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FOREWORD
The construction of a large steam plant on the San Joaquin River near the City of Antioch, California, presented a
grave potential threat to the valuable salmon and striped bass resources of the area. The studies described in this re-
port reflect the cooperative effort of industry and government agencies to solve this difficult problem in conserving
natural resources.

Acknowledgment of those contributing to the success of the project is believed to be fitting.
The studies were financed by the Pacific Gas and Electric Company. While an element of necessity required that

an effort be made to save fish life at Contra Costa, the scope of the project was greatly enlarged to gain knowledge
generally and to further the cause of protection of fish in relation to water use. Mr. H. V. Lutge, Chief Civil Engin-
eer, was a staunch supporter of the project, as were Mr. F. F. Mautz, the project's consulting engineer, Mr. William
O. Cheney, project field engineer, and Mr. E. N. Lorenzen, assistant project field engineer.

The California State Department of Fish and Game contributed greatly to the undertaking. Their understanding of
the complexity of the problem and their encouragement were helpful. Dr. A. J. Calhoun, Chief, Inland Fisheries
Branch, gave much of his time to the work as a consultant and his advice was most valuable. Mr. George H. Warner,
Assistant Fisheries Manager, was assigned to the project for several months and his knowledge and experience were
of material assistance in conducting the experimental work. Many others in the department helped in various phases
of the work and their efforts are gratefully acknowledged.

Close liaison existed betwen the studies at Contra Costa and the work on fish protection at the U. S. Bureau of
Reclamation's pumping plant for the Delta-Mendota Canal at Tracy, California. Exchange of data with the U. S. Fish
and Wildlife Service at Tracy was of assistance during the course of the program.

We also wish to acknowledge the keen interest evidenced and the hard work done by our own people connected
with this job.

April, 1953.
J. E. KERR
, Senior Engineer
Bechtel Corporation, San Francisco
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1. PART I INTRODUCTION
Making the most of our natural resources often poses complex problems. This is particularly true when the utiliza-
tion of one natural resource conflicts with another.

An example is the preservation of fish present in water needed for industrial use.
With the expanding requirements for water in greater and greater quantities and the increasing interest of federal,

state and sportsmen's groups in the conservation of fish and wildlife, the complexities are being rapidly forced to the
forefront and are not always faced realistically.

Federal and state regulations control the use, diversion and pollution of public waters and from time to time new
regulations are added. To protect fish life, electric utility companies in Oregon and Washington now are finding re-
strictions placed on building new hydroelectric plants. Country-wide the problem is felt where the conservation of
fish life is involved.

In some quarters it is argued the two interests, fish life and the industrial use of water, are not compatible and that
one will have to be sacrificed to the other.

Differentiating between the words "use" and "consume," the electric utility industry is unique in that it actually
consumes only a relatively small part or none of the water it takes from the streams, lakes and bays of the country.

Whereas the steam electric generating plant uses large quantities of water, most of it goes for condenser cooling
purposes and only a small part is consumed in steam. The hydroelectric plant uses the dynamic energy of falling wa-
ter and none of it is consumed. In both cases the used but unconsumed water is returned to the parent body.

The problem then for electric utilities resolves into providing safety for fish life during the time of water use. This
can be done by safely separating fish from the water before the water is used or by providing a safe passage for fish
as the water passes through the plant facilities. Both are difficult to accomplish in most instances.

The Contra Costa Steam Plant of the Pacific Gas and Electric Company, engineered and constructed by the
Bechtel Corporation, was confronted with a need for large quantities of water from the San Joaquin River and at the
same time a method for preserving the fish life present.

The Pacific Gas and Electric Company believed both natural resources, the fisheries and water, could be utilized
without sacrifice of one or the other and assigned the development of a solution to the Bechtel Corporation.

The purpose of this report is to make available to the industry the details of the investigation, the information
gathered, and the things learned from a research and experimental project lasting more than a year.
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These data and conclusions are believed to represent a significant step forward in utilizing water resources to the
fullest and it is hoped they will be of value to others with similar conditions to be met. Admittedly, the field of fish
preservation is large and the problems are numerous and complex, and therefore no claims are made beyond the
scope of the project described on the following pages.

The monograph is divided into parts following a chronological order of events.
The one on "Historical Background" describes the locale, the fisheries of the area, the Contra Costa Steam Plant

and its condenser cooling water system, the original design considerations given for fish preservation and the prob-
lem that developed with the plant in operation.

The next part deals entirely with fish rescue measures taken as an expediency, an attempt for a quick solution to
the problem and a decision to embark on a long-range practical research program.

The research project is dealt with in the fourth part of this monograph and covers the major phases of the research
work and a summary of the program.

Part V, "Application," describes the solution developed at Contra Costa and the proposed methods to be employed
for fish preservation at the new Pittsburg Steam Plant of the Pacific Gas and Electric Company.
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FIGURE 1. Vicinity map of the Delta showing the locations of the Contra Costa and Pittsburg Steam Plants of the
Pacific Gas and Electric Company
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1 Scientific names of fishes referred to may be found at the end of this part.

2. PART II HISTORICAL BACKGROUND
2.1. 1. THE PLANT LOCATION—DELTA AREA
The Contra Costa Steam Plant is built on the south bank of the San Joaquin River approximately two and one-half
miles upstream from the City of Antioch, California.

The area is referred to as the Delta. It is here the Sacramento and the San Joaquin Rivers flow into Suisun Bay, an
arm of San Francisco Bay. The two great rivers are interlaced by many cross channels, forming a delta area of
sloughs, low islands, and tule marshes. Tidal conditions prevail and during the summer months salinity runs as high
as 2,000 to 3,000 parts per million. Extreme tidal range is approximately eight feet at the plant site.

2.2. 2. FISHERIES OF THE AREA1

The Delta abounds in fish life. Both anadromous and resident fishes of many species are found here.
Since our studies are to deal with fish, it follows that a knowledge of fish of the area is necessary.
The following information has been gathered on the subject from writings by state and federal fishery agencies

and is offered here for our better understanding of the program:
Anadromous fishes are defined as those which ascend rivers from the sea at certain seasons for breeding, and the

following species in this category are present: king salmon, striped bass, shad, steelhead rainbow trout, Pacific
lamprey, white sturgeon, and green sturgeon.

of the fishery resources of the State affected by the Contra Costa Steam Plant striped bass and king salmon are by
far the most important.

2.2.1. Striped Bass (Roccus saxatilis)
The striped bass fishery has been protected against commercial fishing since 1935 and these fish are now caught
only by sportsmen. It is estimated that 200,000 anglers catch about 1,500,000 bass a year, and that $10,000,000 is
spent annually on bass fishing (Calhoun, 1952).

The principal spawning and nursery ground for striped bass in California is the Delta. Juvenile striped bass are to
be found in this area the year around in abundance. Adults are present in large numbers from October to May, in-
clusive.

For the purpose of this paper, striped bass are arbitrarily divided into three classifications:
(1) Eggs and larvae are defined as striped bass ½ inch or less in length, including the egg stage. The eggs before

they are spawned are bright green in color and are about 1/25 inch in diameter. Within a few hours
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after their release, the eggs absorb water and grow to the size of about # inch in diameter. In this stage they are al-
most transparent and are little heavier than water, free-floating, and are subject to the stream currents. Baby bass
hatch in two to three days, depending on water temperature. They are tiny and fragile, and have little or no ability of
self-propulsion. However, their growth rate is rapid. During the summer months they attain a length of approxim-
ately three inches.

The spawning season begins in the latter part of April and continues on through May and June, depending on wa-
ter temperature and stream flow conditions. A single female bass will spawn 250,000 to 1,250,000 eggs in one sea-
son. It has been estimated that a 75-pound female bass may spawn as many as 10,000,000 eggs (Calhoun, 1952).

The Antioch area is one of the principal breeding grounds of striped bass and from the above it may be seen that
striped bass eggs and larvae are to be expected in astronomical numbers.

(2) Juveniles are defined as being greater than ½ inch and under 12 inches in length. Yearlings, ranging from ½
inch to 6 inches in this classification, are found in great abundance from July through December, and the larger ju-
veniles, in varying numbers, are found throughout the year.

Yearling and juvenile bass are able to propel themselves against currents with an ability proportionate to their
length, "probably in the proportion of one foot per second velocity for each inch of length" (Erkkila et al., 1950).
Authorities, however, do not agree on this, nor do they know the endurance factor of yearlings and juveniles in vari-
ous velocities.

(3) Adult bass are defined as those 12 inches or more in length. Male striped bass reach sexual maturity when they
are about 12 inches in length and females reach sexual maturity when they are about 22 inches in length. Adult bass
are strong swimmers and are capable of taking care of themselves. No great problem is presented in keeping these
larger fish out of hazardous areas.

2.2.2. King Salmon (Oncorhynchus tshawytscha)
The king salmon fishery is an important resource of the State of California. The estimated annual commercial catch
of king salmon attributable to this area is 5,600,000 pounds, plus 63,000 pounds caught by sports fishermen (Erkkila
et al., 1950).

King salmon spawn in the upper reaches of the Sacramento and San Joaquin River systems, and not in the delta
area. They do pass through the delta on their upstream migration to spawning grounds, and the young salmon pass
through on their seaward migration each year.

For the purpose of this paper, these fish have arbitrarily been divided into two broad classifications:
(1) Juveniles are defined as king salmon passing through the area on their seaward migration. These fish average

from 1 to 5 inches in length. Their migration begins in late January and continues on through April. Heavy migra-
tion occurs during periods of heavy runoff, and higher water temperatures increase the exodus of salmon to the
ocean (Erkkila et al., 1950).

(2) Adults are defined as king salmon passing through the area on their upstream migration to spawning grounds.
Spring migration occurs
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in February through May and fall migration occurs August through October, though some migrants have been found
in the river the year around in small numbers.

The adult is large and is quite capable of protecting itself at water diversions and, therefore, constitutes no prob-
lem insofar as the Contra Costa Plant is concerned.

of the other anadromous fishes in the area, shad are probably the next in importance. The shad is taken principally
by commercial fishermen, though a small sports fishery exists on the Sacramento and San Joaquin Rivers. Records
indicate that the annual commercial catch ranges between 113,000 and 4,000,000 pounds (Erkkila et al., 1950). They
are found in this area in all stages of their life cycle: eggs, larvae, yearlings and adults. Spawning migrations of shad
occur in the early spring, March through May. Larvae and yearlings appear in large numbers, June through Septem-
ber.

The resident fishes of the Delta include channel catfish, white catfish, brown bullhead, black bullhead, largemouth
black bass, black crappie, bluegill, warmouth, carp, splittail, Sacramento squawfish, western sucker, hardhead, hitch,
freshwater viviparous perch, Sacramento smelt, freshwater smelt, starry flounder, prickly sculpin, and staghorn
sculpin. Except for the catfishes, the fishes in this category have little commercial or sports value in the Delta and no
special consideration is given to their biological background. It is believed that the measures taken for the preserva-
tion of striped bass and king salmon will also be effective in saving resident fish life.

2.3. 3. THE CONTRA COSTA STEAM PLANT
The first three units of the plant consist of steam turbo-generators with a rated capacity of 100,000 kilowatts each.
Construction work was begun in February of 1949 and the three units were placed in operation during the early sum-
mer months of 1951. Construction work for two additional units, each of the same rated capacity as the first three,
was begun in the fall of 1950. These added units are scheduled for operation during the summer of 1953.

2.4. 4. THE CONDENSER COOLING WATER SYSTEM
The initial river water requirements for the first three units is 623 cu. ft./sec. and the ultimate water requirements for
the five-unit plant operation will be 868 cu. ft./sec. Water is withdrawn from the river near the bottom at a head-
works 410 feet offshore. From the headworks the water is carried to an onshore screen structure through two 12-foot
diameter reinforced concrete tubes. Water velocity in the tubes initially is 2.7 ft./sec., and for ultimate full-load oper-
ation the velocity will be 3.8 ft./sec. Debris is removed from the water by five standard type traveling screens. Each
screen is basketed with #-inch square opening wire mesh. From the screen structure the water is conducted into the
plant through ducts, pumped through the condensers, and is returned to the river through twin concrete tunnels.

