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SUMMARY OF RESEARCH PROJECT REPORTS

Bonneville Power Administration
BPA Fisheries Project 82-14

DEVELOPMENT OF NEW CONCEPTS IN FISH LADDER DESIGN

Conducted at the
Albrook Hydraulics Laboratory
Department of Civil and Environmental Engineering
Washington State University
Pullman, Washington 99164-3001

Project Period: June, 1982-Qctohber, 1984

1. Orsborn, John F. 1985. SUMMARY REPORT

A synopsis of the project components was prepared to provide an
overview for persons who are not fisheries scientists or engineers.
This short report can be used also by technical persons who are
interested in the scope of the project, and as a summary of the
three main reports, The contents includes an historical
perspective on fishway design which provides the basis for this
project. The major project accomplishments and significant
additions to the body of knowledge about the analysis and design of
fishways are discussed. In the next section the research project
organization, objectives and components are presented to
familiarize the reader with the scope of this project.

The summary report concludes with recommendations for assisting in
the enhancement and restoration of fisheries resources from the
perspective of fish passage problems and their solution. Promising
research topics are included.

2. Aaserude, Robert G. and John F. Orsborn. 1985. NEW CONCEPTS IN
FISHLADDER DESIGN.--Results of Laboratory and Field Research on New
Concepts in Weir and Pool Fishways. (With contributions by Diane’
Hilliard and Valerie Monsey).

The driving force behind this project, and the nucleus from which
other project components evolved, was the desire to utilize fish
leaping capabilities more efficiently in fishway design. This
report focuses on the elements which were central to testing the
premise that significant improvements could be made in water use,
costs and fish passage efficiencies by developing a new weir and
pool fishway. These elements include: historical review of
available information; optimization of weir geometry; fluid jet
mechanics; air entrainment; energy dissipation in the pool chamber;
and fish capabilities. The new weir and pool chambers were tested
in the field with coho and chum salmon.

ix
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3. Orsborn, John F. and Patrick D. Powers. 1985. FISHWAYS--AN ASSESSMENT
OF THEIR DEVELOPMENT AND DESIGN (With contributions by Thomas W.
Bumstead, Sharon A. Klinger, and Walter C. Mih,)

"This volume covers the broad, though relatively short, historical
basis for this project. The h1stor1ca1 developments of certaxn design
features, criteria and research activities are traced. Current design
practices are summarized based on the results of an international
survey and interviews with agency personnel and consultants. The
fluid mechanics and hydraulics of fishway systems are discussed.

Fishways (or fishpasses) can be classified in two ways: (1) on the
basis of. the method of water control (chutes, steps [ladders], or
slots); and (2) on the basis of the degree and type of water control.
_This degree of control ranges from a natural waterfall to a totally
artificial environment at a hatchery. Systematic procedures for
analyzing fishways based on their configuration, species, and
hydraulics are presented. Discussions of fish capabilities, energy
expenditure, attraction flow, stress and other factors are included.

4. Powers, Patrick D. and John F, Orsborn. 1985. ANALYSIS OF BARRIERS TO
UPSTREAM MIGRATION.--An Investigation into the Physical and Biological
Conditions Affecting Fish Passage Success at Culverts and Waterfalls.

Fish passage problems at natural barriers (waterfalls) and artifi-
cial barriers (culverts) are caused by excessive velocity and/or
excessive height. By determining which geometric or hydraulic
condition exceeds the capabilities of the fish, the most promising
correction can be made to the barrier,

No waterfall classification system was found in the literature
which could be applied to fish passage problems. Therefore a
classification system was designed which describes: (1) downstream
approach conditions at the base of the barrier; (2) central passage
conditions as in a high velocity chute or the leap over a falls:
and (3) upstream conditions where the fish exits the high velocity
chute or lands after leaping past a barrier.

The primary objective was to lay the foundation for the analysis
and correction of physical barriers to upstream migration, with
fishways being one of the alternative solutions. Although many
passage improvement projects are economically small compared with
those at large dams, each year millions of dollars are spent on
solving these smaller passage problems--and sometimes the money is
wasted due to poor problem definition., This report will assist in
both the definjtion of the problem and selection of the most
beneficial solution.
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ANALYSTS OF BARRIERS TO UPSTREAM FISH MIGRATION
ABSTRACT

This paper presents a detailed analysis of waterfalls and culverts as
physical barriers to upstream migration by salmon and trout. Aralysis
techniques are based on combining barrier geometry and stream hydialogyv to
define the existing hydraulic conditions within the barrier. These

conditions then can be compared to known fish capabilities to Jdetermine

”fish passage successf A systematic classification system is developed

which defines the geometric and hydraulic parameters for a given stream
discharge. This classification system is organized in a format that can be
used to catalog barriers in fisheries enhancement programs. Thé analysis
compares hydraulic conditions and fish capabilities in detail, as thie fish
enters the barrier, attempts passage and exits the barrier. From this
comparison the parameters which prohibit passage can be determined.
Hydraulic conditions are a function of the barrier geometry and stream
hydro]ogy; and the stream f]owvis constant at the time each steplin
analysis is performed. Therefore, the barrier geometry must be modified to-
alter fﬁé?ﬁyaﬁﬁd1iﬁémtd”meet“ﬁishfﬁgﬁaﬁjlj;ieyl. Modifications can be
accomplished by: installing instream "control" structures which defiect
the flow or raise pool levels; blasting to alter or remove rock; and
installing a fishway to bypass the barrier. Modifications should not be

attempted until the analysis defines the excess{ve parameters which should

he modified.
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INTRODUCTION

When adult salmon and stee]héad trout enter freshwater, maturing fish
stop feeding and rely on energy reserves stored in body fat and protein to
carry them through migration and spawning. The rate of sexual maturity is
established by heredity, and cannot adjust to delay. Barriers which cause
excessive delay and abnormal energy_expEnditures_can'resu1t in mortality”’
e{phertdurjng the miération or in the spawning areas’. These barriers can
beinatural-or artificial; as well ‘as physicaly-chémical or theima)’.
Naturdl barri ers_gconsi_,s_ t mainly -of waterf all s.;gnd_,,‘;ﬁeb‘ri s.jams, -and ;artif i-
cidl barriers ‘consist main]&;éf;daﬁg;ﬁcu1verts and -1og .jamg'. This study
will consider on]y-thdge.barriers consisting of waterfalls or culverts
that partially or totally obstruct salmon and trout upstream migration. In
addition to existing barriers which delay or totally block upstreanm
migration, spawning areas which were originally accessible have hecome -
indndatedtby reservoirs and other instream modifications. Therefore,
e;isting barriers must be modified to further open the “window of passage"
to spawning areas.

The potential for deriving henefits from alleviating barriers to
midration is high, but in thé remote areas where these barriers usually
exist, the-bost of traditional fish ladders and construction methodé
usually outweigh the benefits to be gained. Some barriers Tend themselves
to simple so1ut%ons such as blasting a series of pools to assist fish
passage. But }n many cases an analysis of the geometric, geologic, hydro-

logic and hydraulic characteristics needs to be made so that alternative




solutions can be generated and compared. Stuart (1964) suggests that the
behavior of migrating salmonids can be correlated directly with the
hydraulic conditions in the stream channel. This relationship is the basis
for this study.

Because stream flows and site géometfj“Edﬁt?ﬁiréifééhMWidtﬁlihépthiéhqf
velocity, the hydraulic parameters are,a_fqn¢;ioﬁfbffthe7ge0mdrphic"and
hydrologic barameter§ Given the geomorph1c conditions at & site, con-
sidered to be constant, and the hydro1og1c cond1t1ons wh1ch are var1ab1e
w1thinﬁairange'oftvalues'ﬂan“ana1ysis‘of?the‘hydrau11c*Cdnd1t1onsﬁre]ated
to, fish capab111ties can determ1ne the 1mpact tﬁe’Barrier “has¥onfish
passage1§ugce$§. These relationships can be seen in the flow ‘chart in
Figure 1. The objectives of this study are to:

1. develop a classification system for waterfall and culvert

barriers;

2. develop methods for analyzing barriers using site geometry,
hydrology and hydraulics, and by relating the hydraulics to fish
capabilities; and .

3. generate "parameter specific" solutions to assist fish past
barriers without the installation of a typical fishway.

It is not within the scope of this study to develop analytical methods for
more complex barrier structures but to develop the conceptual basis for
these methods. Complex barrier analysis would require extensive field work
and/or physical model testing. It is the author'§ intention to use this
study as a foundation to further develop analytical methods for analyzing

more complex barrier systems.
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Because of the wide variations in the forms of barriers, a classi-
fication system is required to facilitate the analysis and subsequent
generation of solutions to fish passage problems. Evidence of waterfall
classification 1in the literature points only to a system based on genetic
qrounds (Fairbridge, 1968). The writer is not aware of a systematic
c]assificaéion system of waterfalls which correlates fish passage success.
The requirements for an adequate classification system include the fol-
lowing:

1. site geomefry,

2. hydraulic conditions, and

3. fish passage success.
Based on these three factors a classification system for waterfall and
culvert harriers was developed to aide in assessing, analyzing and modi-
fying barriers.

Natural rock barriers cqn_be;invthenfofmﬁpf_fa]ls, chutes or cascades.
Fallg (Fig. 2) aqéﬁpﬁéﬁé@iék{;ﬁjéQ@f‘spégp_(commonly vertical) overflow
sections where the fmpact.of ‘the ifalling Watérscours:a:deep plinge; ool ;at
the” FOF 5f the falls.y Falls forn elévation barFiErs hers the differegee
in water ‘surface elevation:between the “upstredf water surface and the
plunge p061, and/ér the héfizbﬁta1;distangéﬁjtbﬁiibé;}§1]§tcte§tftd'fhé
plunge pool. exceeds the leaping capabilities bfithe*pertinent fish speciés.
Often the leaping efffcienéf‘of”tﬁe fish is constrained by unfavorable
plunge pool conditions. 1f the pool is shallow, the falling water will

strike the bottom creating violent pool conditions, thus affecting the

fishes' orientation for leaping. Even if a fish has successfully leaped a



falls, it can be swept back due to high velocities and/ar shallow depths

above the falls crest. A cantilevered culvert outfall (Fig. 3), where the
fish must leap to enter the culvert, is similar geometrically to a fall.
The only difference is the nature and geometry of the bed over which the

water flows.

FLOW
‘ FLOW
R —>
LIS PLIESINNN
Figure 2. Profile view of a fall Figure 3. Profile view of a

cantilevered culvert

Chutes . (Fiq. 4) are characterized,by Asteep, slopxng, rough open

channels, offer1qgwthelf1sh a h1gh ve]oclpxwmgpium»1n wh1ch to sQ1mj;5¥Hou€
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rest1nq areas._Chutes form ve16c1ty barr1er ﬁherewlhezwater ve10C1tyTnear
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the downstream ‘entrance "to.. tﬁe chuteaexceedSathesf1shes "Qﬁﬁﬁ?ﬁ&ﬁspeeﬁp

ALY R

’foot of the chute7 (Lfsthe

..g,“

Often a standing wave will deye1997étéﬁu

downstream"P1unge-Poo1stishaT1ow;;fﬁgfgfﬁhdin9?Wévefﬁma¥1f9“m&E29&f%r
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downs;rgam for:the: f1sh to resy before burst1ng}mn§qﬂwl ﬁq;e. Even if

L ,g-,..q"w-.. £ RSt

pn

the velocities down in the chute are within the fishes' swimming speed, :the’
depth- of f]ow and s]ope 1ength cou1d proh1b1t passagqj Also, chutes often

pass a bu]ked mass of water and entrained air which offers a poor medium




for swimming. Stuart (1964) suggests that when flowing water entrains air,
the density of the mixture will be reduced and will detract from the
propulsive power of the fishes' tail and diminish the buoyancy of the fish.
" Afr entrainment also reduces the stimulus of attraction flows. Chutes with
steep slopes are very similar to culverts (Fig. 5) where the fish must swim
a long slope length. The difference again is in the nature of the bed over
which the water flows, and the shape of the flow area. Culverts do not
offer an . irregular natural boundary which can proVide an occasional resting

place.
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—

Figure 4. Profile view of a steep/ Figure 5. Profile view of a steep/
high velocity chute. high velocity culvert.

