater than for state of the art traveling screens (typically less

than $500,000). This direct comparison is not truly valid without

considering the additional expenses that have not been estimated.

For example, construction of the surge tank may constitute a major

expense that must be added to the previous cost totals.
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CONCLUSIONS

It is strongly recommended that a free water surface be incor-

porated within the flow path of both the cold and warm water so that

state of the art traveling screens can be used. This is stressed

because of the unknowns in biological abundance and a free water sur-

face provides greater accessibility and flexibility of the screening

operation.

For either model of vertical traveling screen 3/8 in mesh size,

a through screen velocity of 1.5 ft/s and water depth of 50 to 100

ft at the screen are suggested. There is a sharp increase in total

cost for velocity less than 1.0 ft/s and no apparent benefit in terms

of improved environmental protection. A coarse bar screen at each

intake with 0.5 ft openings prevents the entrance of large fish and

debris that might damage the fine mesh screens.

OTEC plants should be situated in regions of lower biological

activity and away from nursery areas if at all possible in order to

minimize the amount of material collected on the screens. Screened

material should be collected and disposed of away from the plant.

Otherwise, more fish will be attracted to the site, creating more

severe screening conditions. If the warm water intake is designed

such that the uppermost 16 ft of water are not entrained, most fish

eggs, larvae, floating plants and other debris will not be captured.

If the impingement rate is higher than anticipated (although this

is unlikely), or continuous operation of the traveling screens is

necessary, operation and maintenance cost will increase significantly.
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In this event, the Johnson screen may become an economic alternative

for effective fish protection at the warm water intake.

If it is necessary to use closed conduit screens, almost all

animal life impinged on the screen will be killed, The mesopelagic

micronekton are particularly fragile and meaningful fish protection

can only be achieved by limiting the velocity at the cold water in-

take.

The total cost of individual screening alternatives are not

directly comparable, because the totals do not reflect "equal" situa-

tions. Details of screen well, conduit and surge tank construction

and had loss must be determined before the best alternative can be

selected. This study concludes that the initial, fish protection,

operations and maintenance, and head loss costs are important con-

tributors to the total annual cost and that the parameters of impinge-

ment rate and through screen velocity strongly influence these cost

estimates.

All estimates that have been presented are only approximate mag-

nitudes. Detailed information of the final OTEC plant design and site

location is not available now. Pipe diameter, flow rate, plant con-

figuration, and biological abundance have been assumed, thus limiting

the accuracy of the estimates. When the final design is developed and

tested, it is likely that actual quantities will fall within or near

the ranges of those presented herein.
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Appendix I. Surge Tank Calculations

1. Head loss

(a) HL1 Head loss through bar screen
Assume: Bars are 3.5 in by 0.5 in and placed at

7 in centers (6.5 in clear space)
an/ag = 0.9 (see eqn. 15)
V = 2.0 ft/s

hl = K V
2

2g

where K = 1.45 0.45(an/ag) - (an/ag)2 = 0.23

g = 32.2 ft/s2

hl = 0.23 x (2)2 = 0.014 ft
2 x 32.2

(b) HL

Head loss at cold water intake
Assume: V = velocity in conduit = 6.56 ft/s

K = 0.05 for bell mouth intake

hl = K V
2

= 0.05 x (6.56)
2

= 0.033 ft
2 g 2 x 32.2

HL1 = 0.014 + 0.033

HL1 = .047 ft

(5)

(48)

Head loss in pipe
Assume: L = length of conduit = 1500 ft

D = diameter of conduit = 54 ft
V = average velocity in conduit = 6.56 ft/s
f = friction factor for large diameter

pipe
= 0.01 (48)

hl=fLV
D 2 g

= 0.19 ft

HL
2

= 0.19 ft

0.01 x 1500 x (6.56)2
54 x 2 x 32.2



(c) HL3

(d) HL4

93

Head loss in diffuser section
Assume: V = average velocity in conduit = 6.56 ft/s