The temperature range of the river water at the intake varies from 45° to 74° F., and under full-load operation of
the ultimate five-unit plant the temperature of the water is raised a weighted mean of 16.2° F.
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FIGURE 2. Aerial photograph of the Contra Costa Steam Plant, showing construction in progress for Units 4 and 5.
Cooling water intake structure in the river is north of the boiler building for Units 1, 2 and 3. Cooling water dis-

charge is shown immediately above fuel oil tanks. Photograph by P. G. & E. News Bureau, November, 1951.
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in its passage through the condensers. Condensers for Units 1, 2 and 3 are the single pass type and condensers for
Units 4 and 5 are the double pass type. Two pumps supply water to each condenser, and it is the operating practice,
regardless of load conditions, to operate both pumps.

Water velocities through the cooling water system average below 7 ft./sec. Calculated screen approach velocities
average about 1.3 ft./sec. with velocities through the wire of approximately 2.0 ft./sec.

Passage time for fish, from the traveling screens through the plant to the discharge structure, is estimated to be un-
der four minutes.

2.5. 5. DESIGN FACTORS FOR THE PRESERVATION OF FISH
A need for provisions to protect fish life in the river water used for condenser cooling was recognized in the early
stages of design for the Contra Costa Steam Plant.

Conferences and discussions on the subject were held with representatives of the California Department of Fish
and Game. From these discussions much useful biological information was gained. However, from the standpoint of
the engineer, faced with the design of facilities for diverting or preserving fish life, little was learned. Too little
knowledge of the subject was available.

In the past, state and federal fishery agencies have been fully occupied with biological research and fishery man-
agement. They have had little time or money available to study methods for saving fish at large water diversions.
Nor had private initiative seriously attacked the problem. Precedent was lacking.

To add to the complexity, no two situations are identical and usually the similarity is slight. Economic, physical,
and biological factors at each locality may differ widely.

Fish ladders around dams, revolving screens in irrigation ditches, and electric fish screens are presently in use, but
their effectiveness in many cases is questionable.

The U. S. Bureau of Reclamation, in the development of the Central Valley Project in California, recognized the
importance of preserving fish life where large quantities of water are consumed for irrigation. A study of this prob-
lem was undertaken on a large scale by the U. S. Fish and Wildlife Service in the fall of 1946 at Tracy, California.
The study is still continuing and progress is being made toward the solution there. However, in the spring of 1949
their work had not progressed to a point where it was of assistance to us in our similar work at Contra Costa.

The quantities of water needed at Contra Costa were fixed by the requirements of the plant, as was the heat input
into the water passing through the condensers. Screen mesh size, velocities, fish temperature tolerance, and facilities
for safely removing screened fish from the screen structure needed special design consideration.

2.6. 6. PROVISIONS MADE FOR SAVING FISH LIFE
To stop larvae and small juveniles from passing through the plant, screens of extremely fine mesh would be neces-
sary. Paradoxically, the hazard to these delicate fish was thought to be less in passing through the plant at the tem-
perature rise anticipated than by being impinged
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on fine mesh screens. It was finally agreed that #-inch mesh screens represented the most satisfactory compromise.
Following the decision on screen size, velocities were next considered. Screen approach velocities of 1.5 ft./sec.

and water velocities through the wire of 2.7 ft./sec. seemed to present no undue hazard to fish life and were accep-
ted.

A vertical hydraulic fish lift was designed and built to collect and safely return to the river those fish which were
too large to pass the traveling screens and yet too small to swim back to the river through the inlet tubes.

FIGURE 3. The original vertical hydraulic fish lift designed to suck fish from the area in front of the traveling
screens and later abandoned

Essentially, it consisted of two 8-inch diameter collector pipes, one installed on each side of the approach channel
to the screens. A number of oblong slots were cut along the length of each collector pipe, facing the screens and
about three feet distant from them. The collector pipes were connected to a common manifold which, in turn, dis-
charged to the river through a trough. It was thought that high velocity flow through the oblong slots and the collect-
or pipes would forcibly and safely depopulate the area of fish. The high velocity flow was accomplished
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using the hydraulic eductor principle. Surplus water from the screen wash pumps was introduced into the collector
system at a venturi section in the line.

It was recognized that this device would need field adjustment and experimentation to perfect its performance.
Therefore, only one of them was made at the beginning. See Figure 3 for details of the original vertical hydraulic
fish lift.

2.7. 7. THE START-UP OF THE THREE-UNIT PLANT
The first unit was placed in operation on May 30, 1951, followed in succession a few weeks apart by Units 2 and 3.
During the start-up period, construction work on Units 4 and 5 was advancing and for construction reasons only one
inlet tube from the river to the screen structure was used. Also, a portion of the screen structure was blocked off, al-
lowing operation of only three of the four traveling screens of the initial installation. Velocity in the one operating
tube was twice the design velocity and velocities in front of the three operating screens were higher than was origin-
ally planned. This condition greatly aggravated the fish problem, which soon became apparent with the advent of the
three-unit operation.

The vertical hydraulic fish lift proved inadequate in removing the great numbers of fish present in the screen
structure and survival of the fish recovered by the lift was low.

Concentrations of live fish started building up ahead of the traveling screens, and because of overpopulation and
impingement on the screens the death rate began to rise.

State Department of Fish and Game biologists recovered numbers of dead bass by netting operations in the dis-
charged cooling water. This loss of life was attributed to the 12° F. temperature rise of the cooling water. Also, it
was said that yearling salmon probably would not have the temperature tolerance of bass.

The temperature rise of 12° F., higher than that anticipated during design, was due to full load testing of the new
plant. Under normal operation during this season of the year, hydroelectric plants carry most of the system load and
steam plants are usually operated well below rated capacity with a resulting lower temperature rise of the cooling
water.

Naturally, the Department of Fish and Game was alarmed over conditions at the Contra Costa plant. Sportsmen's
groups were incensed. Claims and counterclaims were made as to the number of fish killed and the best method to
employ for saving them, all unsubstantiated by fact.

In the latter part of July the Department of Fish and Game recommended that the plant load be reduced to a point
where the temperature rise of the cooling water would not exceed 10° F. and also suggested that finer mesh screens
be used during the season of small bass and salmon.

Later, screen size of 5/64-inch openings was advocated and it was suggested the traveling screens should be loc-
ated at the intake headworks in the river.
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Fishery biologists estimated that as many as 19,000,000 small bass might conceivably pass through the plant and
be killed each year between the months of April and mid-August.

2.8. 8. COMMON AND SCIENTIFIC NAMES OF FISHES
ANADROMOUS FISHES

·Pacific lamprey (Entosphenus tridentatus)
·White sturgeon (Acipenser transmotanus)
·Green sturgeon (Acipenser medirostris)
·Shad (Alosa sapidissima)
·King salmon (Oncorhynchus tshawytscha)
·Steelhead rainbow trout (Salmo gairdneri)
·Striped bass (Roccus saxatilis)

RESIDENT FISHES
·Sacramento smelt (Spirinchus thaleichthys)
·Freshwater smelt (Hypomesus olidus)
·Western sucker (Catostomus occidentalis)
·Carp (Cyprinus carpio)
·Hardhead (Mylopharodon conocephalus)
·Hitch (Lavinia exilicauda)
·Sacramento squawfish (Ptychocheilus grandis)
·Splittail (Pogonichthys macrolepidotus)
·Channel catfish (Ictalurus punctatus)
·White catfish (Ictalurus catus)
·Brown bullhead (Ameiurus nebulosus)
·Black bullhead (Ameiurus melas)
·Starry flounder (Platichthys stellatus)
·Largemouth black bass (Micropterus salmoides)
·Warmouth (Chaenobryttus coronarius)
·Bluegill (Lepomis macrochirus)
·Black crappie (Pomoxis nigro-maculatus)
·Freshwater viviparous perch (Hysterocarpus traski)
·Prickly sculpin (Cottus asper)
·Staghorn sculpin (Leptocottus armatus)
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3. PART III RESCUE MEASURES AND A SEARCH FOR A QUICK SOLU-
TION TO THE FISH PROBLEM
The urgency of the situation at Contra Costa and pressure from the Department of Fish and Game dictated the find-
ing of a "quick solution." Any idea advanced for preserving fish life was given careful consideration.

3.1. 1. THE FISH RESCUE PROGRAM
The rapid build-up of fish concentration in the screen structure made immediate rescue measures a necessity.

Periodic hand dip netting of fish from in front of the traveling screens was tried with success. Later, timber netting
platforms were constructed in the screen structure in the compartments ahead of the traveling screens. On August
19, 1951, hand dip netting of live fish from in front of the screens and returning them to the river was begun and was
continued without interruption until December 21, 1951. During periods of high fish concentration dip netting activ-
ities were carried on on a 24-hour, 7-day week basis. From August 30th to November 1st approximately 12,000 bass
ranging in size from 2 inches to 16 inches in length were rescued and returned to the river alive.

Noise was suggested as a means of frightening fish away from the water intake structure in the river. Several
noisemaking devices and vibrating contraptions were tried—all without effective results.

The traveling screens were intended to operate intermittently, depending upon the amount of debris present in the
water. It was suggested that by continuous operation impinged fish on the screens could be raised quickly to the sur-
face, washed off and returned to the river alive. Pressure of the screen washing jets was greatly reduced, and several
experiments were conducted to test the efficacy of this plan. The results of the tests were contradictory, but it was fi-
nally agreed that the mortality was reduced less than 10 percent by continuous screen operation.

Equipping the traveling screens with cups was studied. The manufacturer of the screens was consulted. A search
for precedents was made and none was found. It was finally concluded that cups on the traveling screens would be
of little value in rescuing fish.

Lights were tried as a means of attracting fish from hazard areas. Lights were also tried for attracting fish to areas
where they could be rescued. Lights appeared to have an attraction for larger fish, but only of a secondary nature.
Other stronger unknown factors dominated their behavior.

Metal frames enclosed in wire mesh, mechanically operated, were tried for rescuing fish and were abandoned as
useless experiments.

Several types of traps were constructed and installed in quiet areas where fish were believed to congregate, all
with negative results.
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Bucket conveyors were considered as a way to remove fish, but investigation indicated that their use was not
practical.

A mechanical dip net was designed and installed in the compartment ahead of the bar-rack, to replace hand dip
netting in that area. The device compared favorably with hand dip netting, both as to number of fish and survival,
and its use was continued (Figure 4).

FIGURE 4. The mechanical dip netter, electric hoist operated, was used to replace manual dip netting as a fish res-
cue measure
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3.2. 2. THE SEARCH FOR A PERMANENT SOLUTION
Concurrently with rescue operations a search for a permanent solution was carried on.

The vertical hydraulic fish lift was not abandoned and field development work was continuing in an effort to im-
prove its effectiveness. Fish removed by this device varied from 13 to 32 bass per hour, ranging from 2 to 7 inches
in length, with survival of 13 percent.

As an outgrowth of the vertical hydraulic fish lift, construction of a horizontal hydraulic fish lift was started. Fish
were observed to move laterally across the screen channel in a horizontal plane; therefore, it was thought a horizont-
al lift might be more effective.

A bladeless impeller centrifugal pump, identical in design to pumps being used by the U. S. Fish and Wildlife
Service in their experiments at Tracy, California, and referred to as a "fish pump," was purchased.

Velocity traverses were run in the river near the intake structure in search of clues having a bearing on the prob-
lem. Little helpful information was gained from this work and further study of current velocities in the river was
abandoned.

Water recording thermometers were installed at the intake structure and at the discharge works to record accur-
ately the temperature differential of the water in passing through the plant.

For a time it was believed possible, on the basis of findings at the Tracy project, that fish concentration was heav-
iest in the upper strata of the river, probably to a depth not exceeding 10 feet. It was reasoned that if such was the
case a hanging curtain wall, extending 10 feet below the surface, could be constructed around the tube entrances
thereby preventing great numbers of fish from entering the screen structure. With this thought in mind experiments
were begun to determine if fish tended to favor one stratum of water over another.