E;§EEHE§ (Fig. 6) are”“hirébteri;Eﬁmgyﬁﬁwfggbh ‘of stream where large

E R
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Cascades*ofte )
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Chgks

ST

d1ff1cu1t1es Qh1ch make 1t 1mposs1b1e for a f1sh to effectwve]y use a1l 1t§
SW1mm1ng pow@n; If the roughness elements (or boulders) are large, they

will often create periodic resting areas within the cascading reach.




Jackson (1950) noted that the sockeye salmon trying to pass Hell's Gate on
the Fraser River in British Columbia almost succeeded in "eroding their
noscs back to their eye sockets" by contact with the bank while trying to

maintain equilibrium in the turbulent water.
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Figure 6. Plan view of'a cascade.

Pioneering works in the field of analyzing waterfall barriers has been
conducted mostly by fisheries biologists through methods such as field
sampling by e1eétrofishing, skin diving or just personal observation of
fish passage. No significant research concerning the fluid mechanics of
waterfalls has been conducted.- There has been considerable work done on
~ culverts to relate depth, velocity and discharge relationships, as reported
by Dane (1978), Evans & Johnston (1980) and others. The obstruction at
Hel1l's Gate focused a considerable amount of attention on the velocities
and turbu]enée that sockeye salmon were facing. In that study, river

velocities were measured by two methods:



1. the highest average velocities from the river discharge anc the
area of smallest cross section, and

2. average mid-stream surface velocities us1nq a float.

Highest average velocities ranged from 12.9 to 17.5 fps, but Jackson (19s0)
noted'that these computed velocities were inaccurate because of the
extremely rough channels at Hell's Gate. The conclusion was that the
combination of turbulence and high velocities prevented the passage of
lTarge runs of sockeye salmon. Clay (1961) suggests the fo11owfng
engineering field work that is required before design and construction of a
fishway at a fall can be initiated:

1. topographic surveys;

2. record magnitude, direction and location of velocities;

3. locate points of turbulence, upwellings and the intensity and
location of points of surge and how they relate to fish behavior;
and

4., river discharge measurements.

Clay also suggests various types of fishways that can be installed at

natural obstructions. He notes that because&of the wide irange ‘of .f1ows at 3

AT 2&}»%‘\3«&31 PRI R I F LN LR PR

Ya natura1 obstruct1on the vertical slof ityp f’f1shway should ‘be : used*

SEPR R R

hecause “it7can accept a wide Fange . of wdtergleveT;f1uct&3t1ons Fwhile stily
working effectively. 4

Most of the design work on assisting fish past waterfalls without the
installation of a fishkay rests in project files. Many of these waterfalls
were observed to be barriers due to shallow depths, high velocities and/or

elevation drops, and were modified by blasting to try to reduce the
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magnitude of these constraints to passage. This study will develop detailed
analysis procedures to generate "parameter specific" solutions to the "real

passage problems" at barriers.
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FISH CAPABILITIES

Swimming Speeds

The objective of this section is to document values for the upper
1imits of swimming speeds, leaping capabilities and swimming distances for
adult salmon and steelhead trout, and to evaluate their performance in a
format useful for analyzing barriers. 1In order to differentiate between

water velocity, fish velocity and relative velocity of the fish to thke

BT s g s s e e r L SOT
exsthe “rateof ‘motion of thef

water, the term fépéédﬁ:wiilfbe used fdfdéﬁai

fish'as an object with respect to-a refererice plane® Relative speed will
denote the difference between fish speed and the velocity of the water,
that is:

YR = VF - VW (1)
where VR = relative speed of the fish to the water; VF = speed of the fish;
and VW = velocity of the water. -

Rangés of speeds are classified in the literature according to the

function, or relative speeds which fish can maintain. The classification

of.speeds published by Hoar and Randall (1978) which will be used in this

study, is: '
sustained - normal functions withoutifatigieir
prolonged ' -« activities.Tasting®15 seconds¥toi200 minutes whichz
| resiiffinifatigiens -
burst - activities which cause fatigue in 15 seconds or less.

Ranges of speeds for these classification are shown in Table 1 from Bell

(1973).

10
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.




Table 1. Fish speeds of averege size adult salmon and steelhead trout as
reported by Bell (1973).

Fish Speed (fps)

Specie SustainedDd ProlongedD Burst
S“eelpead 0-4.6 4.6-13.7 13.7-26.5
Ch?nOOk 0-3.4 3.4-10.8 10.8-22.4
Coho 0-3.4 3.4-10.6 10.6-21.5
Sockeye 0-3.2 3.2-10.2 10.2-20.6
Pink & Chumd 0-2.6 2.6-7.7 7.7-15.0 \
Qutnpoa=T" 2.0 6.4 2.8~

apink & Chum salmon values estimated from leap heights of 3 to 4 ft at
waterfalls.

Called cruising and sustained, respectively, in Bell (1973).

Ll T,

Be11 suggests that fish norma11y emp1oy susta1ned Speed for movement (sugh
as migration),’ proTonged speed for passage through difficult areas, and
burst speed for feeding or escape purposes. A

| For determining fish passage success over waterfalls and throuah
culverts, some percentage of the upper limit of burst speed will be used
which will depend on the physical condition of the fish. To determine
actual va1uesmof‘these percentages, a study was conducted on coho and chum
salmon swimming up a High velocity chute at Johns Creek Fish Hatchery near

Shelton, washington (see Appendix I11). From this study ft was concluded

that most of the t1me the salmon were swimm1ng at. -50%," 75% and 100% of

LR NI il G it 1 g g

...a i

the1r max1mum burst speeds suggested by Bell; (19L3) depend1ngaon the

A w1 v—r, Vb v

'cond1t1on of the f1sh These percentages w111 be used-to def1pesa

coeff1c1ent of f1sh cond1t1on (Cfc) Values for Cg¢c are given in Table 2,
with the corresponding character1st1cs of each. From Table 2, the actual

speed that should be used for passage analysis is:

11




ettt b ais

= coefficient of fish condition] Table 2.

TVE = VFB(Cee) 12)

where VKB = maximum burst speed suggested hy Bell (1973), Table 1; and L«

1

Table 2. Coefficient of fish condition (Cge). Values based on observations
and data taken for coho and chum salmon at Johns Creek Fish
Hatchery near Shelton, Washington, December, 1983.

'Fish Condition Coefficient(C¢c)

Good; in the river for a short time;

Bright; fresh out of salt water or C

still a long distance from spawning _ ' ' 1.00
qrounds; spawning colors not yet

developed

R

spawning colors apparent hut not - 0.75
fully developed; still migrating
upstream

Poor; in the river for a long time;

full spawning colors developed and 0.508

fully mature; very close to spawning

grounds

a TC§$ 3-0{50, corresponds to the upper 1imit of prolonged speed from
a e -

Leaping Capabilities

when f1sh 1eap at waterfa]]s, the1r mot1on can best be “deéscribed a§

o o LUK SR

prOJect11e motxon‘(1.e curved two dimens1ona1 mot1on w1th constant

A7 TR T o

sacceleration):’ Neglecting air resistance, the equations for proaect11e

motion are:

= (Vo cos@) and

-
!

(Vg s1n9)t-—-(1/2)gt2

~<
il

12




where x = horizontal distance the prbjectiTémtkaVeTé; 9”%f§ee£%¢§iTA1§£JHéé’
the prbﬂecti1e travels, Vg = initial velocity of the projectile, 8 ="angle

from the horizontal axis the projectile is fired, 't = time, and q =
acceleration of gravity (32.2 ft/sec?) s Rewriting the equations for x and
y in terms of the components that relate to fish leaping at a waterfall

yields:

XL = [VF(cosBL)]t and ' (3)

- HL

[VF(sinBL)Jt - (1/2)gt? ' (4)
where XL = horixontal diﬁfance or range of.the leap at some time (t), HL =
height of leap at some time (t), VF = fish speed, 6L = angle of leap from
the plunge pool, and g = acceleration of gravity acting downwards (32.2
ft/sec?). By combining eduations (3) and (4) and eliminating t from them,
we obtain:

HL = (tanBL)XL - g(XL)2/2(VFcos6L)2 (s
which relates HL and XL and ig the fish trajectbry equation. Since VF, 6L
and g are constant for a given leap, equation (5) has the parabolic form
of: -

“HLTE B {XLYEYe(xL) 2
Hence the trajectory of a fish is parabolic. Equation (5) is plotted in
Fiqures 7, 8 and 9 for six species of salmon and trout Teaping at angles of
80, 60 and 40 dearees. These leaping curves will be utilized later to
~analyze leaping conditions at a barrier. At the highest point of the
fish's leap, the vertical component of the velocity is zero, that is:
“VFyT="VF(singL) <-gt = 0 |
Solving this equation for t gives:

R NE(sinOL)/g

13
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Substituting this equation for t into equation (3) and (4) yields:

‘fHLf; (VF(s1noL))2/g - (1/2)(VF(s1n9L)2)/g
HL = (VF(s1n9L))2/29 (6)
‘ XL-f3VF?(cQ§9L)(§in9L/g) , (7)

Equations (6) and (7) give the maximum height of the fish's leap and the
horizontal distance traveled to the maximum height.

Bell (1973) suggests the following formula for computing veiocitiés at
which fish leave the water surface:

F = (2g(HL))0-5 - -

Solving this‘equation in terms of the leap height (HL) gives the same
result as equation (6), using a leaping angle of 90° to the water surface.
Aaserude (1984) noted that to determine the true leaping height above the
water surface, the length of the fish should be added to equation (6)
because the fish uses its full propulsive power up until the point the
fish's tail leaves the water, and once in the air skin drag can be neg-
lected. Since equation (6) and (7)”do not include the additive effects of
fish length or an upward ve10¢ity component often found at the foot of a
waterfall in iae form of a standing wave (Stuart, 1964), they will be used

here as conservative values from the accepted literature.

Swimming Performance

Swimming performqncefi;:a_mgasqreﬁpf_theISpeedawhjCh.a@ftsh,cdn

R

maintain over; a'per1od .of:time *(endurance). The‘d1 stan cerazfishica anTswim

-A't‘i" ‘w ‘L

is a funct1on*of thp*wq}er ve]oc1ty,*ffsh spe p fétwgue ‘time: Bell

17




(1973) suggests that burst speed can be maintained for an estimited 5 to 10
seconds. Relating this range of fatiaue time to the range of burst speeds
from Table 1, the swimming distances can be computed from:

LES = (VF - VOTF (8)
where LFS = length the fish can swim, VF = fish speed, VW = water vwelocity,
and TF = time to fatigue. Equation (8) is plotted in Figures 10, 1l and 12
for six species of salmon and trout. An example calculation will show how
these figures were derived.

Specie 2 steelheqd
-Bursthpeed Range'r113 7 to 26 5 fpsj

Fat1gue T1me’Range ﬂgS to 10 seconds

Water Velocity: - 10 fps ©

Coefficient of Fish Condition: .0.75

" LFS

[26.5 (0.75) - 1015 = 49 ft, or

LFS = [13.7 (0.75) - 10]10'= 3 ft. .