K = 0.6 (depends on shape of diffuser)
(48)

hl = K V
2

= 0.6 x (6.56)
2

= 0.40 ft
2g 2 x 32.2

HL
3

= 0.40 ft

Head loss through-flow vertical traveling screen
Assume: V = velocity through screen = 2 ft/s = Vs

an/ag = 0.6
2

K = 1.45 - 0.45 (an/ag) - (an/ag) = 0.82

hl = K V
2

= 0.82 x (2)2 = 0.51 ft
2g 2 x 32.2

(for each screen face of through-flow screen)

HL
4

= 2 x 0.051

HL4 = 0.102 ft

(e) HL5 Head loss at inverted siphon
Assume: V = 3 ft/s = V9

K = 0.2 (for Convergence and well
transition) (38)

HLT

hl = K V
2

= 0.2 x (3)2 = 0.028 ft
2 g 2 x 32.2

HL
5

= 0.028 ft

HL
T

= HL + HL + HL3 + HL4 + HL
1 3 4

HL5

HL
T

= 0.77 ft



2. Water seal

(a) h1
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Minimun water seal
Assume: V

2
= 3 ft/s

V
A

= 1.2 ft/s

V22 VA2
1.1

(3)2
(1 ') 2hl = 1.1 ( 2g 2 g 2 x 32.2 I

= .13 ft

(b) h2 max Maximum water seal
Assume- V

2
= 3 ft/s

V
A

= 1.2 ft/s

2 2
V VA

h2 max = 1.5 (
s 2

2

g 2

m

g
or 18 in (whichever is

greater)

1.5 2
1.2) = 0.18 ftmax =

2 x 32.2 (3)

2

Therefore the water seal may be between 0.13 and
1.5 ft.

3. S max Maximum surge for a simple surge tank
Assume: L = 1500 ft

Q = 15,000 ft
3
/s

d = diameter of pipe = 54 ft

A = 2290 ft
2

V = 2.0 ft/s

H
f
= HL

1
+ HL

2
+ HL3 = 0.63 ft

Constants: e = 2.718 9

g = 32.2 ft/s'

For the above V
s'

24 through-flow vertical travel-

ing that are each 10 ft wide and 60 ft long will
be needed. Thus, the surge tank will be
approximately 240 ft wide. If the length of the
surge tank is assumed to be 100 ft then:



A
s

= 24,000 ft2

S max = Hf
[1 + 2 m e

m' (H- cos
-1

m)]

Hf
s

ywhere m
= 0.0228

and

2QV L

cos
-1

m = 1.548
m

m' =, 0.0228 = m
vf 1 m

2

1

x 2.718
S max = 0.63 1 1 +

S max = 0.8147 ft

3.1416 - 1.5480 )]

The minimum Ah occurs when the pumps are started
abruptly:

Ah = 0 S max = -0.815 ft

(measured from the free water surface under static
conditions)

The maximum Ah occurs when the pumps are stopped
abruptly:

Ah = Ah + S max

(measured from the free water surface under steady
flow conditions, Ahs)
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(a) Ah
s

Write the Bernoulli equation between points 0 and A;

P

2
V

P
a

20g
g

+ + Z
0

=

VApa+2g+ZO- Ah
s

+ ( L1

Y
+ HL

2
+ HL 3)
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where: V0 = 0

VA = 1.2 ft/s

P
a

= atmospheric pressure

HL
1

+ HL
2
+ HL

3
= 0.047 + 0.19 + 0.40 = 0.64 ft

Ohs = -0.66 ft

4. Stability

(a) As min Minimum surface area of surge tank for stability

Assume: L = 1500 ft

A = 2290 ft2

V = velocity in conduit = 6.56 ft/s

D = water depth in surge tank = 60 ft
A

As !min = 2.25 2gaH
Hf

where a = T
V-

Hf = head loss in the conduit from intake to
surge tank = HL, + HL2 + HL3 = 0.63 ft

H = elevation of the ocean surface relative to the
cold water intake = 1500 + 60 = 1560 ft

A
s

mi n = 5270 ft2

Assuming a through screen velocity of 1.5 ft/s, 24
through flow screens, each 10 ft wide and 60 ft long
are needed. Thus, the surge tank width will be
240

2
ft. If the surge tank length is 100 ft, As =

24,000 t
2

, and is well above the minimum value for
stability.
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Appendix II. Through-Flow Vertical Traveling Screen Cost Analysis