3.3. 3. APPRAISAL OF THE PROBLEM AND OF THE WORK ACCOM-
PLISHED
In October of 1951 an appraisal of the work was made to determine progress toward a solution. Rescue work as a
temporary measure had been reasonable successful in saving fish life during the critical period. Progress toward a
permanent solution was discouraging and it was realized that more knowledge must be had before a solution could
be reached. It was recognized that a research program of at least a year's duration would be required to answer the
questions involved in the design of facilities for preserving fish life.

3.4. 4. THE RESEARCH APPROACH TO THE PROBLEM
Pacific Gas and Electric Company asked the Bechtel Corporation to undertake a research program to solve the ques-
tion of fish preservation. Field operations already begun continued uninterrupted, but new objectives were set up and
the approach to the experiments became more deliberate and analytical.
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4. PART IV THE RESEARCH PROGRAM
4.1. 1. BASIC OBJECTIVES
The trial and error course pursued the first few months did not produce a solution of fish preservation at Contra
Costa. It did produce an evolution in thinking and a more accurate appraisal of the program and much was learned.

Fish life in the Delta presents an ever-changing picture. The eggs of one day are small larvae two or three days
later, and they are fish two or three inches in length within several months. The life cycle of one species is not ne-
cessarily coincidental with the life cycle of another, adding to the complexity of the investigations. Studies of a least
a one-year cycle were needed to get answers to questions involved.

Much more knowledge was required of the habits and general behavior of the species of fish involved, and an-
swers to specific questions were needed. What were the effects on fish of currents of various velocities in screen
channels? At what velocities were they safe against impingement on traveling screens? Could fish stand impinge-
ment for any length of time? What size screen mesh should be used to best preserve fish life? How are fish of vari-
ous sizes affected by these factors? Could fish stand a sudden temperature rise of the water, and if so, what was a
lethal temperature rise? What were the maximum temperature tolerances of fish? Was there a greater concentration
of fish near the surface, or were they equally dispersed throughout the river strata? These questions and many others
had to be answered before an economical and intelligent solution could be found.

The answers to these questions then became the basic objectives of the research program.

4.2. 2. ORGANIZATION AND PERSONNEL
In setting up the research program it was imperative to correlate the theoretical and practical aspects of the problem.
To accomplish this, men of varied ability, training and experience were needed.

Personnel from the California State Department of Fish and Game, from the Pacific Gas and Electric Company's
Engineering Department and its Bureau of Tests, and engineering and construction personnel from Bechtel Corpora-
tion were drawn together into one group headed by a Bechtel engineer as project director. Necessarily the group had
to be closely knit and work as a team to realize the desired results.

A biologist from the State Department of Fish and Game and a civil engineer from the Pacific Gas and Electric
Company were consultants for the project director.

Management control originated through the Chief Civil Engineer for the Pacific Gas and Electric Company and
the Chief Power Engineer of the Bechtel Corporation.
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The program was operated continuously on a 24-hour, 7-day week basis for the entire period. Refer to Figure 5
for organizational details.

FIGURE 5. Organization Chart of research project

4.3. 3. STATISTICAL DATA AND RECORDS
A log of all activities was kept. Continuous counting of all fish recovered from whatever source was maintained, and
records were kept for later analysis. Personnel were encouraged to keep daily notes of their observations and to draw
and record opinions even if their opinions were subsequently proved to be in error. Procedure and results of the ex-
periments were carefully recorded and evaluated.

4.4. 4. EXPERIMENTAL FACILITIES
Two test flumes for conducting velocity, screen and temperature experiments were constructed and pumps for sup-
plying the necessary water were acquired. A large counting tank was built for collecting fish recovered from the
various experimental devices. A large holding tank was constructed to hold fish used in the various experiments.
Four metal aquaria equipped with wire mesh partitions and baskets were built to hold fish for observation following
experiments. Thirty five-gallon glass jars were used as aquaria for holding control and test fish. Screens of a wide
variety of mesh sizes were purchased. Water aerating equipment, nets, thermometers, gauges, and other miscel-
laneous items were bought as needed.

Flumes, holding tanks and aquaria were painted with nontoxic paint to avoid fish poisoning.
An experimental area was set up adjacent to the screen structure. It was enclosed by a fence to keep unauthorized

people out of the area. A personnel shack was constructed and some of the equipment was housed under a roofed
area to provide for shade. Later is was necessary to enclose the glass aquaria area with building paper walls to elim-
inate
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light and shadows. It was found in the case of small striped bass that the movement of personnel in the area
frightened the fish, frequently producing shock resulting in death.

Compressed air, electricity, city and river water facilities were provided. All in all, a rather complete field laborat-
ory was established.

FIGURE 6. Layout plan of fish experimental facilities

4.5. 5. FISH CHARACTERISTICS AND BEHAVIOR STUDIES
Careful observations were made and recorded of fish characteristics and behavior under varying conditions and were
continued throughout the entire program. Since our studies dealt with living animals, the more we knew of these
characteristics and habits, the better we could understand their reactions. Emphasis was placed on cause and effect in
fish behavior. It was felt that this phase had been too often overlooked.
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Larval and small yearling striped bass were found to be easily frightened into a state of shock, which is evidenced
by erratic movement, twitching, rigidity and distension of gills. It was followed often by death. The shock character-
istic was an upsetting factor to be contended with in all experimental work. Every effort was made to avoid condi-
tions causing it. Shock was less serious with older yearling and juvenile bass.

Great numbers of fish were required in the work, necessitating plans for their care before and after the experi-
ments. Clear water was needed in the experiments to see fish reaction. Untreated river water was turbid and could
not be used for this purpose. The use of city chlorinated water raised the question of its effect upon fish. An investig-
ation was made to determine if this water would be injurious to fish life. Tests of river and city water on fish indic-
ated no appreciable difference in survival.

Subsequently, in connection with a special investigation of temperature tolerances, comparisons were made hold-
ing small bass in untreated river water, city water, and river and city water each blended with ocean water, the chlor-
ide content of the blend being 3,000 parts per million. In all cases, the mortality rate in city water was less than that
in river water, and the mortality rate in city water blended with ocean water was the lowest. In fact, the city-ocean
water mixture seemed to produce a beneficial physiological reaction and acted as a stimulant with no bad after ef-
fects.

Striped bass 3½ to 5½ inches long and ¾ to 1½ inches long were used in these tests.
Notwithstanding beliefs to the contrary, it was found that bass acclimated to the city-ocean water mixture would

survive upon being returned to fresh water with no apparent ill effects.
Water absorption of zinc from galvanized sheet metal aquaria and experimental facilities was investigated to de-

termine if the contamination was great enough to prove injurious to fish life. City water, river water, and brackish
water (3,000 parts per million chloride) taken from galvanized tanks and pails were analyzed. Zinc absorption
ranged from 2 to 7.5 parts per million and river water zinc content was found to be 1 part per million. A zinc content
of 2 parts per million or less did not appear to be injurious to small fish of the various species held, and in the case
of larger fish in the yearling and juvenile stages a higher zinc content was tolerated without evident ill effects.
However, all galvanized tanks were painted to rule out zinc toxicity as a complicating factor.

Baby bass and salmon are voracious eaters under suitable conditions. Bass were fed very small freshwater shrimp
(Neomysis) and salmon were fed ground liver. The larger bass are fish eaters and their food requirements seemed to
be small during the brief period of captivity.

Aeration of water in the holding tanks and aquaria was not necessary provided the fish were not overcrowded.
Fish held for long periods developed fin rot and fungus growth even with the constant changing of the water, and
there was a noticeable increase in disease if the tanks were overpopulated.

Fish in moving water assume a directional attitude toward the flow, heading into the current. In quiet water fish
were observed moving in all directions, but with the first water movement began to align themselves with their
heads into the current and as the velocity increased this characteristic became more definite, with little tendency to
deviate from it.
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Flume experiments have confirmed this observation in velocities from zero to several feet per second. Fish were
rarely observed swimming with the current except when frightened or exhausted and desperately looking for a
refuge. It is believed that fish swim against the current to facilitate breathing and, in their natural environment, for
the purpose of feeding more easily on passing food.

It should be noted that different species of fish respond differently. However, as a general rule, bass and salmon
behave consistently in this manner and this was an important factor in the solution of our problem.

It was observed that fish avoided areas of high turbulence and would not cross through vertical stream lines hav-
ing a wide differential in velocity between them. The fish instinctively avoided these areas of abrupt changes in
stream flow and invariably sensed and sought lower uniform velocities. This characteristic suggests many possibilit-
ies in the control of fish movement. It also explains why some devices fail in their purpose.

Re-entrant corners in water structures have a tendency to trap fish, and especially if the direction of the currents
causes fish to orient towards the corner, and if the corner restricts their lateral movement.

Striped bass appear to move en masse during tidal flows from one locality to another, apparently riding the flow.
Seaward migration of young salmon is the greatest during periods of heavy stream runoff in the spring.

Striped bass and salmon sense a screened obstruction in a channel before they reach it. It was observed that if the
current speed was slow enough for them to swim against it, they would swim away from the obstruction. If the cur-
rent was equal to their swimming ability they would move laterally in front of the obstruction, seeking a refuge or
area of lower velocity that they could negotiate. Only when a fish became exhausted or the current was beyond its
swimming ability did the fish become impinged upon a screen. It should be noted that this characteristic varies with
the species of fish, the fish's physical condition, and its fighting spirit, but was strikingly true of the striped bass and
king salmon.

From observations made during the program it is believed fish can be moved in a column of water at least 10
ft./sec. without ill effect, even though the cross sectional flow pattern is not uniform. Sudden contraction or enlarge-
ment with abrupt velocity changes in a column of water is hazardous to fish life. Cascading turbulent flow is ex-
tremely hazardous.

Centrifugal forces from the rotational movement of a column of water do not have a tendency to force the fish to
the outer edge. On the contrary, fish followed a path near the center where the rotational effect was least felt. An ex-
periment using a circular, helical vaned duct was designed to demonstrate this point.

4.6. 6. VELOCITY STUDIES
During the course of the research program much time was spent investigating and studying the effect of water velo-
city upon fish, both in the screen structure and experimentally in test flumes.

A velocity flow traverse was made in front of each of the four operating traveling screens with both of the two in-
take tubes from the river in service. The traverse was similar to one made earlier, when the plant was operating on
one intake tube and three screens.
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Velocities were measured by a conventional type rotating cup meter and direction of flow by a special device de-
veloped by the testing laboratory. Readings were taken in a quadrangular pattern of 2-foot intervals during a tidal
range of +1.0 to +3.0 feet.

As was to be expected, the flow pattern was not uniform over the area of each screen channel, nor was the average
velocity of one channel the same as another. Averages for individual channels ranged from 1.14 ft./sec. to 1.52
ft./sec., with an over-all average of 1.32 ft./sec. The velocity traverse is shown in Figure 7.

FIGURE 7. Velocity contours taken in front of the four operating traveling screens during water flow of 600 cu.
ft./sec
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FIGURE 8. Velocity study of fish in test flume. Photograph by P. G. & E. News Bureau, April, 1952
This was a great improvement over the one-tube, three-screen operation, which showed an average range from

0.76 to 2.78 ft./sec.
Since the traverses were taken in each individual screen channel approximately 3 feet in front of the traveling

screens, the averages were approach velocities and these were not considered high.
There was much speculation as to whether fish concentration in the screen structure was a function of velocity in

the intake tubes supplying the screen structure, as well as a function of the quantity of water used. It was argued by
some that fish build-up in front of the screens was directly proportional to the tube velocity. It was contended by
others that velocity had little bearing on fish concentration and that fish concentrations were simply proportional to
the quantities of water used. To determine the relationship existing between fish concentration in the screen structure
and water intake from the river, observations were made at times when two, four, or six circulating pumps and one
or two tubes were in service. The observations were made over a five-month period to fit in with regular plant opera-
tion. Table 1 gives the data gathered during the period and involves approximately 145,000 fish recovered.

A proportional relationship between fish concentration in the screen structure and rate of flow through the intake
tubes is suggested by these data, plotted in graph form and shown in Figure 9.