Therefore the maximum distance .an. adult steelhead, trout can sw1m g1ven the

cond1t1on of the: f1sh and 'a mean. water ve10c1tyw falO,fps ;s 49 ft Th1s
- TG

calculation assumes the water depth to be great enough to submerge the fish

s iuh .,-..,c_. % e k]

and that no air is entrained in the flow. The results are in Fig. 12.
‘£vans and Johnston (1980) suggest that the distance the fish can swim
against a given water velocity is best defined by the curves prepared by
Ziemér (1961) which reflect the swimming performance of salmon, steelhead,
and sma11er trout (Fig; 13). This curve was developed assuming a relative

fish speed (VR) of 2.0 fps. From the study reported in Appendix II, it was

determined that the average relative speeds for coho and chum salmon

swimming up the.velocity chute were 1.9 and 2.1 fps respectively, but®"?®




T .,

“ranged from values of 1.0 to 3 .0 fps. Because of th{s W1de.variation ﬂ1t

TR, Y s e

.appears that calculating the maximum d1stance a f1sh can swim by’ 51mp1y

TEET ST e .

us1ng relative f1sh speed does not accurateTy descr1be the magnitude of a

single passage attempt.

/

251 Cfc = 1.00 L STEELHEAD
__ 20 " Cfe = 0.75 TROUT
) .
o  15f-
et Cfc
=
= 10} -
o b
2 8_. aa
= D
> 6_ s
1 ¥ S5
QA e
- IRRE
g I . L PR
> o SIS P S IR
1 2 3 456 810 20 30 40 60 100 150

Maximum Swimming Distance(ft)

Figure 10. Maximum swimming distance for steelhead trout under three fish
conditions.
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Fioure 11. Maximum swimming distance for chinook, coho and sockeye salmon
under three fish conditions.

25¢ T PINK, CHUM

@ 201 S

55 15 Cfe = 1.00
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-

-
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O s

Q
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:B 5

© 4

= 3 o
2 . . 1 o1 1 1 1 1111 |

7 2 3 4 56 810 20 30 40 60 100 150

Maximum Swimming Distance(ft)

Figure 12, Max1mum swimming distance for pink and chum salmon under three
fish conditions.
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"Any facfor\fnterrupting or gffecpinnghngupp1y systém (oxyaen
ziﬁptake);as well as those affecting_the prthISive syst¢m’jtse[f;“affects
hﬁwimmjng performanéefm (Webb, 1975). Bofﬁtbf;thgge'conditiohs*éxist'whéé
thereifs insﬁffieieﬁt wafér dép£h fo”sﬁbmeféeékaeff;sﬁwwhi1e\ft'is swim-
ming.r Partial submergence impairs the ahility of the fish to generafé
thrusf normally accomplished by a combination of body and tail movement.
Also, if its gills are not totally submerged, they cannot function effi-
ciently, promoting oxygen starvation while also reducing the fish's ability
to maintain burst acfivity.d Evans and Johnston (1972)Jgﬁéﬁégihg?ﬁ{ﬁfﬁﬁﬁ'
water ‘dépth of.6 i }if"{fqﬁy_gsilge;qt;-jfc&gg tand BEFEAforasaTmon taa TS teEThead.

Dryden and Stein (1975) state "In-allléases,s

ity it bofin Ve Ky,

Tepti of water shoild be

Aerdbrimste D osrr e L e et i R

o,

sufficient to éhﬁfﬁé'F_'QJéQfoﬁ'é"large'sf fish attempting“to pass.” This limit-
ation will be used in analyzing barriers, because this would be the
minimum depth requirement withdut affecting the fish's propulsive system.
It is important to note that the values of fish speeds suggested by
Bell (1973) are for fish swirming in water without entrained air (black
water). In extreme cases of sufflation the density of the wéter/air
mixture {white water) will be reduced and detract from the propulsive power
of the fish's tail, reducing its speed. To summarize the equations that
describe the capabilities of fisﬁ in terms of swimming speed, leaping
capabilities and swimming performance, Table 3 is provided with a nomen-

c1ature of terms.
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{'.

?ah]e 3. Fish capability equations for swimming and leaping.

o
iType of Motion Equation
YR = VF - VW
;;wimming VF = VFB(Cgc)
LFS = (VF - VW)TF
| HL = [VF (sinoL)12/2g
Leaping .
: XL = VFZ2(cosOL)(sindL)/g
%where:
: VR = relative swimming speed of the fish,
VF = fish speed,
YW = water velocity,
VFB = burst speed of fish,
Cfc = coefficient of fish condition,
LFS = maximum swimming distance of fish,
TF = time to fatique,
HL = height of leap,
XL = horizontal distance of leap at fish's high point,
8L = angle of leap from water surface, and |

. a

accq1eta;iqq-Qfﬁgravjtyﬁﬁag,gxﬂyégeczl.

2T R,

(1)
(2)

(6)
(7)
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4. Turbulent flow (b}'WHiteIWater)'QiggwgaFBégzmbbw1s and eddies mike
it difficult for fish to orientate themselves and make full use of
‘their swimming power.

Table 4.  Characteristics of barrier classification components.

prsene gaea TR

" Classification Component Characteristics

Site geometry in plan view.
Flow patterns

Number of fish passage routes,
Characteristics of fish passage
routes.

Class

\ | Site geometry in profile.
‘Type Bed slopes
Pool! depths

y ' Elevation drops
Magnitude Water velocities
Slope lengths

The flow rate at which the class,
.type. and/or magn1tude were measured.

T R i

Discharge

TR T et e, 0 oai

Class

M L T T

Waterfa11 barrlers 1n nature are: usua11y“f0Und 1n three forms fai]s,

B bk B e RS

_ﬁthutes,and cascades,f From the author's field observat1ons of many
hgh oo e T M :

Y

barriers, it appears that fall barriers are foUnd &ithér” a§“sing1e:oﬁg

pemire AT R

u1t1p1e fa]]s, chutes as either 51mple or, comp]ex,_and cascadés as. bou1der

cascades or turbulent casgang; Combinationg;of:fallg;ggq_cﬁgggs'wil]rbg
denoted,as.compound_bangieri.' These barrier classes and their charac-
teristics are shown in Table 5 with their corresponding rating for degree

of passage difficulty.
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, A.singlesfalighasy theﬂowest‘degree;of;gdvfﬁcu]tyrrat;mg “{DDR) - becausé

e S I i T e

* gt .

thewfishghas;en.].wone.,route t0;¢ hoose,,agd;ﬁm]eaps_to pass " 7o determine
the actual value of the DDR of 1 to 3, the upstream and downstream con-
ditions must be analyzed. This will be done when barriers are classified by

type. Multiple¥falls falIEsinEparaliell; AEhighesTpRT T han=sidyle |

/

.fallsibecal usé:‘thé;fﬂ sh™hasEsey era]mroutes;:f romgwhichztozchoosey~andrmost”

T,

Jikely:willibeé attractedrtowthexfdl lwwi th®the#highestEfIoWw momentum
(Stuart, 1964). smﬁTE”féhuteSmhaveaavs]ightly_,gj_,gber DDRmthan,ﬁsi‘nq'leifaﬁ S

because at Thigh swimming sPeeds (>9 fps);,»leapiﬁ,pgxgas more energeticaﬂw

efficient than swimming., Complex-;chuteg&pave a. higher.-DDR-v.-than simpl€

chutes because the"fish's propulsive. poweriisireduced in“white water.”
Bomiié'r‘"cascadeéf"ha,ve“a s1ightlyhi 'ghet_";DDR;ﬁthah[;imul tipleTfalls becausesthe
Hsh have problems” getting iorfented.toleapd duemto@the'fu;bulent resti,ng
”?‘eas. This analysis can be continued, comparing each barrier class based
on ';he four original assumptions, for the degree of difficulty rating
system.
Type

To classify barriers by type, conceptual models v_n’]] be used which
show the geometric and hydraulic relationships that are critica]Ito fish
passage success. Figures 14 and 15 show conceptual models and the notation
used in profile view of a fall and chute respectively. These figures are
.'not comprehensive for natural conditions, but the geometric dimensions

apply and can fit any situation. Cascades are not included here because to

~determine the type'of barrier requires mea'su'rements of bed slopes and pool .

depths. If these measurements could be made in a cascading reach, then a




cascade would simply consist of a series of falls and/or chutes and there
would be several different types for one barrier class (i.e. several falls

and/or chutes within a cascade).

Table 5. Subjective comparative rating of barrier class characteristics in
reference to fish passage difficulty, independent of barrier
height and velocity. Assumes passage success by strongest fish.

Class Characteristics Degree-of Difficulty
‘ Range
Single falls Entire stream flows through a 1-3

single opening offering one path
for fish passage.

Multipie falls Flow divides through two or more 3-5
channels offering the fish with
several passage routes of vany1ng
difficulty. _

Simple chute Unvarying cross sections and o o 2-4
constant bottom slope (steep), with
supercritical flow at allistages

Complex chute Varying cross sections, several - 4-6
changes in bed slope and/or curved
alignment in plan view.
White water at all stages.

Boulder cascades Large instream boulders which constrict 57
the flow creating large head losses
from upstream to downstream sides of
boulders. Intermediate resting areas
in very turbulent pools.

Turbulent cascades Large instream roughness elements or "7-10
' jutting rocks which churn the flow

into surges, boils, eddies, and

vortices. No good resting areas.

Compound " Combinations of single falls-and/or - 3-7
simple chutes (e.g., culvert W1th
high velocity and outfall. drOp)

: wfr&x’g‘ ‘? -y - .;. ) :I.




Figure 14,

i

Conceptual model of a fall, where: A = point on fish exit bed
slope where c¢ritical depth occurs; B = elevation of crest; C =
furthest point upstream on bed of plunge pool; D = point just
downstream of falling water (or standing wave) on bed of plunge
pool; Se = fish exit slope; Sp = fish passage slope; dc =
critical depth (point A); dpp = depth in the plunge pool; dp =
depth the falling water plunges; X = horizontal distance from
the crest (point B) to standing wave (point D); FH = fall

‘height; H = change in water surface elevation; and LF = length

of fish.




Figure 15. Conceptual model of a chute, where: A = point on fish exit bed
slope where critical depth occurs; B = elevation of crest; C =
furthest point upstream on bed of plunge pool; D = point just
downstream of standing wave (or hydraulic jump) on hed of
plunge pool; Se = fish exit slope; Sp = fish passage slope; LS
= length of slope; dc = critical depth (point A); dw = depth of
water; dpp = depth in the plunge pool; and H = change in water
surface elevation, .
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The conceptual models in Figures 14 and 15 consist of three zones: (1)
the fish exit zone {point A to point B in Figure 16); (2) the fish passage
zone {point B to point C in Figure 17); and (3) the fish entrance zone
(point C to point D in Figure 18). The notation used to denote the
barrier type is given in these figures, and follows outlining logic from

Upstream to downstream. -Therifﬁe"ﬁ?ﬁbéfffgnlﬁﬁﬁ1ﬁﬁbgﬁﬁetégmiggggéxgmﬁas-

: ur1ng the exit stope;r passage s1opevapd—p1ungeﬂmoﬁ1 denth1§5ﬁa£§eréct%ﬁb

-----

three characters from the notat1on one eacﬁ'from thé”?xit zone“? passage

2 B o

P e Ak 39

:zone and entrance zone’(e g. 11B2, would denote a chute barrier with a

positive exit slope and a shallow plunge pool). From Figures 16, 17 and 19

it can be seen that there could be any of four different combinations of
entrance and exit conditions for each of four passage zones; and thus 16
different types of barrfers can exist according to this classification.
‘These models are shown in Figure 19, along with the correeponding degree of
passage difficulty rating. The similarities with culvert flow and geometry
are denoted by dotted lines. - -

Magnitude and Discharae

To compIete the~ c1assifleation’vestimates'of differential- elevat1ons,

A i ad it

water” ve1oc1t1es,qleﬁ§th«of“510pes,fetE.,ashou1dtbe%inCIuded""alonggw1th

G B e lier LU TEAENIPY R TSR SR, S N_H}‘ DN

estimates of the discharge at~the itimexof-observation-and migration season

AR My s G ep a0 e w b b e Dy S i R

iflows. i These two components along with the barrjer class and type then can
. be combined together to give the final barrier classification. A sample
barrier c1ass1f1cat1on sheet is shown in Fig. 20. This sheet can be used

in the field to classify barriers and will be helpful in assessing design

modifications.