1. I Initial cost of screens (equivalent annual amount)

(a) N Number of screens (each is 10 ft wide)
Assume: D = water depth in front of screen = 60 ft

V = through screen velocity = 1.5 ft/s
an/ag = 0.60
W = total screen width

Q = 15,000 ft3/s

1.14 Q
V( D 0.5 ) (an/ag)

N IT) 32

= 318 ft

(b) C1 Cost per screen

C1 = $51,000 + $500 ( D - 50 ) = $56,000

I = 0.07265 N C
1

( @ 6% for 30 years)

I = $130,189

2. FP Initial cost of fish protection features
(equivalent annual amount)

3. HL

(a) C2

(a) hl

where

Cost per screen

C
2
= $20,000 + $200 ( D - 50 = $22,000

FP = 0.07265 N C2

FP = $51,146

Head loss through clean screen (annual cost)

Head loss2through clean screen

hl = K
2
V
g

K = 1.45 - 0.45(an/ag) - (an/ag )2 = 0.82

hi = 0.029 ft



(b) hp

where

(cl kwh
' year
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Since the flow must pass through the screen mesh
twice, the head loss is doubled.

hl = 0.057 ft

Equivalent energy loss in horse power

hp 45501 = 100.01

= 64 lb/ft
3

Annual energy loss due to hi

kw kw
hp x 0.7457 x 8760

hours

yeahr hp year

= 653,328

Assuming that the energy that the plant produces
is worth $0.06/kwh:

HL = $38,988 (In General: HL = $684,000 x hl)

4. M Initial cost of Monel screen mesh material
(equivalent annual amount) The standard screen,
I, includes galvanized steel mesh material.
Assume: Cost of galvanized steel mesh = S1,55/ft

2

= 2 ft Cost of Monel mesh = $9.00/ft2
Mesh area/10 ft wide screen = 20 D +

100 ft
2

= 1300 ft2



5. CP

Each screen face has an area
of D x 10 (for a 10 ft width),
therefore the area of both faces
is 2 x D x 10 = 20 x D.

The screen area above the water
2

surface is approximately 100 ft
10 x (2 + 2 + r x )

Additional initial cost for Monel mesh is:

(20 D + 100) x ($9.00 - $1.55) x N

-M = ( 1300 ) x ( $7.45 ) x N x 0.07265

M = $22,516

99

r = 2 ft

Initial cost of corrosion protection of steel screen
frame and Monel mesh material (equivalent annual
amount)
Assume: J = 6ma/ft

2
for steel and 1 ma/ft2 for Monel

j
a

= 1290 amp hours/lb for Galvalum anodes
9

S = submerged surfact area of material (ft2)

(a). P Amount of anode material (lb)
St

hours -3 amps
P = x 262,800 x 10

year ma
Ja

(b)
SM

Surface area of Monel mesh per screen (10 ft width)
Assume: Mesh area = 20 D + 100 = 10 x (2D + 10)

= 1300 ft2
Mesh size = 3/8 inch = .0313 ft
Monel wire diameter = 0.1 in = 0.0083 ft

10

0.0313
x (2 D + 10) x x 0.0083 +

( 2 D + 10 )

x 10 x TT x 0.0083
0.0313

S = 8.33 x (4 D + 20) = 33.3 D + 166.6

(There are 320 wires of length 2D + 10 and
circumference 0.0083 Tr plus 2D + 10 wires of length

0.0313
10 and the same circumference)
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= 2165 ft
2

(c) Pm Amount of anode material to protect Monel

PM
21612905 x 1

x 262,800 x 10-3

= 441 lb

(d) Ss Surface area of steel frame per screen (10 ft width).

S = 4 1.5 x D + 0.5 x D + 22 x +
5 x 4

This includes the surface area of the beam web, beam
flange, rotating wheel and triangular plate.