It was recognized that any conclusions reached from these data were clouded by the constantly changing density
of fish in the river at the water diversion. Tidal currents continually carry different water masses
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TABLE 1
SCREEN STRUCTURE FISH CONCENTRATION STUDY

November 18, 1951, to April 15, 1952

FIGURE 9. Curve shows relationship between rate of flow and fish recovered per 100,000 cu. ft. of water used
with varying fish population across the intake. Notwithstanding this fact, however, the length of time and number of
fish involved in this study do give weight to the data gathered and it was believed reasonable to assume:

·(a) That fish concentration varies proportionally with the rate of flow for a given tube area.
·(b) That the rate of increase of fish concentration is several times faster with an increase of velocity in the lower velocity ranges, but that the rate of increase becomes slower in the

higher velocity ranges.

Later, tests were made with all six circulating pumps in operation, manipulating the stop-log gates in the screen
structure to produce desired velocity conditions in the tubes.

Counts were made of fish recovered by each traveling screen and from the four collectors by pairs (Collectors 1–2
and 3–4). The tests covered three consecutive days, each 24-hour period devoted to one phase of the
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experiment. All four traveling screens were in service. The plant flow was constant at approximately 600 cu. ft./sec.
(52 million cu. ft./24 hrs.).

Test data on bass for this three-day investigation are given in Table 2 and involve approximately 26,000 fish.

TABLE 2
SCREEN STRUCTURE BASS CONCENTRATION STUDY

August 5, 1952, to August 9, 1952
By doubling the intake tube velocity for the same rate of flow, fish concentration in the screen structure was in-

creased many times in the lower velocity ranges, as indicated by Figure 10. However, the curve showing the acceler-
ated velocity turns downward as the rate of flow increases above 400 cu. ft./sec. This appears consistent with the be-
havior characteristics of fish of avoiding zones of high differential velocities, observed during the research and de-
scribed later.

FIGURE 10. Curve shows relationship between rate of flow and fish recovered per 100,000 cu. ft. of water used un-
der two velocity conditions

Again, the experiment was open to some criticism due to the unknown daily variation of fish density in the river.
However, since tests covered about the same tidal cycle and were run on consecutive days, they do offer a reason-
able comparison. Fish density in, the river during this season of the year is normally much greater than when the
earlier studies were made. This accounts for the much higher rate of recovery.

Referring to Table 2, bass concentration increased 1.5 times (average of two days at lower velocity) during the
time the velocity was doubled.
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This bears out the earlier assumption that the rate of increase of fish concentration becomes slower in the higher ve-
locity ranges.

The percentage of fish recovered from the screens and collectors and fish survival were little affected by doubling
the intake velocity.

A series of seven velocity experiments were conducted on fish in a test flume between February and October,
1952, to determine the optimum screen approach velocity, the endurance factor of fish, and the effect on fish im-
pinged on screens for different current pressures.

Five of the experiments were on striped bass and two were on king salmon. Fish tested in these experiments were
obtained from our rescue

FIGURE 11. Structural details of test flume used in velocity and temperature experiments
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operations, except in the case of salmon. In some salmon experiments hatchery-reared fish were used.
Details of the test flume are shown in Figure 11. Each end of the flume was screened to confine the fish in the test

area where velocity was reasonably uniform. Screen mesh was either No. 3 or No. 5, depending upon the size of fish
being tested.

All experiments were started by carefully placing the fish in the flume in still water, to avoid shock. They were al-
lowed to rest several minutes before the velocity was built up to test speed. Each test of a given velocity was run for
10 minutes and the numbers of fish swimming at the end of three, five, and ten-minute intervals were recorded. The
percentage of fish swimming at the end of the 10-minute test is referred to as the "endurance factor." The mortality
curves show the fish actually dead at the end of the test. Larger fish may be impinged on the screen but still survive.

Emphasis should again be placed on the fact that we were dealing with living animals, influenced in their behavi-
or by physiological and psychological reactions.

Obviously, the physical condition of the experimental fish was below that of fish living under natural conditions.
Great care was taken in selecting specimens for the experiments to insure that conclusions drawn from the results
would not be misleading. Even so, the results obtained are believed to be extremely conservative. It should be noted
that fish are confined in the test flume and must submit to the test velocity. No refuge areas were available for es-
cape.

Due to the season of the year when they were made (February), the first experiments were conducted with
yearling bass 3 to 5½ inches in length. Roughly 1,000 fish were tested in groups of 25 each at velocities varying
from 0.5 to 2.9 ft./sec. The fish used in the first experiment were picked at random, without regard to their physical
condition. It was found that 20 percent of these fish could not withstand velocities of 1 ft./sec. This confirmed the
poor physical condition of our test specimens. After correcting for this condition it was found that the stronger bass
of these sizes could swim against a velocity of 2 ft./sec., establishing an endurance factor and survival of 100 per-
cent.

FIGURE 12. Curves show the 10-minute velocity endurance and mortality factors for striped bass 3 to 5½ inches
long. Results are for 40 tests involving approximately 1,000 fish
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Figure 12 graphically shows the results of this experiment. Forty tests were run of 25 bass each for the velocity
range covered. The "10-minute endurance" curve shows the percentage of bass still swimming at the end of the tests.
The "10-minute mortality" curve shows the percentage of fish dead at the end of the period. The smooth curves and
those that follow are averages of points established from a multiplicity of tests. All were drawn "by eye."

In March of 1952 another velocity experiment was conducted on striped bass 3½ inches to 5½ inches in length.
By this time techniques had been greatly improved. Fewer fish were used to avoid overcrowding in the test flume.
Ten fish were used in each of the 34 tests of this experiment, at velocities of 1.5, 2.0, and 2.5 ft./sec.

From this experiment an endurance factor of 92 percent was established for a 10-minute interval at 2 ft./sec., as
shown in Figure 13. Water temperature rise during this test, caused by recirculation, was believed to have affected
results adversely and this condition was corrected later.

In July of 1952 studies were made of the maximum velocity striped bass of 5 to 7 inches in length could with-
stand without being swept onto a screen.

Randomly selected fish were used for this experiment. All were able to resist 2 ft./sec. velocity for 10 minutes,
and only one fish was impinged on the screen in a 10-minute test at a velocity of 2.75 ft./sec. It may be assumed
safely that bass of this size and larger in their natural environment can swim at will in a velocity of 2.75 ft./sec. This
was the maximum attainable velocity in the test flume at the time.

FIGURE 13. Curves show 10- and 30-minute velocity endurance and mortality factors for striped bass 3½ to 5½
inches long in a second series of tests. Results are for 34 tests involving 340 fish

On August 6, 1952, 90 bass ranging in size from ¾ inch to 1½ inches (average length 1 inch) were tested to de-
termine their ability to resist impingement, with results shown in Figure 14. Ten tests were made at velocities ran-
ging from 0.83 to 1.39 ft./sec. in this experiment. At the end of the 10-minute test interval 80 percent of the fish
were still swimming free of the screen at a velocity of 1 ft./sec. A point of the greatest importance was revealed by
this experiment. All bass impinged on the
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screen at the end of the test periods were dead, indicating that fish of this small size cannot stand impingement. This
was not true with larger bass.

FIGURE 14. Ten-minute velocity endurance curve for striped bass averaging one inch long. Ninety fish were in-
volved in this experiment

The last velocity experiment conducted on bass was in October with 55 fish ranging from 1 to 3 inches in length.
Bass of this size were able to withstand velocities of 2 ft./sec. for 10 minutes with a survival of 95 percent, as shown
in Figure 15.

FIGURE 15. Ten-minute velocity endurance curve for striped bass one to three inches long. Ninety fish were in-
volved in this experiment

Test flume velocity experiments with king salmon indicate that they are a much hardier fish than the striped bass
and are able to withstand screen impingement without loss of life far better than bass.

The first experiment conducted on salmon was in March, 1952, using 160 hatchery fish of 1¼ to 1½ inches in
size. At the end of the 10-minute interval, 92 percent of the fish were swimming in a velocity of 1 ft./sec. At the con-
clusion of the test with a reduction of the velocity to zero, the
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impinged fish on the screen swam free and there were no salmon fatalities from the experiment. Eleven separate
tests were made and Figure 16 shows the result. Velocities tested ranged from 0.5 to 2.0 ft./sec.

FIGURE 16. Ten-minute velocity endurance curve for king salmon 1½ inches long. Eleven tests were made in-
volving 160 fish

Later, the same experiment was repeated with 112 wild salmon (eight tests) taken from a tributary river nearby.
The results of this experiment at velocities ranging from 0.5 to 1.5 ft./sec., were similar to the first and with no
deaths (Figure 17). Results of test flume velocity experiments on salmon were clear-cut and further work on this
phase was deemed unnecessary for our purpose.

FIGURE 17. Ten-minute velocity endurance curve for king salmon 1.25 to 1.89 inches long. Eight tests were made
involving 112 fish
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It was concluded that the optimum velocity for salmon of the sizes tested was approximately 1 ft./sec., and that
even though the salmon might be impinged on screens for short periods of time, they will still survive upon release.

From time to time test flume velocity experiments were conducted on other species of fishes for corroborative
evidence and the results obtained closely confirmed the bass and salmon experiments.

Several important points of interest were noted during the test flume experiments on bass and salmon.
·(a) Bass and salmon always swim headed into the stream flow.
·(b) Bass and salmon have an unerring sense for finding low velocity areas of a channel.
·(c) When bass and salmon are carried along with the current they will sense the approaching presence of a screen obstruction at a distance of several inches, the distance depending on

the speed of approach. They will make every effort to swim away from the obstruction and failing in this, will move laterally a few inches in front of the screen looking for a refuge.
Impingement followed only when they were exhausted and were unable to find a way of escape. For brief periods their swimming ability was about twice that shown by the "10-minute
endurance" curves.

·(d) The impingement of salmon 1¼ inches or longer on screens for a period of 10 minutes was not harmful. On release of the pressure the fish swam freely away and no physical dam-
age was observed. Long periods of impingement will undoubtedly cause death by suffocation, the pressure closing their gills.

·(e) Impingement of larval and small yearling bass results in a high mortality immediately. These small fish are delicate and apparently suffer physical damage and shocks as well as
suffocation.

Conclusions reached from these experiments were as follows:
·(a) The swimming ability of juvenile striped bass and king salmon increases with size. For example, bass one inch long can stem a current of about one foot per second for 10 minutes

(Figure 14); while bass four inches long can stem about two feet per second for 10 minutes (Figure 13). However, fish of one age group will vary an inch or more in length and in many
instances the smaller fish of one age group were still swimming when the larger fish were impinged on the screen. Little difference was observed between the swimming ability of com-
parable yearling salmon and bass, which varied from 1 ft./sec. for the fish approximately 1 inch long to over 2.75 ft./sec. for bass in the 5 to 7 inch group.

·(b) Many variables were involved in evaluating the endurance factor of bass and salmon, and again the endurance of striped bass and king salmon appears to be a function of age and
physcial condition as well as size. Barring physical injury, the hardiness of juvenile striped bass and salmon is amazing.

·(c) Velocity as a function of fish mortality seems to be a logical way to determine the optimum velocity, and this then raises the question of screen mesh size. This will be dealt with
later.
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·(d) The impingement of eggs and larval bass appears to be fatal, and impingement on fine mesh screens is certain, for they have little or no swimming ability. Salmon appear to with-
stand impingement without serious injury in the sizes we have to contend with at Contra Costa.

·(e) A maximum average design approach velocity of 1.5 ft./sec. seems reasonable when all factors are considered. Striped bass and king salmon that can be safely screened from water
at any lower velocity can negotiate a current of 1.5 ft./sec. This is especially true if nearby areas of escape are provided.

4.7. 7. SCREEN MESH SIZE STUDIES
Experiments were conducted on striped bass and king salmon in April, May and August of 1952, to determine the
optimum size of screen for stopping fish of various sizes and age groups.