1 In profile, but one must consider the flow pattern in plan view because it

can cause disorientation of the fish.
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FISH EXIT/WATER TNLET SLOPE POSITION ' NOTATIOM

(Good)

- 11
(Poor)

Figure 16. Fish exit zone notation, where: I = negative or nonsustaining
sTope at the fish exit (or water inlet). Good conditions for
fish, reduced velocities, increased water depth therefore good
resting areas. 1l = positive or sustaining slope at the fish
exit {(or water inlet).  Poor conditions for fish, increased
velocities, decreased depths and therefore poor resting areas.




FISH PASSAGE/WATER TRANSITION ZONE NOTATION

A (fall)
(simple)

B (chute)
(simple)

C (chute/fall)
(compound)

D (fall/chute)
(compound)
c2 '

Figure 17. Fish passage zone notation.
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FISH ENTRANCE/WATER EXIT ZONE ' NOTATION

FLOW, ]

(Good)

o
C

y \E
3
3 I”

[ | o

d”i —//'¢®<1| - )

Figure 18.

dpp (Poor)

aragl

Fish entrance zone notation, where: 1 = deep plunge pool.
Good conditions for fish, sufficient depth allows dissipation
of falling water energy and standing wave to develop. Good
leaping conditions. 2 = shallow plunge pool. Poor conditions
for fish, falling water strikes bed of plunge pool, creates
turbu]ence and moves standing wave- downstream - Poor leaping
conditions.




culvert

c
TYPE: T A1 TYPE: II A1
DEGREE OF DIFFICULTY: - 1 DEGREE OF DIFFICULTY: 2

C D c

TYPE: T AZ ' TYPE: II A 2
DEGREE OF DIFFICULTY: 2 DEGREE OF DIFFICULTY: 3

Figure 19. Conceptual models of barrier types with the corresponding
degree of difficulty rating.



TYPE: 1B 1 TYPE: 11 B 1
DEGREE OF DIFFICULTY: 2 DEGREE OF DIFFICULTY: 3

TYPE: 1 B 2 TYPE: II B 2
DEGREE OF DIFFICULTY: 3 DEGREE OF DIFFICULTY: 4

Figure 19. (Cont.)
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TYPE: 1¢C1 . TYPE: IIC 1

DEGREE OF DIFFICULTY: 3 DEGREE -OF DIFFICULTY: 4
R.OwW
H.OW >

TYPE: 1 C 2 TYPE: 11 C 2
DEGREE OF DIFFICULTY: 4 DEGREE OF DIFFICULTY: 5

: | Figure 19. (Cont.)




TYPE: I D1 TYPE: II D1
DEGREE OF DIFFICULTY: 5 | DEGREE OF DIFFICULTY: 6

TYPE: I D2 _ TYPE: II D2
DEGREE OF DIFFICULTY: 6 DEGREE OF DIFFICULTY: 7

Figure 19. (Cont.)
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Figure 20. Sample barrier classification sheet.
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ANALYSIS OF BARRIERS
u-'F—f;x g S S

For determ ning- fish passage’ ‘successzat wat Mg};&mgl

.m"k"- e I

the hydrau\{c cond1t1ons must ‘be evaluate&ghnd rg]a%ed; fishwcagsa}lnt1e9
ek gy iy L a5

vﬁTB?ithe%gpggjﬁgﬁfﬁ‘question. This chapter contains a detailed analysis of:

o ST T
plunge; pools (fish entrance zone);

2.fv}ahding cond1tions (fish exit zone);

P v

3. . fa115((fish passagelzone) seant

4 %chﬁf (f1sh passage zone);

,sa«.-a

3.2 .
and a d1scussion of the parameters which prohibit fish passage in

cascades.

&“«”‘ . S LT R ey s % e

The ‘mogtcompli ated aspect‘to ana]yze¢1n Barriers.is:detar mi nihg - Thow

swhite water7and "tufbilence “affect the fishisre swimming and ' 1eapiig” "TapaBTY -

g?tfgsff Turbulence in "fluid mechanics" terms occurs when the viscous
';drces are weak relative to the inertial for;es. The water particles move
in irregular paths which are neither smooth nor fixed but which in the
aggregate still represent the forward motion of the entire stream. 1In open

channel flow, turbulence is present if the Reynolds number R = {VL)/v is

large, say qgreater than 500 (Chow, 1959). Forgihis‘study;ﬁ m.hr;“ﬁ;"' i

r.r"

0-visual 1V . SET 5 :t?Fﬁ,ﬁTﬁT|J _
bgwyégp“ vigyal]y describerflow: patternsgﬁhi heare ‘“~§%§%Q§Ru., angingmg
staEg;gf"“‘ 0 183Teddi 655 upwell;ng§WQWE&VOnf$M“§.@Jackson (1950)
qoted“?hrhu1enc e -ecygﬁzvswﬁ?ii f£%%¢ﬂ  pﬁﬁmw&aféff Ca

sxp T UpW TEddEs Bentra AN
xpenﬁigggrqy res1st1nq up! 911‘“9§m&h§$“ s x;«L~¥ﬁQ¥$§; 1‘,304;,;\

which in turn make it impossible for a fish_ to'use its swimming power
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effectivew Stuart (1964) n‘b’f‘éaw’thé %%Tbnlquwn}'effemuys,

T T .,...r-—n-r e e

Ageihds
Onifish h ithat ’theﬁr:wauced density* of .‘th

FoN e P Xt U FeREEANCeSEthe

PropulsivepoueroF the ¥eish ! SEEA®

_ Because of the violence in turbulent flow and the effect it has of

reducing fish capabilities, it will be assumed%ﬁb@thlﬁ&ti}mn\ ANy

EvEA G i

waterfall, “that is steep enough to?aﬁce'lerate ]

bulent*white water {sia® tota1 harrrfﬁ’é‘?aﬂwff%; Pt

h*"'"'-p- . “Aempre

swim upkthe barrier. i Fish can’ on]yvpﬁﬁgﬂf they’#'leap"and é‘lé'”\"‘?fh"?area o?
furbi&fce "before andingis e

The analysis presented 1n thisﬁee‘-c't},_ion is applicable to all waterfall
and culvert barriers as long as the pareﬁieters needed for the analysis can
he measured or estimated within ranges of‘practicﬂ values.-

Plunge Pool Requirements

‘*eﬁ’ters?a’*‘pﬁo]@'ﬂé'ﬁfndﬂ?;‘co
a;:hgc.eati”ﬂent on .the:pool .depthe? ITEthepoolmisTsha) ToWIthe, '_f .
argre

?.E"‘!Ke”"ﬁ'é "bottom: and be deflectedrdowns EREER, - AT "BBJWEOT £poi

B Tl

e.«»senﬁal@"lf f'lsh*ar'é:'ffaﬁTeapgto‘sanﬁhefght' 1#%

gtewbehav‘lonﬁof fartal) I ngE et IO AW terTas .

{10 LD Wiy

-.Q w«ka% Y

- preVéﬁt,aa *‘good"“tal(é""' G?f reTa'-? tively.owifall

Jf the poo] ._,13 deeprenough to,ebso?’fthe,;‘faning%ter‘:ii.

yﬁ* Sivhdianci m ye
fwikd z~{orm__v-;jy*13"j_clﬁ ag;s‘,i“s;g;gﬁg@ﬁ@&@kﬁ% ~in .the form of a ve_rtica'l
velocity component created by the pool surface-

_ (Aaserude, 1984). Air bubbles are created by the mixture of air and water

as the falling water impacts the surface and entrains Targe quantities of

air.



‘emulsipp_oﬁgair andfwater may;bgaggggggg?'

9t fa]ls and chutes aeration“rEduces%the 1mpact force “of.. tﬁe Fali b
§' : — i R .ew«-

,watee“ The energyvof a?fa11'can beﬂmost1yﬁﬂ?§gﬁﬁ%ted?due“to t?anyformat1on

T u

of aerated water intoimist! A;”Tp]l 0 feméﬂig'fhelght““ﬁﬁt bé“ond ‘the’

ey pr—— e

range’ of the: f1sh 'si1eaping’ capab11it1es;§§ He

L e (Wi

- 3 > 0
MR R
‘ ”ﬁﬁffﬁf? Stuart (1964) observed numerous

o s . ", u'wr ) m‘i'?-'ﬂ

.per 1od oﬁ_ evera1”hour§?¥constant1y ‘atta gigg,a”leap

S e T o R i

:hezght of 4 to 5 ft,i at a h1qh 1mpa555b1e fa11mof?around 30*ft SBut Vthe

L i hrateong ww.‘v Y

'he1qht atta1ned by the fish’ was muchalessvthanﬁmhefrecorded maximum at

other passab]e fa]]s because ofﬁthe “raduced attraction"¥ieﬁg

Stuart (1964) suggests a ratio exists between the fall height (the
vertical distance from the falls crest to the plunge pool surface) and the
plunge pool depth which provides the hest standing wave for leaping. He

§ TIN5 (¥R, heign?mglr;}jﬁngPd PIRY  Aaserude

\ e "“"'..-""}’"f’
identifies this Fatio:as
: ':3_».{_’1&‘1" Rt T -l' "%‘i ¥ L Za lh’-

(1984) studied standing waves and concluded that the cHAFFGLEr

standing wave. {s Closely related A0THRE Y SXTSHARERMCh s trikesgthezpTnde
an b,

pool;Tand the :'de'ﬁth':':b'ffpl inge’ SYimatedEasrars d) I whereTd 153
thaf’”fﬁ%ﬁﬁ@ﬁﬁerimpo“eﬂkdﬁﬁblete]y

M g,

defined as the diameter of the cirél"

x‘ﬂr@v
[, At

HEda

wwthin the boundaries of the Jet cfoss cbetiom ﬁﬁtﬁe'pIUnqe P00 1 Fsu 5fEEEi
Stuart's ratio does not consider jet shape.

From a research project the author participated in observing fish

“lTeaping over weirs at Johns Creek Fish Hatchery,.near Shelton, Washington

(Aaserude, 1984), it was concluded that two conditions should be satisfied
to provide optimum 1eap1nq cond1t1ons in p1unge poo1s.

. wdepth ofﬁpenetra£¥on}ofktheﬁfal11ngﬁﬂﬁﬂ"@?Tﬁp)“shouTﬁ“be 71e8$5than
 the" “depthZin the” pTUngefpoolflﬂpp)fﬁaﬁB
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These two conditions assure the piunge pool will be stable with sufficiént ‘
depth so the fish's orientation and propulsive power -will be unimpéired;

The relationships for analyzing a plunge pool are shown in Table 6.

Table 6. Relationships among plunge pool depth, depth of plunge and fwsh
length for optimum and poor leaping conditions.

Depth and fish length relationships | Effect on fish

1. dp > dpp Turbulent pool condition
disorients fish.