Assuming that fish baskets are positioned every 2 ft,
and are 1 ft by 10 ft, the additional surface area is:

2 1 x 10 x
(2D + 10)

2

--11 4-1.5'

\,
1

o.5711,
u 1

rN

1 i 5' IN
N
\I N

The combined S may be 1

kS v
reduced to the expression: i
S
S

= 28 D + 190.3 N :\

v K
D 1

S
S

= 1870 ft2

5'



(e) PS

(f) CP
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Amount of anode material to protect steel

PS =
1

1870
290

x 6 -3
x 262,800 x 10

= 2286 lb

Annual cost of corrosion protection
Assume: Anode cost = $0.60/lb

Installation cost adds an additional 30% to
the material cost.

CP = N (Pm + Ps) x $0.60 (1.3) (0.07265)

CP = $4945

6. OM Annual cost for operation and maintenance

(a) Assume: Impingement rate = 1.5 x 140 ft2/hr =
cost to 210 ft2/hr
operate Allowable head loss = 0.33 ft

Total clear area through which water passes is:

N x D x 10 x an/ag = 11,520 ft2

Head loss equals 0.33 ft when the clear area
becomes 62% clogged and the clogged area = % clogged
x total clear area.

The value of an/ag that results in a 0.33 ft head
loss (an/ag = 0.23) is found by the head loss
equation sited earlier. The % clogged = 1 an/ag

0.6

The number of hours for the head loss to reach 0.33
ft is:

clogged area .62 x 11,520
34 hours

impingement rate 1.5 x 140

When this time is greater than 12 hours, minimal
cleaning will occur every 12 hours. When this time
is less than 12 hours, the cleaning cycle will begin
automatically when the head loss reaches 0.33 ft.
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The total mesh length to be cleaned is: (2 D + 10)

ft. The screen is rotated at 10 ft/min and the
cleaning cycle continues for 1.25 complete
revolutions of the screen. The cleaning cycle
continues for:

2 D +
10

10) 1

x 1.25 x hours = .2708 hrs

The % of time that the screen is operating is:

Hours for complete cleaning cycle
Frequency of cleaning (12 hrs or less)

100%

In this example the screen operates 2.26% of the
time.

Assuming that cost of operation and maintenance is
$13/screen-hour, the cost of operation is:

N x $13 x % of time run x 8760 (per year)

Thus, operation and maintenance cost = $82,358.

(b) Added Additional cost of head loss due to clogging
head between cleaning cycles.
loss

When the cleaning frequency is less than 12 hours,
the max value of.the head loss is 0.33 ft. The

average additional head loss between cleaning
cycle is:

0.33 ft - head loss (clean screen)
2

and the added cost is this average increase x
$684,000.

When the cleaning cycle occurs every 12 hours, the
maximum value of the head loss is less than 0.33
ft. Find the % of clear area clogged after 12
hours, determine an/ag and solve for the head
loss, then procede as above.



(c) OM
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For example:

clogged area = 12 hrs x impingement rate = 2520 ft2

clear area clogged area
x 100%

clear area
= % clear = 78%

% clear area x 0.6 = an/ag = 0.47

From the head loss equation (17), the maximum head
loss is 0.087 ft and the additional cost (as
computed before) is 0.087 0.057

(

0.057)
x $684,000 =

2

$10,260

Annual operation and maintenance cost
Sum of the operation expense and the added
head loss.

OM = $82,358 + $10,260

OM = $92,618

7. T Total annual cost

T= I + FP + HL = M + CP + OM

T = $340,402



Appendix III. Dual -Flow Vertical Traveling Screen Cost Analysis

With the exception of the few minor changes noted, the
cost estimation procedure for dual-flow vertical traveling
screens is identical to the procedure outlined in
Appendix II.

(a) N
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Initial cost of screens (equivalent annual amount)

Number of screens (each is 10 ft wide)

W V D an/ag
+ 125 ft

W = 169 ft (for Q, V, D, an/ag as assumed in
Appendix II)

N=

I - $69,163

2. FP Initial cost of fish protection (equivalent
annual amount)

FP = $27,171

3. HL Head loss through clean screen (annual cost)

(a) hl Head loss through clean screen

V
2

hl = K
2g

0.029 ft

Since the flow must pass through the screen mesh
only once, hl is not doubled as in Appendix II.