A test flume was equipped with interchangeable screens and fish taken from the rescue operations were used.
Mesh sizes used were as follows:

·(a) 5-mesh screen with clear opening of 0.159 inches;
·(b) 4-mesh screen with clear opening of 0.196 inches;
·(c) 3-mesh screen with clear opening of 0.253 inches;
·(d) 2-mesh screen with clear opening of 0.375 inches.

The physical shape of fishes varies with species and also varies individually within the same species. Fish of the
same age group may be long and slender or may be short and broad. Also, it was found that fish may be effectively
stopped by a screen even though they are small enough to pass the wire openings. Invariably they land on the screen
broadside following exhaustion, and they do not go through the screen tail first (their normal swimming position rel-
ative to the screens).

Test fish were placed in the screen flume and held in a water velocity of 2 ft./sec. until they became impinged on
the screen or had passed through it. These tests were severe and left no voluntary choice to the fish other than escape
through the screens or to become impinged on them. A total of 97 salmon were used in ten tests, varying from 1.25
to 3.7 inches long.

A summary of the results of two experiments with king salmon are as follows:
·(a) The 5-mesh screen stopped salmon 1.30 inches in length;
·(b) The 4-mesh screen stopped salmon 1.53 inches in length;
·(c) The 3-mesh screen stopped salmon 1.69 inches in length;
·(d) The 2-mesh screen stopped salmon 2.16 inches in length.

An experiment with striped bass (64 bass from 0.83 to 2.1 inches long were used in four tests) duplicating the test
made with salmon produced the following results:

·(a) The 5-mesh screen stopped striped bass 1.12 inches in length;
·(b) The 4-mesh screen stopped striped bass 1.12 inches in length;
·(c) The 3-mesh screen stopped striped bass 1.18 inches in length;
·(d) The 2-mesh screen stopped striped bass 1.97 inches in length.
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In analyzing these experiments the question is resolved into what size fish are to be stopped, bearing in mind the
high mortality rate of small fish from impingement.

Any size fish can be stopped by screens of find enough mesh, but if they are killed by impingement nothing has
been accomplished.

The swimming ability of small fish at a given velocity and their chances of survival from impingement on the
screen appear to be the deciding factors in the choice of mesh size. Extremely small fish with little or no ability of
self-propulsion will be impinged and killed at extremely low velocities and their chances of survival in the case at
hand are greater if they are allowed to pass through the screen.

Taking into account the velocity experiments conducted, a screen of #-inch mesh clear opening with an approach
velocity of 1.5 ft./sec. appears to be optimal when avenues of escape are provided for the fish.

Experiments with screens placed diagonally to or at a slope angle to the water flow were tried. Angularity of
screen placement appears to have little or no bearing on mesh size. However, fish definitely were guided into the
acute angle formed by the screen and flume wall or to the upper stratum of the channel by sloping screens. It is be-
lieved this method may offer opportunities for concentrating fish in a collection area or by-passing them around haz-
ards.

Screen mesh size experiments were also conducted on other species of fish, notably splittails. In June, 1952, a
heavy run of these fish was present in the river. Over 8,000 were recovered by the fish collectors in normal opera-
tion in 15 days. They averaged 1.48 inches in length, the smallest being 0.79 inch, and yet they were recovered from
in front of traveling screens basketed with mesh having a clear opening of 0.196 inches (No. 4 mesh). In subsequent
flume tests on these fish it was found 50 percent could actually pass a No. 4 mesh and a substantial number could
even pass a No. 5 mesh screen.

Under normal operating conditions of fish collectors and traveling screens, great numbers of very small bass, sal-
mon and many other species of fishes were recovered from in front of screens large enough to pass them. Appar-
ently they were not carried through the wire because they sensed the approaching hazard.

4.8. 8. TEMPERATURE STUDIES
Since the water taken from the river by the Contra Costa Steam Plant is "used" and not "consumed," the question of
safety in allowing small fish to pass through the plant was extremely important.

A comparison of hazards to small fish between impingement on screens or a trip through the cooling water system
was attempted.

The principal hazard to fish life in the trip through the plant is the temperature rise of the water. Experiments were
conducted on striped bass and king salmon between February and October, 1952, to determine:

·(a) The maximum temperature rise that small bass and salmon able to pass a No. 2 mesh screen can withstand;
·(b) Their maximum temperature tolerance;
·(c) The optimum temperature rise and maximum temperature tolerance to be used for design criteria when allowing small yearlings to pass through the cooling water system.
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The experiments were conducted on the two species of fish in a test flume and later in an actual operating con-
denser. Bass taken from the rescue operation and hatchery, wild, and rescued salmon were used in the experiments.

The same test flume used for the velocity studies was used for these experiments. Temperature of the water was
raised approximately 1° F. every 5 minutes by the energy input of pumping through a recirculating system. All
flume tests lasted 10 minutes.

The plant condenser experiments were made by passing live fish through an operating condenser tube while the
unit was on full load.

A condenser tube was brought out on each end through the water box walls and it was connected to hoses. The
hoses in turn were connected to dispersing and receiving tanks for the fish. Length of time and travel conditions
through the condensers on the hot side of the system simulated actual conditions as nearly as possible. The time of
exposure of fish to elevated temperatures in the condenser tests varied from 3½ to 5 minutes.

King salmon varying in length from 1.34 to 2.40 inches were flume-tested at temperature rises in increments from
0 to 27° F. and from a minimum water temperature of 55–56° F. to a maximum water temperature of 83° F.

The fish were removed from the holding tanks at normal temperature and immediately immersed in the test flume
water of the higher test temperatures. No acclimating procedure was permitted. Water in the test flume was kept
moving at a constant velocity of 0.5 ft./sec.

It was found from these experiments that small yearling salmon could withstand an instantaneous temperature rise
of 25° F. without loss of life and that their maximum temperature tolerance was approximately 83° F.

Condenser tests on yearling salmon of the same size range, using 100 fish in 10 tests, demonstrated that these fish
withstood the 16-degree temperature rise of the condenser with no fatalities.

Flume-tested salmon were held for observation 24 hours with no fatalities and condenser-tested fish were held for
10 days (in one case they were held 21 days) with 3 percent fatalities, which can be considered normal mortality at
this age. Fish released at the end of the holding period appeared to be in excellent condition.

The conclusion reached for yearling king salmon of the sizes able to pass a #-inch mesh screen was that passage
through the plant no great hazard and that the survival will be extremely high.

Similar experiments were conducted with striped bass, but the problem was greatly complicated by unknown
factors having to do with their physiological and psychological make-up. Small bass in fresh water very readily go
into a state of shock without apparent cause.

From test flume results it would appear that small yearling bass in the 1.85 to 3.27 inch range can withstand an
approximate 20° F. temperature rise with a survival of 85 percent at the end of the 5-day observation period and an
18° F. temperature rise with a survival of approximately 90 percent.

Condenser tests on bass 0.83 to 1.81 inches in length indicate that they can withstand the 16° F. temperature rise
with a survival rate of 94
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percent at the end of the 5-day observation period. Results of tests are shown in Figure 18. Test fish held in blended
water of 3,000 parts per million of salt added show an even higher survival.

FIGURE 18. Curve showing relationship between survival rate and temperature rise. Striped bass 1¾ to 3¼ inches
long

The consistency of the salmon experiments did not occur in the experiments on bass, and many of the experiments
were entirely contradictory. Test flume experiments on bass 3 to 6 inches in length indicate that they have a greater
ability to withstand temperature rise than the smaller fish, probably because they are less subject to shock.

It would appear from the test that maximum temperature tolerated by bass is higher than that of salmon, being in
the range of 90° F. or more.

It should be noted that while bass apparently cannot withstand the temperature rise of salmon, the initial water
temperature at which the bass experiments were conducted was much higher than that for salmon.

The results from these experiments, preliminary tests, and other data gathered during the course of the research
program indicate that small striped bass and king salmon can pass through the plant with a high survival rate.

4.9. 9. CONTINUOUS VERSUS INTERMITTENT SCREEN OPERATION
The effect on fish recovery and fish survival of intermittent or continuous screen operation was a recurring question
during the entire fish program at Contra Costa.

In September of 1951 a series of experiments was conducted in an effort to answer this question.
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From these early experiments, with one intake tube and three screens in service, results indicated that from 5 to 19
percent more fish were recovered from the screens during intermittent operation than during continuous operation.
However, these figures can be misleading, since the number of fish present varies widely from day to day, due to
fluctuating fish abundance in the water drawn upon by the plant.

The bass survival during continuous operation was found to be 9.9 percent and during intermittent operation was
9.6 percent. The difference of 0.3 percent was obviously not significant. It was clear that little if any difference exis-
ted between the two methods of screen operation.

Further investigation continued in November substantiated earlier findings that approximately 10 percent of the
bass recovered from the screens during intermittent operation were alive and of the total fish recovered from the
three screens 45 percent came from screen No. 2.

With the addition of a fish collector (covered later) in front of screen No. 2 and all screens operating intermit-
tently, 55 percent of the total fish recovered came through the collector and the recovery from screen No. 2 dropped
from 45 percent to 5 percent. Survival of fish from the collector was approximately 90 percent.

Under continuous screen operation the recovery by the fish collector increased only 10 percent, with a slight im-
provement in survival.

It was concluded that the slight improvement during continuous operation was of negligible benefit except during
periods of high fish concentration.

In August, 1952, a more accurate experiment was conducted with both intake tubes and four screens in service.
By this time, all four screen channels were equipped with fish collectors. Under these conditions only about 4 per-
cent of the total fish recovered were taken from the traveling screens, and there was less than 1 percent difference
between continuous and intermittent operation.

All bass recovered from the screens were considered dead, for it was found by observation that while fish might
show signs of life immediately after recovery, only a fractional percentage survived in holding tanks.

These experiments indicated a survival of about 60 percent for bass passing through the collectors. This, of
course, was a great improvement over the 10 percent survival without the use of collectors. It should be noted here,
however, that the survival of 60 percent through the collectors is not a true representation of the efficiency of the
collectors. The survival rate and efficiency of the collectors are handled in a separate part of this report.

Nothing learned during the program clearly indicated that bass survival is increased by continuous screen opera-
tion. However, during periods of high fish concentration the efficiency of the collectors appeared to improve with
continuous screen operation. It is believed that impingement in itself is fatal to small bass, and the likelihood of im-
pingement is not altered by method of screen operation. Therefore, the only justification for continuous screen oper-
ation would seem to be the improvement in collector efficiency during periods of high fish concentration and even
then the difference is slight, judging from the last experiment conducted.
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4.10. 10. FISH STRATIFICATION STUDIES
Little was known of the dispersal of fish in the river strata and nothing was known of fish distribution at various
depths in the screen structure. If it could be proved that a great majority of small fish occupied the upper 6-foot strat-
um of water it would be comparatively simple to construct a submerged hanging curtain barrier to a depth of 6 to 10
feet at the headworks around the intake tubes, thus barring their entrance to the plant. There seemed a possibility that
this might be the case. Likewise, it was necessary to determine if stratification of fish existed in the screen structure,
so that the collecting devices could be properly located at points of high fish concentration.

With these two objectives in mind an investigation was started in October of 1951 to determine at what elevation
in the screen structure the heaviest fish concentration was to be found. A 5-inch bladeless impeller, horizontal centri-
fugal trash-type pump was used. Connected to the pump was a variable slotted suction pipe for sampling the water at
different depths.

After carefully evaluating all data from this experiment and other activities being concurrently conducted in the
screen structure, it appeared that bass favored the upper stratum of water only slightly, if at all.

There was also some justification for believing fish occupancy of one stratum over another may vary from day to
day or that the dispersal of fish throughout the water depth may be generally uniform.

Similar experiments were continued in the river opposite the headworks in November of 1951. The same pump
was used, supported on a barge 25 feet in front of the intake tube. The suction pipe was fitted with a large cone
scoop and was adjustable for various depths in the river. Results from this experiment were negative, and the sur-
prising thing was that only one fish was recovered after approximately 80 hours of operation.

Nothing more was done on this phase of the program until May of 1952, when a new approach to the problem
was undertaken.