Standing wave reduced and
moved downstream from where
the falling water strikes the
bed of the plunge pool.

2. dp < dpp _
a. LF > dpp Propulsive power of fish's
- o tail may be reduced for
tedping.
b. LF < dpp’ | Optimum plunge pool
conditions.
where: dp = depth the falling water plunges beneath the pool surface,
dpp = depth in the plunge pool measured at the po1nt of plunge,
and
LF = length of the fish attempting to pass. -

Landing Conditions
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where they are not totally submerged. Stuart {1964) notes that when fish
teap towards the crest of a waterfall, they are.geared for immediate

propulsion when they land. nggéfiéhie§t*

- AT AL

de1ay~au? act jonswould:cause~the
P ‘rd"“ R 1’»‘\4 S Yoy B Dl SV R E N T R )

ol ﬂSh to 1ose ground and be swept backxovermthe“waterfall He also observed

flSh landing near the crest relaxing their swimming effort immediately if

they began to lose ground, and then were swept backwards. EVeggﬁfwfish Fara
LR k‘“‘
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If the velocity and depth of flow near the crest cannot be measured
for a ranne of stream flows, an analysis near the crest of a fall or chute
can be made by locating the point of critical depth and measuring the

:‘E channel cross section at that point. Crk.&calgwfthJ '“fgnwéhannelgflowﬁ

HA G o
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Uity Critiggl depth is alsosayistream: nscontrels Jwhich_ determinies ¢

e s Fid N k1 A n~ TR

i;g;pﬁﬁ§i ischarge. re]at1onsh1p.,.lf the;

isl exit%ged”slppg?“_ ’1s'negat1ve

Pt S

SRR
F?‘

. 510p9i15np051t1ve

_ T(dec-
;rea aseszinel evation 1n thé ‘.;diiﬁec':'ti on“?-? f ﬁ'aw)"»"é"‘r"i‘%‘i‘ cal- depth™will-ocClrsat

T —— "wf N 7*""""“‘5"&"“1-\ ATt e

thegzcrést for a “chute: but wiliToccur some distance upstream of the.crest
dorra=fal13® 1f critical depth does not occur at the crest, the following

steps will locate the point where c¢ritical depth occurs:

1. measure the mean depth of flow some distance upstream of the

crest,
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2. calculate the equivalent pool elevation from
pool elevation = bed elevation + measured
depth of f]oh + hydraulic depth/2, where:
hydraulic depth = cross sectional area
divided by the top width,

3. measure the pool elevation some diﬁtance upstream of the crest
where the water is quiet,

4. §f the pool elevation (measured) = pool elevation (calculated) the
critical depth occurs at the point where the depth of flow was
measured, and |

5. if the pool elevation (measured) > pool elevation (calculated),
nove farther upstream and return to step 1.

This analysis is required because of the effect of the approach
velocity. As Se increases from zero to some positive value the approach
velocity will 1ncrease and critical'depth will occur further upstream. iﬁﬁ“‘

Gl I R s
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1t can be shown mathematically ‘(Henderson, 1966) that critical depth.

%

occurs in any channel shape when:
02/g = A3/us . ~ (9)
where Q = total stream discharge in cfs, W 3 surface width of the waterway

in ft, q = acce]e}ation of gravity in ft7sec2 and A = flow area of the

cross section. Since most natural channels are of 1rregu1ar shape and can
S f o .
be'composed of several distinct subsect1ons, the solution of equation (9)




for rectangular and triangular sections will allow computation of the
discharge as a function of the critical depth for ahy irregular channel
shépe. For rectangular shapes:

Q = (A3g/W)0-5 |
but A = W(d.) where d. = critical depth in ft, so substitution yields:

Q = (W) (g)0-5(dc)t-=,
and using g = 32.2 ft/sec? yields:

N = 5.7(W(dc)1-5 (10)
For triangular shape§ the substitution is:

A = ¥(de)/2
which yields the following equation for triangular shapes:

Q = 24(dg)L-d
But substituting W = dc/S where S = slope of one side of a triangle in
percent yields: _ .

= [2(dc)2-5)/s (11)

Once the discharge has been solved as a fpnction of the critical
depth, substitution of a range of migration_f]o@s will give the critical
depths, which can then be compared to the fish deﬁth (d¢) to determine if
the fish will be totally subherged. Also, the mean velocities can be
ca]cu1atéd from:

Ve = Q/A, T (12)
where Vo = mean velocity at critical depth, Q = stream discharge, and A =

crass .sectional flow area.

Pt --“‘ i oy ‘. QR A s W
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5hec1es in: quest1on,yand the‘depth of flow’Th rgreater’ than i ther fish depth.
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Qgéﬁggﬁgigggiéﬁééif"fjshﬁtaﬁ“fﬂnct1onfhbvmally withouf*Fat1gue‘(Hoar :and
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Randall, 1978), andﬂtherefoﬁ”?are ab1ﬁg%6VEW1m whatEVEf“distance&1s

n
T

requzred before*]ocatwng a‘resting ‘area. If the water velocity is greater
than the sustained swimming speed, the landing conditions should be
analyzed as a chute because the distance the fish can swim will decrease as
the water velocity increases abové the sustained speed.

The relationships for analyzing the landing conditions at the crest of
a fall or chute are shown in Table 7. An example calculation will show how
this analysis can be used.

Table 7. Relationships between fish depth, critical depth, mean velocity
and sustained swimming speed for optimum landing conditions.

Velocity, depth relationships Effect on fish
m— o —w-ﬂ._________
1. d¢ > d¢ » Propulsive power of fish will be
reduced
2- df < dc
_ a. Ve > VFS Landing conditions should be

analyzed as a chute
' b. Ve < VFS Optimum landing conditions
- Where: df = depth of fish,
de = critical depth calculated from a range of migration }10ws

(equation 9) if d. occurs close enough to crest for fish to
reach, or

= depth near the crest where fish may land if the critical
depth occurs too far upstream for the fish to reach,

Ve = mean velocity at critical depth if critical depth occurs
close enough to crest for fish to reach, or

= mean velocity near the crest where fish may land if the
critical depth occurs too far upstream for the f1sh to reach
and _

VFS

sustained swimming Speed for the Spec1es in question from .
Table 1,
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Example: Given the irregqular channel shape in Fig. 2., determine the
discharge (0) in cfs as a.function of the critical depth (dc)
assuming critical depth occurs at tﬁe crest, and calculate the
critical depth that will occur at migration flews of 5, 20 and 50
cfs, and the correspondig mean velocities from equation 12. Using
Table 7, determine the effects on an adult steelhead trout with a

maximum fish depth (d¢) of 0.5 ft.

RZa ) Avd gz
@@ e
? (:::> - 2 23
de| |
|1
| _
Lo ) W= 5.0 ft
/AN S =050
W '

Figure 21. Irregular crest shape used for landing condition analysis
example.

The channel shape in Fig. 21, can best be represented by the combination of
a rectangle (section 1) and a triangle (section 2). Therefore:
Qtotal = Q1 + Q2
E.7(W) d.1+5, from equation (10), and Qo = [2(d.)2-51/S from

where: Qi
equation (11). Substituting,-w = 5 ft and S = 0.50 yields:
0y = 28.5(dc )15 and 0p = 4(dg)2-5.
Therefore, the discharge as a function of critical deﬁth’is:
Q = 28.5(dc)1-5 + 4(dc)2-5. I

Substituting § = 5, 20 and 50 cfs, and solving for d. and V. giVes:

%



Q (cfs) de {ft) Ve (fps)

5 0.30 ' : 3.1
20 0.74 4.7
50 1.30 ' 6.1

From Table 1, the sustained swimming speed for steelhead is, VFS = 4.6 fps.
Using Table 7, the effects on fish are:

1. At 5cfs; df > dc and

2. At 50 cfs; Vo > VFS.

The only discharge whfch provides good landing conditions from Table 7 is
20 cfs. At the other two flow rates, passage will not be blocked, but a
higher passage success rate may be obta1nab1é if these conditions were not
present.

This example assumes the fish lands at critica) depth, and therefore
is not applicable if critical depth occurs some distance upstream of the
crest. In that case the fish would land in higher velocities and shal-
Tower depths between critical depth.and the depth at the falls crest.

In summary, for analyzing landing conditions near the falls crest, the
following factors must be considered:

1. The:depth: of“f16Wwhere "thie” fishElands” i T8 be équal FtoYor T

RE 9.97

¢z thansthe “depthrofathesf ishi

5(' 55 e Bt I sl e R ke Y

2. Thetvel ocityl vihere th

nfishwlandsrshonld: beswi thintthe*f‘ﬁngé’*’of;
) G SenaC X mﬁﬂmﬁﬂﬁm‘»wﬁw

the sustained
g}f:w‘&g&mt o “ :(..4
3. 0c

c‘ﬁ:y andwdebth sh ﬁ MQV’E’ @&Mﬁmmﬁmyang‘ )ggfﬂi shy

49 : -




.\

k«'s,ur'face e1evat10n betweempoms (H)*‘""'

Analysis of Falls

The. most? obvious ' ob?ﬁucti onTatTFaIvE™ sf"\'dhe'ﬁ’*"the‘*chanqe infwater

R PR SR NS

A

.spec1es m question Fo Paci_ﬁ'_‘ yran ;.stee'lhe"a“trout the?hf‘éhesb

wrral U, b o o

':‘(6) T¢‘§"ﬁd'f9I.T""‘"'""'Q0"

'-u;'- o e P P

-

ot : _10 9 ft_(stee1head) Therefore, falls where the change in water surface
“e?evateon is in excess of 11 ft can be cons1dered for all practica\
purposes a total barrier to all species of Pacific salmon and steelhead
trout. Evans and Johnstone (1980) suggest for natural bedrock waterfalls
that if the vertical drop is more than 6 feet, .it should be considered to
he a barrier for salmon and steelhead without further study.

Often, though, the actual distance the fish must leap is greater than
the vertical drop between pools. Unless the water is falling vertically,
some horizontal component of the leap (XL) will be required for successful
passage. ‘}’«(If the horizontal distance lthe fish must leap cannot be measured,
and the geome‘tr‘y of the falls is such that the water breaks off the crest
and is unobstructed until it strikes the p1unge_ pool, then this distance
can be calculated. The calculation requires knowledge .of the velocity of
the water and the angle of trajectory at the crest (Fig. 22). An example
of where this analysis would apply is at a cantilevered culvert outlet.
Usi‘ng the equations for projectile motion, developed in the fish eapabﬂity
section, the horizontal distance the water travels before striking the
plunge pool can be ca1cu1ated from:

XP = VHc[cos(OHc) It | B o 13)




where XP = horizontal distance from the crest to the point of the falling
water, VH. = velocity of the water as it leaves the crest, 8W. # angle at
which the water leaves the crest at in relation to the horizontal, and t =
time. To use equation (13), measurements of VW. and 6W. are required
before t can be calculated from:

H = [VWo(sinoWe) It - (1/2)gt? (14)

77ASRRT l

HL

— P h
XL
L LD
—XP_yleXSW
< X

Figure 22. Leaping analysis parameters.



where H = change in water surface elevation (measured), and g = acceler-
ation of gravity (32.2 ft/sec?). If the approach flow is from a negative
or nunsustaining sTyope_ (rises in the direction of flow) then 8W. i'O, and
equation (14) can be solved as a function of t, or:

= [2(1)/910-5, ’

and XP = VW.[2(H)/g]0-5 (15)

If the approach flow is from a positive or sustaining slope (elevation
decreases in the direction of flow) then QWC > 0, t must be found by using
the quadratic equation, and then substitute t into equation (13) t:.o solve
for XP. Once XP has been determined, adding the distance from the point
vhere the falling water strikes the plunae pool to the standing wave (the
point just downstream of thc falling water from which fish most likely
leap) gives X. |

T

zThis ana'lysis'shows thaﬂeven f,iffthe l;elgﬁm hEsfishican ﬂeap"f(_HL)*Qs

‘N‘_ £ R

qreater than the ‘change in waterysurfaceselevatio (H), and X-is®greater

o
P &
WY

than"XL}” thén a*lepiAg’ F1sh Wil1: notareachttnercrestat ihe "top of *its’

__;_::_]__gaﬁf? It will either fall short of the crest on its way down or reach the

crest as it continues upstream on its descending parabolic path. These
conditions are shown in Figure 23 for a steelhead trout. 1If the.water
surface profile of a barrier is superimposed on the fish leaping curves
(Figure 23), the possibilities for a successful leap at a given leaping

angle can be analyzed. The wide solid 1ine shown is a falls barrier on

Eldorado Creek in Idaho (Figure 24). The distances H and X were measured

at the site. It can be seen from Figure 23 that a leapina angle of 60

degrees would allow passage. 80 and 40 degrees fall short of the crest by

about 6 ft.
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gure 24. Looking upstream at Eldorado Creek Waterfall, Idaho.