HL = $19,596

4. M Additional cost for Monel mesh material (annual
amount)

M = $11,962

5. CP Annual cost of corrosion protection

CP = $2,627
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6. OM Annual operation and maintenance cost

(a) cost to Total clear area = N x 2 x D x 10 x an /ag =
operate

12,240 ft
2

From equation (16) hl = 0.33 ft when 63% of the
clear area becomes clogged (an/ag = 0.22)

Clogged area = 7711 ft
2

clogged area
37 hours ( time for hl to

impingement rate
reach 4 in )

Operating cost = $43,753

(b) added clogged area = 2520 ft2 (after 12 hours)
head
loss % clear area = 79% an/ag 0.48

From equation (16), the maximum hl = 0.123 ft

0.123 - 0.029
0.047 ft

2

Cost of added head loss = $32,353

(c) OM OM = $43,753 + $32,353

OM = $76,106

7. T Total annual cost

T = $206,625
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Appendix IV. Johnson Screen Cost Analysis

I. I Initial cost of screens (equivalent annual
amount)
Assume: V = 0.4 ft/s (velocity through screen)

Q = 15,000 ft
3/

s

an/ag = 0.5
C = $300 to $450

2. HL

The total screen area, A =

I =AxCx0.07265

I
300

= $1,634,625

I
450

= $2,451,938

(screen cost/ft
2

)

V an/ag
75,000 ft

2

Annual cost of head loss through screen
Assume: hl = 0.23 ft for V = 0.5 ft/s

In general: hl = 0.23 (0V5)2

hl = 0.15 ft

HL = $100,685

3. T Total annual cost

T= I + HL

T
300

= $1,735,310

T
450

= $2,552,623
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APPENDIX V. Closed Conduit Static Screen Cost Analysis

1. I Initial cost of screens and conduit section
(equivalent annual amount)

(a) screen Initial cost of screens
cost Assume: Screen area = 28,000 ft

2

From equation (9) standard screens cost $5000 for a
10 ft by 10 ft section or $50/ft2. The Monel mesh

will cost $9.00/ft. Thus, the cost of the screen
structure with Monel mesh is approximately $60/ft2.

Screen cost = screen area x 60

Screen cost = $1,680,000

(b) conduit Initial cost of conduit section with screens
cost Assume: cost of cold water conduit = %1525 - $7215/ft

estimated cost of conduit section with screen
is 5 times the cost of the cold water pipe
Length of screening section = 400 ft

conduit cost (@ $1525/ft) = 5 x 400 x 1525
= $3,050,000

conduit cost (@ $7215/ft) = 5 x 400 x 7215
$14,430,000

(c) I I = 0.07265 x (conduit cost + screen cost)

2. HL
(a) hl

I (@ $1525/ft) = $343,635

I (@ $7215/ft) = $1,170,392

Annual cost of head loss
Assume: V = 6 ft/s (velocity through screen)

an/ag = 0.6

Note: The velocity just upstream of the screens will
be 3.6 ft/s. The velocity in the cold water conduit
is 6.56 ft/s. Thus, the diameter of the screen con-
duit section, D9, must be greater than the diameter
of the cold water conduit, Dl.

Q = Vi x Ai = V
2

x A
2

where A = 71-0
2

4

6.56 x D12 = 3.6 d2 D
2
= 1.35 D

12
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Q = V1 x Al = V

6.56 x D1
2

= 3.6 x

where A = D2

4

D
2

= 1.35 D
1

V

9

2

hl = (K = 0.82)
2

hl = 0.46 ft

HL = $313,500

3. OM Annual operation and maintenance cost
(a) cost to Assume: Impingement rate = 32 ft2/hr

operate Maximum allowable head loss = 1.08 ft

From equation (16) hi = K (a°n)6a,9)2 V2

2g

an/ag = 0.442 (26% clogged)

area clear = 8400 ft
2

clogged area = 2212 ft
2

and cleaning is needed
every 69 hours.

Cost to operate = $100,000 (estimated)

(b) added added head loss = 1.08 - 0A6 = 0.31 ft
head 2

loss cost of added head loss = 0.31 x $57,000

Cost of added head loss = $213,180

(c) OM OM = $100,000 + $213,180

OM = $313,180

4. T Total annual cost

T= I + HL + OM

T $1525/ft) = $970,315

T ((a $7215/ft) = $1,797,072