Plankton nets were towed behind a motorboat in the river near the intake structure. The depth of nets towed in this
way could not be readily controlled. Several different types of float attachments from which nets were suspended
were tried with some success. Finally the nets were rigged directly off the stern of the motorboat, fastened to long
pipes adjustable for depth, as shown in Figure 20. Three nets set at different depths were towed simultaneously. This
rig proved highly satisfactory and much time was spent sampling the river strata with it.

It was discovered that bass eggs and larvae were present at all depths, with no clear-cut stratification. They move
about freely and are subject to river turbulence and current movement.

Unfortunately, the gear used did not take fish larger than about one-half inch with any efficiency, so nothing was
learned of their vertical distribution. It seems evident that the larger fish sense the approach of the net and are able to
avoid it, and unless the net is towed through an area of high fish concentration there is little likelihood that a repres-
entative number of fish will be caught.
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FIGURE 19. Retrieving fyke net from tow-raft during fish stratification investigation on San Joaquin River. Photo-
graph by P. G. & E. News Bureau, April, 1952

4.11. 11. INVESTIGATION OF ELECTRIC FISH SCREENS
The use of electric fish screens for diverting fish away from the entrances to the intake tube was first given consider-
ation in August of 1951. A manufacturer of electric fish screens was employed to investigate our problem and sub-
mit recommendations.

After reviewing the consultant's report it was decided to conduct a series of experiments at the intake headworks
structure. The Department of Fish and Game cooperated in the experiments by loaning the project two electronic im-
pulse generators it had previously used.

Essentially the equipment consists of two electrodes, one being grounded, and the electronic generator. Electric
service requirements are 3 phase, 60 cycle, 230 volts with a maximum load of 7.5 kva. The frequency of the electric-
al impulse discharge is adjustable and can be varied from 4 to 10 per second. The duration of the impulse is only a
few microseconds and the potential is in the neighborhod of 1,400 volts.

The grizzly bars at the headworks were used as the grounded electrode and the other electrode was designed, con-
structed, and installed.

The constantly changing salinity of the water and the wide variation in fish size added to the complexity of the
problem of diverting fish from the intake tubes by means of an electric screen.

Currents of sufficient strength to divert small fish would be harmful to large fish, and the constantly changing sa-
linity of the water necessitated continuous adjustments of the equipment.
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FIGURE 20. Net holding arrangement on motor boat for stratification studies
After several weeks of experimentation and the expenditure of a large sum of money, the use of electric fish

screens was abandoned as being impractical for our work.
In abandoning the electric fish screen it was recognized that this field might conceivably offer a solution but that

it was beyond the scope of our research program.

4.12. 12. DEVELOPMENT OF THE FISH COLLECTOR
The fish collector now successfully used at Contra Costa is the result of 18 months of research and development
work. A device of this kind to be successful must recover large numbers of fish and return them to the river un-
harmed. This is now being accomplished. The collector idea was evolved from the vertical hydraulic fish lift, and its
many phases of development are described in the following paragraphs.
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The original vertical hydraulic fish lift was designed to suck up fish trapped in the screen structure and to return
them to the river. Essentially it consisted of two slotted collector pipes set vertically, one on each side of the screen
approach channel approximately 3 feet in front of the traveling screen. Suction through the slotted openings was
produced by employing the hydraulic eductor principle, introducing a high velocity

FIGURE 21. Structural details—vertical hydraulic fish lift
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jet through a venturi section of each collector pipe near the top. The collector pipes were connected to a common
header which discharged into a river return flume. Jet water was supplied from the screen wash pumps and the most
efficient jet pressure was found to be 25 to 30 lbs./sq. in. Figure 21 shows the structural details of this device.

Many modifications were tried between July and December, 1951, in an effort to improve its efficiency and gain
information generally. Tests conducted in October, 1951, showed an average recovery rate of 13 fish per hour of all
species, with a survival of 19 percent. Bass recovery rate reached a high of 32 per hour during one test, but survival
dropped to 7 percent.

A collecting device to handle large numbers of fish must be placed in an area of high fish concentration and it be-
came evident that the vertical hydraulic fish lift was not so located.

FIGURE 22. The horizontal hydraulic fish lift succeeded the vertical lift in the sequence of development
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To overcome this handicap, a new horizontal device was constructed and located in an area where fish were be-
lieved to congregate. It consisted of one slotted collector pipe and employed the same suction principle as its prede-
cessor. The collector pipe was placed horizontally beneath a hanging curtain wall across the screen approach chan-
nel about 18 inches in front of the traveling screen. In all other respects the device was similar in design to the ver-
tical lift. See Figure 22.

The horizontal hydraulic fish lift was only slightly better than the vertical lift. Tests in October, 1951, showed a
recovery rate of 16 fish per hour of all species, with a survival of 36 percent. Bass recovery rate and survival were
below this.

The original concept of the operation of the lifts with high suction was beginning to be doubted. Observation of
fish behavior indicated that they avoided areas of high suction. Moreover, it was becoming increasingly clear that
the few fish entering the collector were being injured by the jets producing the suction. With reduction of jet pres-
sures the fish lifts became ineffective.

Concurrently with experiments on the hydraulic fish lifts, experiments were started with a 5-inch bladeless im-
peller-type pump having a capacity of 550 gallon/minute. The pump was similar to ones used by the U. S. Fish and
Wildlife Service at Tracy, California, in their fish recovery experiments, and was referred to as a "fish pump."

A variable depth, slotted suction pipe was used as a collector on the pump and the collector pipe was portable, so
that it could be moved from place to place in the screen structure to locate areas of high fish concentration. With the
use of this device the concept of drawing fish to the collector by a high suction was abandoned. Figure 23 shows one
version of this device, but many modified arrangements were tried.

In 234 hours of testing, fish of all species, including striped bass, were recovered at the rate of 6 fish per hour,
with a survival of 77 percent. The recovery rate was less than by either of the hydraulic fish lifts, but survival was
improved markedly.

The next step was the modification of the two hydraulic fish lifts for pump operation. This was accomplished by
cutting out the venturi sections and connecting the pump suction to the lifts. Survival rates with both the vertical and
horizontal lifts pump-operated were most encouraging, but still the collection rate per hour was discouragingly low.
Figure 24 shows the horizontal hydraulic fish lift modified for pump operation.

The search for areas of high fish concentration continued and one of 15 sq. ft. was found between the hanging
curtain wall and the traveling screen. A new device, called the fish collector, was installed in this area.

The first fish collector, shown in Figure 25, was a pan 6 inches deep, hung from the under side of the curtain wall,
projecting into the area of fish refuge with a lip approximately 5 inches away from the traveling screen and extend-
ing the full width of the screen approach channel. The top of the pan was open in the refuge area until it reached the
curtain wall. From the curtain wall the pan was covered and gradually converged to a 6-inch diameter suction pipe
connected to the fish pump
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FIGURE 23. Shows the experimental hookup of "fish pump," used in fish concentration and stratification studies in
the screen structure

located at the floor elevation of the screen structure. The original collector was primitive but from the very begin-
ning it demonstrated that an area of high fish concentration had been found and that fish could be collected safely in
great numbers.

Comparative studies of fish recovery methods used in January, 1952, demonstrated the remarkable effectiveness
of the collector. A careful count was made of fish removed from the three traveling screens, fish recovered from the
one fish collector, and fish recovered from a mechanical dip net, the latter an experimental device being tried at the
time. The results of the simultaneous operation of these devices are tabulated below. Altogether 83,200 fish were
counted during the studies.
One fish collector 80 fish/hr. 77 percent survival
Three traveling screens 49 fish/hr. 33 percent survival
One mechanical dip net 9 fish/hr. 88 percent survival
One fish collector 44 bass/hr. 88 percent survival
Three traveling screens 33 bass/hr. 39 percent survival
One mechanical dip net 1 bass/hr. 96 percent survival
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FIGURE 24. The horizontal hydraulic fish lift modified for fish pump operation. This device was the forerunner of
the fish collector to be developed later
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* Collector 2 located in front of traveling screen 2.

FIGURE 25. Shows the first prototype fish collector used, suspended from the underside of curtain wall in front of
the traveling screen

One fish collector 58 percent all species 57 percent bass
Three traveling screens 35 percent all species 42 percent bass
One mechanical dip net 7 percent all species 1 percent bass
Total fish recovered 100 percent all species 100 percent bass

Additional experiments were made to establish a relationship between fish removal by the three traveling screens
and recovery by the one fish collector. The results were as follows:
Screens 1 and 3 35 percent of all species
Screen 2* 1 percent of all species
Collector 2* 64 percent of all species
Total 100 percent of all species
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* Fish collector located in front of screen 2.

These results led to the eventual equipping of all screens with collectors.
Experiments were conducted in February, 1952, to determine bass distribution in the screen structure, and to

throw some light on how long fish were remaining there before entering the collector. For this test 817 market bass
were released in the bar rack well and a record was kept of the marked fish recovered on screens 1, 2, and 3 and by
the fish collector. of all fish released 50 percent were recovered within the first 40 minutes, 75 percent were re-
covered in four hours, and the remaining 25 percent were unaccounted for but were presumed to be in the screen
structure and alive. Fish used were of random size, from 4 to 7 inches in length, taken from our holding tank.
Screen 1 10 percent recovery 49 percent survival
Screen 2* 0.17 percent recovery 0 percent survival
Screen 3 45 percent recovery 26 percent survival
Fish collector* 45 percent recovery 50 percent survival

Experiments indicate that a sudden influx of fish into the screen structure can be dissipated in a short time. It is
also interesting to note that only one fish was removed from screen 2, the only screen protected by a fish collector.
The low survival rate is not considered significant since the experimental fish were in a weakened condition from
marking and being held in captivity. The experiment confirmed previous indications of the effectiveness of the fish
collector. It was highly encouraging to learn that bass were being removed so rapidly.

Up to this time the plant had operated on one intake tube and three traveling screens, due to construction reasons
previously explained. In March, 1952, normal three-unit plant operation was begun with two inlet tubes and four
traveling screens in service and this condition prevailed for the balance of the investigation, except during certain
special phases of experiments. During the period of plant shutdown for conversion to two tube-four screen opera-
tion, newly designed fish collectors were installed in each of the four screen channels.

Pumps were needed for the new fish collectors, so an investigation was made of pumps best suited for the hand-
ling of live fish. Canneries in the area were using a trash disposal type of pump for unloading fishing boats, pumping
fish hundreds of feet to the cannery at a rate of 65 tons per hour, with excellent results.

It was decided to buy one of these pumps as an experiment for parallel connection to two collectors. The original
fish pump was a 5-inch bladeless impeller-type centrifugal pump. The new one was an 8-inch open impeller type.
The smaller horizontal pump had a rated capacity of 550 gallon/minute and the new vertical type was to have a ca-
pacity of 2,000 gallon/minute. It was thought additional capacity would be required to handle two collectors simul-
taneously.

Before the arrival of the larger pump the 5-inch fish pump was connected to two collectors both operating simul-
taneously and results were reasonably satisfactory. Tests, however, indicated that more flow through each collector
was needed to get maximum efficiency. Also, it was learned that screen channel approach velocities had a bearing
on the recovery rate of the collectors. Low approach velocities lowered the collector recovery rate and, on the other
hand, high approach velocities decreased
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the number of fish surviving. Later this velocity problem was resolved by attaining a balance between collector rate
and survival.

Large numbers of small yearling king salmon on their seaward migration and small splittails began appearing in
April and May, 1952. The effectiveness of the collectors in recovering these small fish was amazing.

Splittails are extremely delicate and it was gratifying to find fish of this species as small as 0.79 inches in length
being safely recovered by the collectors. During a 15-day period approximately 8,000 splittails averaging 1½ inches
in length were recovered by collectors 1 and 2. A large percentage of these fish was of a size capable of passing
through the traveling screens without difficulty, had they wished.

Approximately 1,000 salmon averaging 3.14 inches in length, were recovered by collectors 1 and 2 during the
short course of the study, with 100 percent survival. Juvenile salmon are sturdy, and no doubts exist as to the effect-
iveness of the collectors in safely handling this species.