One parameter that has not been discussed as yet is the leaping ang]e
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Stuart (1964) ogserved that fish aimed at sharp boundaries between light

and shade when leaping. This sharp boundary can be found at waterfalls
where the contrast at the boundary between. water and background is clearly
visible. This also coincides with the theory that leaping ceases abruptly

at dusk and under heavily overcast_condftions. To estimate the leaping

n
S
a
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Table 8. Conditions for analyzing a fall aésuming plunge pool requirements
and landing conditions are satisfied.

Water Surface Drop and Leaping Form of Barrier
Capability Relationships

1. H>HL elevation barrier
2. H<HL
a. X>XL {Superimpose water surface passable or horizontal
profile on fish Teaping distance barrier
curves, Figures 7, 8 and 9)
h. X<XL passable
Where: H = change in water. surface elevation (measured),

HL = heiqht the fish can leap from Equation (6),
X = horizontal distance from the crest to the standing wave, and
XL = horizontal distance of the fish's Teap at the highest point of

the leap from equation (7).

Analysis of Chutes

In natural streams uniform flow is rare. However, the uniform-flow

condition is frequently assumed in the computation of flow in natural

- streams. The results obtained are approximate and general, but offer a

relatively simple and satisfactory solution for analyzing the velocities
fish must swim against. Laminar uniform flow rarely occurs in natural
channels, so turbq]eppﬂgpjformmjloﬂmgngglgmggwusﬁdqforméllwvelacity
calculations in chutes.

.From_the definition of chutes, the flow must be supercritical down the.
chute (Froude .number is .greater than_unity]. A&;ghe;staft of the chute the
flow will pass through critical depth and then into a trapsition zone of

varied flow for some distance before uniform flow is established. If the
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angle, looking again at Figure 23, for a water surface slope of 29°,the
optimum leaping angle was 60°. Since the fish is sighting the crest from
some horizontal distance of 12.3 ft and a vertical distance of 6.7 ft the
angle is some function of X and H. For this example in Figure 23, solving

for H as a function of X gives:

H/X = tan OL = tan 60° = 1.73

1

where H = change in water surface elevation, X = horizontal distance from
the point where the fish will leap (or standing wave) to the crest, and oL
= Jeaping angle. Holding X constént and solving for H gives:

H=X(1.73) = 12.3(1.73) = 21.3 ft
Since the measured value of H was 6.7 ft, this value is approximately 3
~ times larger than the measured g. This is because the fish does not leap
on a straight line, its path is parabolic apd therefore to reach the crest
the optimum leaping angle, 6L, should be:

L = tan-1 [3(H/X)] (16)
This is the leaping angle equation.

Table 8 describes the two conditions that mﬁst be analyzed to deter-
mine whether or not a fall is a barrier, assuming the plunge pool and

landing conditions are not adverse.



Chute length is shorter than the transition length required to reach normal
depth, uniform flow cannot be attained. The length of _the transition zone
depends on the discharge and on the physica] cond1;1ons of the channe1

such as entrance condition, shape, slope and roughness.
For hydraulic computations the mean YSlSElEX of a turbulent uniform
flow ipﬂ;hutgs can be expressed by Mannings equation
= (1.49/n)(R)0-67(5,)0.5 | (17)
where V = mean vé1ocity of flow in fps, n = empirical roughness coeffi-

cient, R = hydraulic radius in ft, and Sp = passage slope {or bed slope).

Qutlet ve10c1t1es 1n chutes computed by assuming uniform flow will give.

——— e

conservative estimates of velocity, because as the fish approach the

transition zone the mean water velocity will be reduced. In culverts, the
water surface profiles can be calculated because of the unvarying cross

section, constant bed slope and uniform roughness throughout. From eauation

(17) it can be seen that the mean velocity varies as the slope to the 0.5

power, hydrau11c rad1us to the 0.67 power and roughness to the -1.0 power.

Since the mean velocity is highly dependent on n, it is important that the

proper value of n be used. Chow (1959),suggests the following values for

Manning's n, shown in Table 9. A problem arises when one value of n is
selected, because _.n_changes as the depth of flow changes as well as the
slope, discharge and cross-sectional shape. _This is shown in Appendix II.
Three tests were run with identical bottom and side roughness, and n

1ncreased as the slope and depth of flow 1ncreased.



Table 9. Manning's n value for corrugated metal pipe and bed rock (from
Chow, 1959).

Surface Material Manning's n
Culverts {C.M.P.) 0.024
Bed Rock
smooth min-0.025 max-0.040
jagged : min-0.035 . max-0.050
s

.The hydraulic radius is calculated by dividing the flow area by the
wetted perimeter. If the cross-section cannot be measured, a method can be
applied to estimate the hydraulic radius that gives values with errors less
than 5%. This method was suggested By Renard and_Laursen (1975), but the
author has expanded the method. It is used to estimate the hydraulic
radius for rectangular and symmetrical triangular shaped channels, or

i combinations of such basic geometric‘;hapes._ For rectangular channels

where the average streamnWidth”diyﬁggd_bx_ihgmgxgrﬁéq_Qthh“iswgneétszbzhgg
35, the hydraulic radius can be estimated by the average depth of fiow. '1f
the average width divided by the average_quﬁhmjs gétween 10 and 35, the
_ hydraulic radius can be estimated by 0.9 times the average depth. If the
average width divided by the averége depth is less than or equal to 10, the .

hydraulic radius can be estimated by the following equation

R = 3[0.524 log (#/3) + 0.35] , (18)

T T Lo

where: R = hydraulic radius, d = average depth in a rectanqular channel,
and w = average width in a rectangular shaped channel. For symmetrical
maximum depth in the center of the stream is greater than or equal to 7,

the hydraulic radius can be estimated by 0.5 times the thalweg depth

iﬁl'" | (maximum depth). 1f the average width divided by the thalweg depth is

"~

g g R L T R T B L0 L A AR BRI Y e 17 8 4 T I MR 0 W T IR0 R AR 1 Kol KL TH IRN'G W S v




between 3 and 6, the hydrau1ic radius can be estimated by 0.45 times the
maximum depth. 1f the average width divided by the maximum depth is less
than or equa1‘to 3, the hydraulic radius can be estimated by

R = d¢[0.36 log (w/d¢) + 0.23] (19)
where: d¢ = depth at the thalweg; and w = average stream width for the
triangular channel section. These conditions are summarized in Table 10.

Table 10. Hydraulic radius as a function of the width and depth for
rectangular and triangular shaped channels.

Width : Depth Ratio o Hydraulic
Channel w/d (rectangle) Radius
Shape w/dy (triangle) (feet)
>35 d(1.0)
Rectangular ' 10<w/d<35 d(0.9)
<10 d[0.524 1og(w/d) + 0.35]
>7
2 dt(O.S)
Symmetrical - -
Triangle 3<u/dg <6 dt(0.452
<3 d¢[0.36 Tog (w/d¢) + 0.23]

N e T ST S e

An example will show how this information can be used to estimate the mean

flow velocity in a chute.
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Example: Determine the velocity at the bottom of a chute the fish
must face given that the bed material is jagged rock, the .
channel shape is rectangular with an average width of 20 ft,
and average depth at the bottom of chute is 1 ft. The bed
slope is 0.4.

For jagged rock, n = 0.035 to 0.050.

For a rectanqular channel shape and w/d = 20, R = 0.9 (d),
or R = 0.9(1) = 0.9 ft.

Therefore, assuming uniform flow (betause of the steep slope
and a short transition from critical depth near the crest),

the velocity can be estimated using equation (17):

V = (1.49/n)R0.6750.5
using n = 0.035, yields;
| V = (1.49/0.035)(0.9)0.67(0.4)0.5
V = 25.1 fps
using n = 0.050, yields:
§ | | o V = (1.49/0.050)(0.9)0-67(0.4)0.5
V= 17.6 fps

Therefore, depending on the roughness, the velocity at the
bottom of the chute will vary between 17.6 énd 25.1 fp;.
The actual-ve1ocity the fish must swim against can be reduced from the mean
velocity if the water depth is areat enough so the fish can swim near the

houndary layer at velocities less than the mean.
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Figure 25. Fish swimning in reduced velocities near stream bed.

The velocity varfation with depth in conduits is logarithmic, and the
velocity at 0.6 of the depth below the wafer surface is very nearly equal
to the mean velocity in a vertical section (Linsley and Franzini, 1979).
The velocity reduction is most pronounced nearer the boundary where the
Tocal velocities may be irregular when vortices are being shed behind large
roughness elements. Daily and Harleman (1973), suggest the following
formula for calculating the mean velocity in the case of a rough wall:

i/u, = 5.6 Tog (y/k) + 6.1 “ (20)
where: u = temporal mean velocity, u, = shear velocity, y = mean depth of
flow at which u is calculated and k ='height of dominant bed material. The

;Hea} velocity (u;) can be calculated from (Henderson, 1966)

u, = (gRSf)0'5
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where g = acceleration of gravity, R = hydraulic radius and Sf = friction
slope. Assuming uniform flow conditions exist, the friction slope is
parallel to the bed slope as the resistance to the flow is balanced by the
gravity forces.

An example of how the velocity in the boundary layer varies from the
mean velocity of flow as'depth increases along the centerline in a corru-
gated metal pipe will be shown (Table 11).

Table 11. Fish swimming in a culvert at velocities less than the mean
velocity of flow.

Depth of flow Mean Velocity at Mean velocity at Velocity
(d), ft 0.6 (d), fps y = 0.3 ft, fps Reduction
(half fish depth)

1 8.2 | 7.5 9%
2 13.3 10.0 ' 25%
-3 16.9 il.6 : 31%
4 19.5 12.6 . 35%
5 20.6 12.8 38%

Assumptions: 1. Culvert diameter (D) = 6 feet.