Following the arrival of the new fish pump in July of 1952, experiments were started to determine the relative ef-
ficiency of the 5-inch and 8-inch types. All four screens were protected by collectors, two being connected to each
pump. Figure 26 below illustrates the superiority of the larger pump. The graphs were made up from a total recovery
of 32,300 fish of all species during a 10-day period.

FIGURE 26. Shows the results of the comparative study conducted on the five- and eight-inch pumps
It should be noted that 85 percent of all recovered fish over 5 inches long were recovered by the 8-inch pump. of

interest in the recovery of large fish by the 8-inch pump was the recovery alive during this experiment of one shad
18 inches long, one carp 22 inches long, one striped bass 14 inches long and one sturgeon 18 inches long. These four
large fish survived the trip through the pump with no apparent ill effects.
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An experiment with 500 marked carp averaging 3 inches in length was conducted in July, 1952, to determine col-
lector efficiency and fish distribution. The carp were all introduced into No. 1 bar-rack well simultaneously. At the
end of 175 hours, when the test was discontinued, 279 carp had been recovered. The disposition of the remaining
fish is unknown. The following summary shows the results of this experiment.
Carp recovered in one hour 28 percent of total
Carp recovered in 175 hours 56 percent of total
Recovered by 5-inch pump (collectors 1 and 2) 53 percent of recovered fish
Recovered by 8-inch pump (collectors 3 and 4) 46 percent of recovered fish
Recovered by four traveling screens 0.7 percent of recovered fish

The interesting thing about this experiment with carp is the relative efficiency of the collectors with other species
of fish. In this case, of the total of 279 fish recovered, only two were recovered from the traveling screens. It should
be noted that an experiment of this kind is severe and not comparable to normal conditions. Fish have little time to
become oriented after being placed in the bar-rack well in fast moving water before they reach the screens. This ac-
counts for the greater number recovered by the 5-inch pump.

A similar experiment was conducted in August, 1952, with 150 marked bass ranging in size from 5 to 10 inches in
length. In this experiment the screen structure was divided by a center line stoplog gate separating screens 1 and 2
from screens 3 and 4 together with their respective collectors. The market fish were again introduced into No. 1 bar-
rack well. The results of this experiment were as follows:
Bass recovered in one hour 24 percent of total
Bass recovered in 49 hours 68 percent of total
Recovered by 5-inch pump (collectors 1 and 2) 65 percent of recovered fish
Recovered by screen 1 10 percent of recovered fish
Recovered by screen 2 25 percent of recovered fish

This concentration suggests that the smaller pump is inadequate for handling a rapid build-up of fish of the larger
sizes, and it confirms results of previous experiments. of particular interest was the recovery of one 10-inch marked
bass on screen 4 10½ hours after the release of the fish in No. 1 bar-rack well. The only possible conclusion is that
the fish returned to the river by tube No. 1 and again reentered the screen structure by tube No. 2 and was later re-
covered by the traveling screen.

During the long period of development of the fish collector many other related experiments were conducted on a
round-the-clock basis, and a continuous record was kept of all fish recovered, both dead and alive. Laboratory ex-
periments were verified with full-scale prototype tests in the screen structure.

Progress in the rate of recovery and survival of fish was measured continually and while individual experiments
occasionally did not reflect improvement, the over-all trend did.

Tests were conducted in August, 1952, to verify recovery rates and survival data previously assembled. It was
learned that many fish were killed in the course of counting and classifying and survival figures under normal oper-
ating conditions will clearly be much higher. By slight improvements in methods of handling fish, survival rates
were improved 20 percent.
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In the author's opinion, the fish collectors will safely return to the river 98 percent or more of the fish entering the
screen structure from the smallest size stopped by the screens to fish approximately 14 inches in length.

4.13. 13. VELOCITY BARRIER INVESTIGATION
Solution of the fish problem required answers to many questions. Many of these were interrelated and dependent
upon having an understanding of fish behavior. Not the least puzzling of these questions was why fish preferred one
area to another when there was no apparent difference between them, or why a fish rescue device would give satis-
factory results in one location and fail in another.

Fish were observed to congregate in certain areas of the screen structure for no evident reason. A fish-collecting
device of one type would prove to be effective, but when replaced by another device in the same location the results
were nil. Rationalizing was of no avail without an understanding of fish reaction.

An investigation into this phase of the problem was started in April, 1952. A series of experiments was conducted,
in which small partial obstructions were placed in the test flume channel in an attempt to create areas attractive to
small bass and salmon. It was anticipated that they would congregate in the lee of objects placed in the channel flow.

Long circular, V-, and U-shaped sections were used for the obstructions. Individual tests were made with each
type of obstruction by placing them in different positions in the channel flow and then observing fish reaction. The
obstructions were placed vertically and at a 45° slope angle, in midchannel, and against the flume wall. They were
placed horizontally on the bottom and just submerged below the surface, extending across the channel. Figure 27
shows some of the placements of the obstructions tried.

From this series of experiments conducted with a water flow of 2.5 ft./sec. it became evident that fish were reluct-
ant to cross through a vertical stream line where two widely differing velocities came together as a result of vertical
or sloping obstructions placed anywhere in the channel flow. In fact, fish could not be herded through this intangible
water barrier.

On the other hand, horizontal obstructions placed on the bottom of the flume or just submerged near the surface
were acceptable as refuge areas for fish congregation. Fish would approach these obstructions from the lee side un-
derneath the line of differential velocities in the case of the bottom obstruction or above the line in the case of the
top obstruction.

This suggested that the plane of the barrier is an important factor in creating an area attractive to fish. The term
"velocity barrier" was adopted in the course of these experiments and in all future experiments the term was used to
denote an abrupt demarcation between stream flows of widely differing velocities.

Guiding fish from hazard areas or attracting them into refuge areas by the velocity barrier method was tried next.
A series of angle-shaped vanes made of sheet metal, set vertically at intervals in a V-shaped pattern pointing up-
stream, were placed in the test flume channel. Fish equivalent in size to the model scale were tested in a stream flow
of 2.5
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FIGURE 27. Shows the various shapes and locations of partial obstructions placed in test flume during velocity bar-
rier studies
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ft./sec. and their actions observed. Fish sensing the approach of the velocity barrier moved to either side of the chan-
nel as they were swept downstream.

The same experiment was repeated with the vanes placed in a straight line diagonally across the channel and with
a collector installed on the downstream wall of the flume at the point of convergence with the barrier. Three-inch
salmon and 14-inch bass were satisfactorily recovered.

The reluctance of fish to cross through a vertical line of high differential velocity was again confirmed. The spa-
cing between the vanes was ample for fish to pass through without trouble, had they wished. In no sense was the ob-
struction like a screen or a bar-rack. The purpose of the obstruction was the creation of a definite vertical line of
high velocity crossflow. Approach velocities of 2.5 ft./sec. were considered the minimum and the velocity must be
greater than the swimming ability of the fish to be deflected or they will swim upstream away from the barrier. Fig-
ure 28 illustrates the pattern of the deflecting vanes in the channel used in these two experiments.

FIGURE 28. Shows arrangement of deflecting vanes placed in test flume channel during velocity barrier tests
Using Type 1 arrangement of deflector vanes, 100 percent of all experimental fish were deflected to the sides of

the channel with water velocities sufficient to move fish downstream. As this arrangement would require two col-
lectors, work was concentrated on the Type 2 device with a single collector. Initially this arrangement was tried with
a single slotted collector pipe behind the last vane. Under these conditions a rotary
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turbulence was developed, which was unsatisfactory for collecting fish. A collector shield which was sealed to the
flume wall was then introduced. This device proved exceptionally satisfactory in collecting fish.

Here were the answers to some of the puzzling questions: why certain collecting devices were ineffective, why
the pump fish sample experiment failed, and why some areas were more attractive to fish than others.

FIGURE 29. Structural details of velocity barrier test flume
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In August, 1952, a larger test flume was constructed to further develop and to increase the scope of the velocity
barrier experiments. Barriers of angle-shaped vanes, pipe sections, and compressed air were all tried with encour-
aging results.

The angle vanes were rigged to an adjustable frame, so that the deflection angle of the barrier across the channel
could be varied. Also, the angle vanes were pivoted so that the angle of incidence to the stream flow could be altered
for different tests. Deflection angles from 27° to 45° and vane angles from 6° to 33° were tested. Vane width
equaled the vane spacing interval. Velocities from 1.15 ft./sec. to 2.0 ft./sec. were tried.

Altogether, 16 vane experiments were made, using from 50 to 100 fish in each one. Bass and steelhead ranging
from 0.63 to 3.66 inches in length were used. Recovery of 92 percent resulted with a 30° deflection angle, a 10°
vane angle and a velocity of 1.85 ft./sec. See Figure 29 for barrier arrangement.

Four experiments were conducted with the pipe barrier made of 1¼-inch OD pipe spaced ½ inch apart on a de-
flection angle of 30°. In each of these experiments 30 bass of about 1.38 inches in length were used. Average recov-
ery of 93 percent resulted, with a velocity of 1.85 ft./sec.

The compressed air barrier was created by a ¼-inch pipe drilled with 0.034-inch holes on 1-inch centers laid at a
30° deflection angle in the bottom of the flume and connected to the local compressed air supply. Only preliminary,
nonquantitative experiments were carried on with this device, but results were comparable with those in the other
experiments.

All velocity barrier experiments were on a laboratory scale and the results are far from being conclusive. It ap-
pears, however, that the velocity barrier method of controlling fish movement offers great possibilities in large water
diversions. In providing such a barrier it is of equal importance to provide an easy and acceptable bypass channel for
fish.

The use of the velocity barrier method is only applicable to the diversion of a part of the total stream flow. Suffi-
cient water must be bypassed to handle adequately the fish population involved and it does have limitations in this
respect. A considerable loss of head by the creation of a velocity barrier is another disadvantage of this method
where head loss is critical. Also, it is presupposed that the fish being controlled are capable of self-propulsion. It has
no value in preserving fish life in the egg and larval stage.

4.14. 14. SUMMARY OF THE RESEARCH PROJECT
The fish research program at Contra Costa was the consequence of the serious fish problem that developed there
after the plant began operating in June, 1951. The program covered a period of 17 months and was concluded in Oc-
tober, 1952.

The primary objective was to discover how to save fish present in the water used for condenser cooling at the
Contra Costa Steam Plant. A second objective was to obtain basic information needed to protect fish at future in-
stallations using large quantities of water.

The research program was conceived as a realistic and a practical approach to the problem and the data gathered
were applied in the same way to the solution. Every attempt was made to learn the facts, regardless of established
belief or wish.
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As was to be expected in a pioneering venture, there was considerable fumbling around at the beginning, but it
later developed into a well organized program. Probably as much was learned from failures as was learned from suc-
cessful experiments.

Many variables were involved to add to the complexity of the problem and not the least was that fish are animals
about which we had limited knowledge.

To man the project, men of varied technical experience and training were chosen, including engineers from the
Pacific Gas and Electric Company, biologists from the State Department of Fish and Game, and engineers and
craftsmen from Bechtel Corporation.

Voluminous records and technical data, that had to be interpreted and evaluated, were gathered during the course
of the project. This report is based on these data.

Investigations and experiments covered many phases of the problem, including the study of fish behavior, velo-
city studies to determine fish swimming ability, screen mesh size, water temperature tolerance, traveling screen op-
eration, fish stratification and dispersion, electric fish screens, velocity barriers to fish and finally, the development
of a device for safely collecting fish and returning them to the river unharmed.

The study of fish behavior contributed much toward the development of a successful fish collector. It was found
that fish became aware of a screen obstruction in a channel before reaching it. In approaching a screen obstruction
fish were observed to move laterally, seeking areas of lower velocity as a refuge. Fish invariably swim headed into
the current. Fish have a strong aversion to crossing stream lines of high differential velocities and this is particularly
noticeable when the stream line is in a vertical plane. Vertical re-entrant corners have a tendency to trap fish. No ill
effects to fish were observed in rapidly moving columns of water at velocities as high as 10 ft./sec., even to fish of
small sizes.

The velocity studies on juvenile striped bass and king salmon indicate that their swimming ability is not a func-
tion directly proportional to length, and little difference was observed between the two species. Bass in the larval
stage have little ability to resist low velocity currents, even below the range of 0.5 ft./sec. A velocity of 1 ft./sec.
does not appear to be excessive for a 10-minute period for bass and salmon in the early yearling stages. As the
yearling age group develops, 2.75 ft./sec. is indicated as being their top range for a 10-minute interval. Velocities for
the juvenile and adult fish are much greater and they are not a problem in the usual water diversion.

The choice of screen mesh size to stop fish with no regard for fish life is one thing and the choice of screen mesh
size to preserve fish life is another. Contrary to general belief, a screen having clear openings larger than the fish to
be stopped will prove to be an effective barrier to the majority of the fish of that size, if avenues of escape are easily
accessible.

From the information gathered, one is led to believe that approach velocities and avenues of escape are more im-
portant considerations in the diversion of water and the barring of fish passage than is mesh size. Experiments indic-
ate that No. 2 mesh screens, having a clear opening of # inch, will effectively stop a large majority of yearling sal-
mon and bass 1.97 inches in length. Screens with a clear opening of 0.159 inches will bar bass and salmon 1.18
inches long, and yet it was found that
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substantial numbers of fish smaller than 1.18 inches are recovered by the collector in front of a #-inch clear opening
screen. The survival of larval and small yearling bass from impingement on screens, even for a short period of time,
is extremely low and the contrary was found to be true of yearling salmon.

Yearling bass and salmon subjected to sudden water temperature rises were found able to withstand a higher dif-
ferential range than was originally believed. Yearling bass can withstand a temperature rise of 16° F. and a maxim-
um temperature tolerance of about 90° F. with a survival of approximately 90 percent. Yearling salmon can survive
a temperature rise of 25° F. without loss of life, and their maximum temperature tolerance is about 83° F.

Little difference in effect on fish life was noticed between continuous and intermittent screen operation.
The dispersion or stratification of bass eggs, larvae, and small yearlings in the river strata appears to be uniform

insofar as fish preference is concerned, but is variable under changing tidal conditions and river turbulence. The res-
ults confirm the general belief that bass eggs, larvae, and small yearlings have little ability at self-propulsion and are
free-floating and at the mercy of the water currents.

Experiments with electric fish screens for diverting fish from the water intake at the plant were not conclusive and
were abandoned as not being easily adaptable to variable conditions at Contra Costa.

Probably the most outstanding single accomplishment of the program was the fish collector. The development of
a successful collector for safely returning entrapped fish to the river was the composite result of all experiments and
things learned from the research program. Each collector is capable of safely handling hundreds of fish per hour in
sizes from the smallest to 14 inches in length with a survival of 98 percent or more. By providing collectors in front
of each traveling screen, fish recovery by the screens is reduced to less than 1 percent of the total fish recovered. In
considering the economics of the problem, the cost of providing fish collectors for the traveling screens is relatively
low and it is not expected that operating and maintenance costs will be high.

The velocity barrier investigation was not directly applicable to the problem at Contra Costa except as it enlarged
our knowledge of fish behavior and answered questions of why fish had a preference for one area over another and
would avoid collection devices tried earlier in the program. The investigation does suggest great possibilities in the
control of fish movement at water diversions and is particularly applicable to places where water is consumed.
Again differentiating between the words "water consumed" and "water used", it becomes highly important in a fish
preservation program to bar all fish from diversions consuming water and it is believed that the velocity barrier
method may be a solution.
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5. PART V APPLICATION OF RESEARCH DATA
5.1. 1. PROVISIONS FOR FISH PRESERVATION AT CONTRA COSTA
For hydrographic reasons and on the basis of other engineering considerations the screen structure at the Contra
Costa Steam Plant was located 410 feet from the point of cooling water diversion. It became evident after the plant
began operating that small fish once in the screen structure were incapable of returning to the river, resulting in a
continual build-up of the fish population and a high mortality at the traveling screens.

The problem was twofold: (1) to depopulate the screen structure of fish barred from passing through the plant by
the traveling screens, returning them to the river unharmed; and (2) to determine if fish passing the traveling screens
could survive a trip through the plant.

The twofold objective was accomplished by providing fish collectors in front of each traveling screen and by
demonstrating that fish that pass through the screens can pass through the plant and withstand the temperature rise of
the condenser cooling water without seriously affecting them.

From test data gathered it was found that the fish collectors will depopulate the screen structure and that the sur-
vival of fish passing through the collectors is 98 percent or more.

From operating condenser tests and laboratory experiments it was demonstrated that small striped bass and king
salmon can safely pass through the condensers under maximum load conditions and that fish survival is 95 percent
or greater. Maximum plant loads do not normally occur during the season when small bass and salmon pass through
the plant, further improving the fish survival rate. Tables 3 and 4 give actual temperature differences between river
and discharged water for July and August, 1952. These temperature differences are considered typical.

Bechtel Drawing 406371-1 is a composite drawing showing the cooling water system of the five-unit plant. Draw-
ings 406385-O and 404390-2 are structural drawings of the fish collectors and piping system for returning fish to the
river from the screen structure. See Figures 33, 34 and 35.

A hypothetical evaluation was made of the effect the Contra Costa Plant will have on the adult bass population of
the Delta. It was based on results of the research program and from data contained in two Department of Fish and
Game publications.

The reference publications were the "Striped Bass Fishing Map" (Calhoun, 1952) and the "Distribution of striped
bass fry in relation to major water diversions" (Calhoun, 1953).

The total number of adult bass in the Delta is unknown. However, from the second reference 35,000,000 finger-
ling bass, approximately one inch long, were estimated to be in the Delta area during mid-July of 1951.
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1 868 cu. ft./sec. X 3,888,000 seconds (45 days) X 0.00103 bass fry = 3,476,000.

FIGURE 30. Shows screen structure and five traveling screens in the foreground and water intake structure in the
river. Building at the right houses cooling water pumps for Units 4 and 5. Tide at time of picture at approximately

elevation —2.0 feet. Photograph by Don Krogh, P. G. & E. News Bureau, March, 1953
Also, from the same source, Table 4 gives estimates of the number of bass fry to be found per 1,000 cu. ft. of water
for the different regions of the area.

It is inferred in the "Striped Bass Fishing Map" that the bass population appears to be in equilibrium, that is, that
the adult population is presently remaining constant even though 1,500,000 are caught annually by sportsmen.

Assuming the 35,000,000 fingerlings are an annual representative average, it then follows that this is the number
of fish needed annually to maintain population equilibrium, compensating for the sportsmen's catch and normal mor-
tality. On this basis, the normal mortality due to natural causes between the fingerling and adult stages is 95 percent.

The number of bass fry involved by the 868 cu. ft./sec. of water "use" at Contra Costa was calculated to be
3,476,000 from bass distribution figures in Table 4 of the second reference.1 This is a maximum figure, based on the
assumption that all fish present in the water drawn in will enter the plant. It is estimated that 79 percent of the time
the fish passing through the plant will be subjected to a temperature of 10° F. or less. Survival of 100 percent is anti-
cipated for these fish. The remainder of the period when bass are small enough to pass the screens they will be sub-
jected to a temperature rise of from 10° to 16° F. A 6 percent loss is
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TABLE 3
COOLING WATER TEMPERATURE DIFFERENTIAL (Degrees F.) PLANT OPERATION FOR JULY, 1952
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TABLE 4
COOLING WATER TEMPERATURE DIFFERENTIAL (Degrees F.) PLANT OPERATION FOR AUGUST,

1952
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2 0.06 x 0.21 x 3,476,000 = 43,800.

FIGURE 31. Shows the layout and location of the two eight-inch vertical and one five-inch horizontal fish pumps,
together with allied piping. Each vertical pump is connected in parallel to two collectors and is in operation. The
horizontal pump is connected to a single collector and will be in service when Screen 5 starts operating this sum-

mer. Photograph by Don Krogh, P. G. & E. News Bureau, March, 1953.
anticipated under these conditions, on the basis of the experiments described earlier, amounting to 43,800 fish.2

Only about 5 percent, or 2,200, of these fry could have been expected to survive long enough to enter the fishery,
as discussed above.

The period of 45 days was used in the foregoing analysis on the basis that the abundance of bass larvae and fry
capable of passing through the screens builds up from zero to maximum and back to zero in the course of about 90
days.

Turning now to the losses after the bass are large enough for the screens to stop, it is believed 98 percent of these
fish will be picked up by the collectors and returned alive to the river. The estimated annual collector recovery at
Contra Costa is 560,000 juvenile striped bass. This is based on a complete count there over an 11-month period.
Two percent amounts to 11,200 juveniles. Five percent survival of these represents 560 adults. Addition of the 2,200
from the fish passing the screens brings the estimated total annual loss to the fishery to 2,760. This, in turn, repres-
ents 0.18 percent of the estimated annual bass take of about 1,500,000 fish.

The conclusion then, is that the Contra Costa Plant will not significantly affect the striped bass population of the
Delta.
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FIGURE 32. Shows fish collector in position in front of traveling Screen 5. Collector extends under curtain wall to
within five inches of screen face and the top is open on far side. Photograph by Don Krogh, P. G. & E. News Bur-

eau, March, 1953.

5.2. 2. PROVISIONS FOR FISH PRESERVATION AT PITTSBURG
The Pittsburg Steam Plant now under construction on the upper reach of Suisun Bay near the city of Pittsburg, Cali-
fornia, has a cooling water requirement of 900 cu. ft./sec. Fortunately, the design of this plant had not progressed far
and the knowledge gained from the fish research program could be incorporated in much of the design.

For one thing, it was possible to locate the screen structure on the edge of the bay, so that it became the point of
actual water diversion. Traveling screens of the conventional type are to be used and are to be basketed with 2-mesh
screens, having a clear opening of # inch. The screens are so arranged in the structure that they present a smooth
continuous face for the entire length of seven screens and are not inset in screen channels or pockets, as is very often
the case. The traveling screens are protected by bar-racks having a 3-inch spacing, set approximately 25 feet in front
of
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the traveling screens. These are designed to handle heavy floating debris that might otherwise damage the traveling
screens. The forebay in front of the traveling screens is so designed that fish have free movement and are not restric-
ted from moving laterally out the sides or back out the front of the screen structure. Also, by this open type of con-
struction, tidal currents moving up and down the bay have a clear sweep across the screens. Re-entrant corners have
been eliminated and everything possible has been done to assure a uniform flow pattern in the forebay. Velocities in
this area are less than 0.5 ft./sec.

The approach channel to the screen structure has been dredged out for a wide area between the shore and the ship
channel of the bay. Every effort has been made to provide free movement for fish away from the water intake area
and to avoid conditions that might constitute a trap. Maximum screen approach velocities average well below 1.5
ft./sec. for extreme tidal conditions and areas of turbulence have been eliminated insofar as possible.

Fish collectors are not provided in this installation, for it is believed that the design of the screen structure will not
require them. Ample avenues of escape are provided and no hazardous entrapment conditions exist.

As demonstrated at Contra Costa, fish life with little or no ability at self-propulsion will be allowed to pass
through the plant. The maximum temperature rise of the cooling water under full load conditions is 15.6° F. and as
was proven at Contra Costa, survival for a temperature rise of this magnitude is high.

In designing the cooling water system consideration was given to safe fish passage through the plant and care was
taken to eliminate areas of high turbulence and abrupt changes in velocities. The downcomers from the condensers
have been streamlined so that the discharging water will move as a column and the individual condenser lines dis-
charging into a common duct likewise have been streamlined to avoid turbulence and abrupt velocity changes. Max-
imum velocities through the system are approximately 8 ft./sec. The time of fish passage through the plant is estim-
ated to be in the range of five minutes, which is about one-half the time used in the experimental work at Contra
Costa.

Fish survival is expected to equal or exceed that prevailing at Contra Costa.
Bechtel Drawing No. 410862-1 (Figure 36) is a complete layout of the cooling water system for the Pittsburg

Steam Plant for the Pacific Gas and Electric Company.
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FIGURE 33

FIGURE 34
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FIGURE 35

FIGURE 36
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