2. Height of corrugations (k) = 2 idinches (Standard
dimension, American Iron and Steel Inst., 1971). ;

3. Uniform flow occurs at a culvert bed slope of 5%.
4. Fish depth {df) = 0.6 feet, therefore to calculate the

mean velocity the fish will swim against use y = (df)/2
= 0.3 feet, using Eq. (20). '
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This table shows that as the depth of water increases the velocity the fish

nust swin against near the culvert bottom (compared to the mean velocity)
decreases. For smaller fish the gain will be more significant, but Tocal
eddies may disorient them. Equation (20) can be rearranged in terms of

the minimum mean ve]oC1ty theuf1sh could swim aga1nst at the bed of a chute

e

as:

-

o g = (5.6 Tog (dg/2)/k + 6.1)(gRS¢)1/2 (21)
where: Uf = minimum mean velocity the fish could swim against near the bed
of a chute, df = depth of fish, g = acceleration of gravity, R = hydraulic
radius and S¢ = friction slope or bed slope for uniform flow conditions.
Yelocities in natura1 rock chutes are seldom simple to analyze,
because of the wide variations in channel shape and bed roughness. ¥hen
flow occurs on a steep rock chute, large amounts of air may be carried
below the water surface in the highly turbulent flow. This entrained air
reduces the density of the f]uid,‘resu1t1ng_in an_increase in volume cailed
“hulking. > Although not strictly applicable, the Manning equation is often
used to design channels on steep slopes and the cross-sections thus

determined are increased by an arbitrary bulking allowance to provide for

air entrainment. Hall (1943) has presented empirical data for smooth
concrete chutes which permit use of a modified Qa1ue of n in the Manning

equation to allow for the effect of air entrainment.

1f the channel shape can be surveyed and a cross section determined,
app1y1ng the cont1nu1ty equat1on
Q= AV ‘ : - c (22)

i . i e -
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can yield estimates of the average water velocity where: Q = flow rate in
the measured cross section, A = cross-sectional area of channel, and V =
mean velocity of flow. This method was used at Hell's Gate on the Fraser
River in British Columbia to estimate the velocities sockeye salmon were
facing as they attempted to negotiate the obstruction. The flow patterns
at Hell's Gate could be described as a constantly changing state of
turbulence, where the water surges, boils and entraps huge volumes of air.
Because of these flow patterns and the extremely rough channels, Jackson
(1950) noted that the average velocities coﬁputgd this way are inaccurate.
Q§ing equation (22), if the cross-section is measured at some point_in.the

chute, a staqe d1scharge re]ationship can be developed so as the discharge

——

12£:Eases or decreases, the mean f1ow Fhrough ve10c1ty can be estimated.

| When analyzing a chute, the depth of flow sg6u1d be greater than the
depth of the fish, or the fish will not be able to make full use of its
propulsive power. In a study conducted at Johns Creek Fish Hatchery near
Shetton, Washington by the aufhor (Appendix 11), chum and coho salmon wére
observed swimming up a velocity chute. At a depth of 0.13 ft, a 0% passage
success rate was recorded for both species. When the depth was increased
to 0.66 ft, a passage success rate of 100% was recorded for chum salmon at
a water velocity only slightly less than the first test. The maximum depth
of chum salmon was 0.65 ft. The results of these two %ests show the
importance of the depth of flow for the fish tolachieve successful passage.
Table 12 describes the two conditions that must be analyzed to determine
whether or not a chute is a barrier assuming the plunge pool requirements,

landing conditions and depth of flow are sufficient.

64

3




T S THE

e e

Table 12. Conditions for analyzing a chute assuming plunge pool require-
ments, landing conditions and depth of flow are sufficient.

Water velocity, fish speed,

slope length and fish Form of Barrier
performance relationships

1. VW > VF velocity barrier

2. Vw < VF |
a. LS > LFS distance/ve]ocity barrier
b. LS < LFS passable

where: VW = velocity of water (measured or calculated),

1k

VF = fish speed from equation (2),

LS

length of slope (measured), and

LFS= distance the fish can swim from Figures 10, 11 or 12.

Cascade Barriers

A cascade was described in the introduction as a reach of stream with

1arge boulders or jutting rocks that obstruct the f1ow. Th1s obstruct1on

usua11y results in a narrower stream width, sharp changes 1n f]ow bound-

B i TR L o

aries, and consequently high ve1oc1t1es and v1o1ent cond1t1ons. If the

bed slope over the reach is steep enough ‘to accelerate the flow, white
v

water and turbulence will consume most of the channel and offer little or

.....

no rest1ng areas for the m1grat1ng f1sh If the reach 15 not too steep,

——— g
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the obstruct1ons in the stream can create good resting areas as the fish

u e e e e e s e e T

-york their way through the cascade.

Cascades are usually located in areas with steep topography (canyons)
and are very difficult to survey because of the high velocities, deep pools

and turbulence. Cascades usually persist as either boulder cascades

05




but usually the excessive velocities and excessive turbulence is enough to

or turbulent cascades. Boulder cascades consist of boulders in the
stream that are large enough to provide resting areas for the fish in their
wakes. To analyze a boulder cascade, application of the four following

— sty i =

steps can be helpful: |
1. measure the total drop in water surface over the entire reach,
2. determine the number of paths and/or steps per path the fish must
pass within the reach,
3. estihate the water surface drop and/or velocity the fish must
negotiate to successfully pass each step in each path, and
4. locate resting areas between each step (on each path) where the
fish may rest‘before attempting ;6 pass the next step.
Often the flow between obstructions (boulders) can act like flow down a
short chute. Douma (1943) noted that for short chutes, the velocity may be
determined by:
Vee = (2g1)0.5 (23)
where V¢ = velocity down a short chute, g = acce1er§tion of gravity, and

H = total vertical drop between two pools. Using this analysis, if any

step within the reach has velocities or elevation drops in excess of the
fish's capabilities, or resting areas are not present between each Step,
the cascade would be a barrier to fish.

Turbulent cascades present the fish with a variety of difficulties,
e . )

'qbsffﬁct passage. These two conditions werevstudied extensively at the

Hell's Gate obstruction (Jackson, 1950). Velocities were measured by
methods described earlier, but the turbulence c6u1d not be measured in any

manner that could be related to passage success. Turbulence in cascades

——— R S Y
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serves to def1ect a swimmjng fjsh_frqm_its”course, causing it to éxpéﬁd
energy to resist up-wellings, eddies, entrained air and vortices. Most of
the fish's energy is utilized simp]yhfo“ﬁa€ﬁ;éin Dosit{éﬁ and direction at
the foot of a high velocity obstacle (Jackson, 1950).
steps can be helpful:
1. time floats through the cascade to get an approximate surface
velocity (floats may be de]ayed in eddies);
2. observe possible resting areas and zones of reduced turbulence. and
velocity near the banks and behind obstacles; and
3. locate points of extreme upwellings and surges .in the cascade
which might deflect a fish from its swimming path.
1f the surface velocities are excessive, there may be a path for the fish
to pass along the stream bank, away from the excessive velocities and
upwellings in the main channel.
In suhmary, this section has presented a dgtai)ed analysis of four
components which affect fish passage at waterfalls and culverts:
1. p1unge-pools;
2. landing conditions near waterfall crest;
3. falls; and
4. chutes. - .
A discussion of the parameters involved in each component, followed by a
table summarizing the important conditions to analyze have been presented.
A3, a discussion'of‘hydrau1ic/fish capabilities in cascades is introduced
with steps to follow which will aid in determining the effect on fish

passage Success.
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SITE ANALYSIS AND SOLUTIONS

The generation of solutions to fish passage problems at barriers is
dependent on the parts of the analysis performed. 1f the barrier is total,
the analysis will reveal the parameters which exceed fish capabilities.
The geometric conditions can be altered to reduce the excessive parameters
and éssist fish passage. Evans and Johnston (1980), sugaest the following
\‘cor_r_ections for natural bedrock waterfa]] barriers:

1. Dam the plunge pool below the falls.

2. Blast a plunge pool helow the falls.

3. Blasts series of pools through the falls,

4. Provide a fish ladder over the fails.

According to Evans and Johnston (1980), the plunge pool should be rafsed so

the depth is 1.5 to 2 times deeper than the barrier is high. They also
suggest that blasting a series of pools through the falls is only practical
for bedrock falls under 10 feet in height.

These correction methods have been employed successfully by theIU.S.
Forest Service and State Agencies in Washington (Schoettler?, 1953), Oregon
and Alaska. To build vertical-slot fishways at remote barrier sites on
British Columbia rivers, engineers working for the Sa1ﬁonid Enhancement

Program (SEP) have perfected blasting techniques that allow natural rock to

be used as the floor and sides of the fishway (Salmonid, 1983). This

2 schoettler, R.J., Improvement of Minor Falls, Federal Project No.
852-H-51-10, Dept. of Fisheries, State of Washington, 1953.
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innovation, along with the use of precast concrete panels f]ow;fh{by
helicopter, has resulted in substantial cost savings. Kerr, et al. (1960)
suggest techniques to reﬁove or bypass obﬁtructions: .
1. A steel bar can be used to hand pry and ro1j rocks for selective
p1acémént.
2. Large rocks and boulders may be removed and/or relocated uti]izfng
slings with block and tackle.
3. Large boulders may be reduced to a size that can be readily

removed, using a portable gas-powered rock drill or with explo-

sives.

Removal of an obstruction during egg incubation could cause serious

‘pgrtgjity by silting the downstream spawning bed.
0f the few project reports published, no information was found on the
pre-construction or analysis phases except the mention of the height of the
barrier.
The objective of this section is;to gva]uate fparameterlgpecific"
solutions with varying degrees of éonstkuction difficulty. For example, if
the height ofwa barrier is determined - -to not bé excessive, but the fish
cannot reach the crest, then one of three things (or a comﬁination) may be
happening: |
1. The plunge pool hydraulic characteristics are such that the
propulsive power and the orientation of the fish's leap are
affected (TabTe 6); and/or

2. The horézonfal djstanée (or . range) which a fish leaps is exces-
sive compared to the actual horizonfa] distaﬁcevthe fish must leap

to reach the crest; and/or
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3. Flow over the waterfall is diagonal, or goncentrated on one side,
thus providing the fish with a false directional stimulus.
Analyzing these components will suggest the excessive parameter(s), that
must be reduced. Without this analysis the height of the falls may have
been reduced when it was not excessive to fish passing in the first place.

In-depth analysis of this type will often reduce site construction costs

o ——

and assure correction of the real passage pﬁqb1em§,
The solutions to waterfall and culvert barrier physical problems are

directly dependent on the analysis. If the velocity in a rock chute or

- culvert is excessive (Table 12), then the velocity and/or the length must

be reduced. Assuming that Mannings equation (17) is exact, the components
that would reduce the velocity in descending order of effectiveness are:

1. increase the roughness coefficient(n);

2. decrease the hydraulic radius; or

3. decrease the slope.
Adding baffles to culverts essentially increases -the roughness and
decreases the hydraulic radius. If the depth of flow at the crest of a
falls is shallow, then to increase the depth requires one of three hy-
draulic chanaes:

1. increase the discharge,

2. decrease the crest width, or

3. decrease the velocity.

These solutions can be incorporated at the creét of é waterfall
barrier by using instream control structures such as gabion Baskets, rock
weirs and small retaining walls as flow deflectors to concentrate the flow.

In order to create an adverse s]ope, one would need to blast a pool above




the crest. Each structure placed instream must be carefully analyzed

hydraulically to assure proper functioning as_thg_fOﬁces in the s;reaq
cnhannel change with discharge, ice and debris.

| To show how this analysis/solution apprdach to barriers can be used,
two sites were chosen in VWestern Washington and analyzed for the discharge
recorded during the site visits. It is important to note that these
examples address changes in parameters which were determined to be exces-
sive from the analysis. lhen these‘paramgigiingfgdghggggd, the analysis
must he repeated; hecausg the hydrau]igﬁ_Qf“thgmgqgjrgwbarrier system may

have changed.

red Cabin Creek - Analysis

Red Cabin Creek is a small tributary that flows into the Skagit River

near Lyman, Washington. The barrier on the creek is a culvert located in
the SE 1/4 6f Section 3; Township 35 North and Range 6 East. The culvert
runs underneath Cahp 17 Road ahout 3 miles from Hami]ton,‘washington. The
creek is used by chinook and pink salmon for spawning and contains good
coho spawning and rearing habitat. The culvert barrier is 35 river miles
from saltwater. ;he outlet of the culvert is shown in Figure 26. Note the
% ft wide wooden scour aprbn.

Culvert Description: Starting at the water inlet, the

circular culvert is concrete lined with some patches of
corrugated metal on the bottom; This continues until

about the last 30 ft which is steel pipe. There is a

debris jam about 2 feet high in the middle of the

culvert which should be removed.




P L

Culvert Dimensions: Diameter = 6.0 ft
Length = 150 ft
Slope = 4.4%
Hydrau]ic‘Ana1ysis: Yelocities in the culvert must be determined so that

the distance the fish can swim can be compared to the culvert lehgth.

b I e L

oA TENETEN e gl T EES TR TR Ay SR W

7
o



Using equation (17)

V = (1.49/n)R0-6750.5
where V = average velocity of flow in fps, n = roughness coefficient (0.012
for smooth steel surface, Chow, 1959}, S = bed slope (measured at 4.4%)
(for assumed normal flow depth), and R = area of flow/wetted perimeter in
ft. For circular culverts the flow area can be calculated by:
| Af = (n/180) cos=1[(r-d)/rIr2 -[r2-(r-d)2]0-5(r-d)
where Af = area of flow, r = radius of cmvert, and d = depth of flow (or
uniform depth). At the culvert outlet, the flow can be a'ssumed to be
“uniform, and this depth was measured at 0.55 ft on December 8, 1983.

The wetted perilﬁeter of the flow area can be calculated by:

Wp = (27/180) cos-1[(r-d)/rlr
where wp = the wetted perimeter, r = radius of culvert, and d = depth of
flow. Solving for A¢ and Wy yields:

Af = 1.29 ft2 and W, = 3.69 ft

Substituting these into equation (17) yields:

V= (1.49/.012)x(1.29/3.69)0-67(,044)0.5

V = 12.9 fps

|1

Multiplying this vé]ocit_y by the flow area, equation (22) yields a dis-
charge of:

Q = VA = (12.9)(1.29) = 16.6 cfs (on 12/8/83) - .
The distance the fish can swim is a function of the fish condition, water
velocity and depth of flow. For avérage sized adult chinook, coho and pink
salmon, a depth of 0.55 ft‘ is probably a minimum, and'win therefore not

reduce the swimming capabilities. Since Red Cabin Créekv-vis -a short’

tributary, with the barrier Tocated near the spawning grounds, a coeffi—-




cient of fish condition (Cfc) of 0.75 will be used (description is given in
fish capability section). Using Figures 11 and 12, a water velocity of

12.9 fps, and Cge = 0.75, yields the following distances the fish can swim:

Specie Maximum Swimming Distance
Chinook - | _ 16 ft

Coho 16 ft

Pink | Impassable

Because the culvert is 150 ft long, the fishlwi]]vnot be able to nggqﬁiate
the culvert swimming against the mean velocity. Also, the shallow depth
forces the fish to swim against thghwgaqu1pwwyglggj§y. - |

The measured outfall height at the end of the culvert was 2.3 ft, but
hecause of the high exit velocity, there was some horizontal component to
the falling jet. This distance can be calculated from equation (13):

XP = VW.[cos (@MW) 1t, |
vhere t can be determined from the equation (14):

H = [VWc(sin OW.)1t - (1/2)gt2,
where H = 2.3 ft (measured), Ve = 12.9 fps, and W, = 2.5°,
Substituting in these values yields:

2.3 = 0.56(t) + 16.1(t2),
and solving for t yields:

t = 0,30 seconds.

- Substituting this into eaquation (13) gives:

XP = {12.9 cos 2.5°)0.36 = 4.6 ft.
Recause of the wooden scour apron, the distance to the standing wave
could not be observed. Therefore, this distance, XSW (Fig. 22) will be

assumed equal to 1 ft. with the apron removed. This gives a X value of:

74 .




X = XP + XSW = 4.6 + 1.0 = K,6 ft

Now X and H can be substituted into the leaping angle equation (16):

AL = tan-1 3(H/X),
where H = 2.3 ft (measured), and X = 5.6 ft (calculated). Therefore:
oL = tan-l 3(2.3/5.6) = 51°

Superimposing H and X on Figures 8 and 9 shows coho and chinook will land
~right at the crest, and pink salmon about 1 ft short of the crest, at a
leaping énq]e of 60 degrees (dotted lines Figures 27 and 28). This angle
corresponds well with the calculated leaping angle of 51°. ﬁecaqse of the
Qigh velocities at fhe culvert outiet, the fish will not be_ab]e’tq_lang
guccessful]y and swim throuch. Therefore, the outfall drop is_considefed_a
horizontal distance (or range) barrier with édverse landing conditions.
This analysis has shown that at a discharge of 16.6 ¢fs, Red Cabin
Creek culvert is a velocity - length barrier and a leaping range barrier.
Classification for this barrier is shown in Figure 29. N

Ped Cahin Creek - Solutions

To negotiate the culvert length of 150 ft, the velocities would need
to be less than or equal to 3.4 fps for chinook and coho, and 2.6 fps for
pink salmon. In the corrugated metal pipe section with increased roughness
coefficient, the velocity would only be reduced to 6.4 fps. Dane (1978)
recommends for tulverts greater than 80 ft in lenath, the average velocity
should not exceed 2.9 fps for adult salmon, and that the culvert slope
should not exceed 0.5%, unless appropriate compensation is made by the
addition of baffles within the culvert. The design on culvert baff1es can
be found in McKinley and Webb (19%6), Engel (1974) and Watts (1974). The

addition of baffles essentially increases the value of the roughness
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SITE: Red Cabin Creek Culvert DATE: 12/8/84
LOCATION: SE 1/4 of Sectlon 3, T35N, R6E

SITE SKETCH
- RN R ,
! ; L4ty ] :
: 0 I 5 -
= LSt -
J e L
— ——— i ,Qi,k
77 VL IE N -
: R IR RN H
] o~ L
- - - l /7. \\W
I:Ef:?:?wﬁ et - > —
} CLASS: Compound (chute/fall)
' TYPE: ILC 1
DEGREE OF DIFFICULTY: 4
MAGNITUDE: H =2.3 ft X = 5.6 ft
' VW = 12.9 fps LS =150 ft
DISCHARGE: Q = 16.6 cfs
_, COMMENTS: Wooden scour apron deflects flow at
i culvert outlet. Debris jam in middle
o - of culvert, |
: | |
Q ‘ Figure 29. C(lassification of Red Cabin Creek culvert.




coefficient, thereforé decreasihg the velocity and incréasing the déptﬁ of
flow, creating a pool and weir fishway at lower flows. This could be
accomplished simply by placing roughness elements on the culvert bottom,
but would not provide resting places as baffles do. Since the slope cannot
be changed, the parameters that could be varied to_decrease the velocity to
2.6 or 3.4 fps in equation {17) is the roughness coefficient, assuming
Mannina's equation is exact, and the hydraulic radius. To achieve these

velocities, the roughness coefficient should equal:

Water Velocity n(roughness coefficient
2.6 fps ; 0.059
3.4 fps 0.045

In Chow (1959) these roughness coefficients correspond to a natural strean
channel with cobbles or large boulders. The actual size of the roughness
elements could best be determined by a model study sowthat;velocity

measurements could be made over a range of dischérges and roughnesé e1éﬁent
heights and arrangements.

At the culvert outlet, hecause the velocity is excessive, the fish
could lTeap into the culvert and then be swept back. Therefore assume here
that the vé]ocity in the culvert is reduced in some manner to a v§1ue
suggested earlier for passage to be achieved. An average of 2.6 and 3.4
fps, will be used or 3.0 fps. From equation (13) this reduces XP to 1.1
ft, and X to 2.1 ft, adding 1 ft for the distance to the standing wave.

- Calculatino the leaping angle for the new outlet geometry gives:

e e
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Superimposing the outfall geometry again on Figures 8 and 9 shows that
cohn, chinook and pink salmon can successfully enter the culvert at a
leaping angle of about 60°, shown as dotted lines in Figures 30 and 31.

| Aoain, this angle is close to the calculated leaping angle of 73°.
Therefore, decreasing the velocity in the culvert-to 3 fps will allow the
fish to successfully swim the culvert Tength of 150 ft and reduce the hori-
EontaT 1eqping distance. Table 13 is a summary of the problems and

suggestéd solutions for Red Cabin Creek culvert.

Table 13. Red Cabin Creek problems and solutions.

Problems

Solutions

Wooden scour apron prevents
fish from entering culvert.

Horizontal leaping distance
js excessive, caused by high

velocities at crest of 12.9 fps.

Velocity in the culvert is
excessive for a culvert lenath
of 150 ft.

Debris jam in middle of culvert
prevents fish passage.

Remove apron.

Decreasing velocity to 3 fps at
the crest would reduce the
horizontal leaping distance and
allow successful passage.

Add baffles or some type of
roughness elements to decrease
the velocity. Check culvert
capacity to pass flood flows.

Remove debris

L]

Chuckanut Creek Haterfall - Analysis

Chuckanut Creek is 10cated just south 6f Bellingham, Washington; it
flows—-along the 01d Samish Highway and discharges into ChUckqnut Bay. The
barrier in question, ?igure 32, is 1océted at rive; mile 1.8, fn thé middle
6f the western 1/2 of Section 17, "Township 37 Nortg, Range 3 Easf. The
creck below the barrier s used by chum salmon in the lower part below the

\
barrier and coho and steclhead spawn in the Creek above the barrier.

50



*S3AAND DULGE3| UDWES
OLOD PUBR NOOULLD UG P3SOdiiLdENS 13| IN0 JABA[ND ,DISLAIL, ¥334) ulqe)d pay *0¢ m;:mwh

(11)des jo abuey X deeT
le—2—»] 1~ so
- \l_:m.co

ZlL 91 SI ¥ €L 2t 14 OF 6 '8 L 9 S ¥
. '

T
®
=
=
o
o
o)
g

- : _ - -8 =

| ——— ~ "J19A[nD) }2@9l1D ulqed pod | =

- : -8

- ~01

— ~ii

00°'L = 92JD G.°0=90 — — —

sd} p°ge gd4A ake)20g5 pue oyod ‘joouyy "mw_o_mmm__

81




8

10~
ol , . -
F=E Red Cabin Creek Culvert _ Z ‘
3 7 -
Y
(s 6 —_
e
g -
‘o
T 4 _
3
2 N

ﬁ - .
SPECIES: Chinook, Coho and Sockeye VFB: 22.4 fps
, — — — Cfc = 0.75 Cfc = 1.00 -

oz.a:w\ﬂn.wammw 9 10 11 12 13 14 15 16 17

of AFIIIII:V*
Leap X Range of Leap(ft)

Figure 30. Red Cabin Creek "revised" culvert outlet superimposed on chinook and coho
salmon leaping curves. _
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Figure 33. Plan view of obstructing rock near Chﬁckanut Creek waterfall crest.
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Figure 34. Plan view sketch of Chuckapg




Waterfall Description: 1In the upstream section the barrier
begins with a short, narrow rock chute (triangular cross section)
which terminates in a 2 to 3 ft drop. At the drop there is a
rock/sandstone overhang which may obstruct passage to the upper
chute of the barrier, Figure 33. The main opening for passage
appears to present a Xﬁﬁ!,Eh?ll?ﬁmﬂsﬂibimﬂﬁéfqﬁhe,Cfest- This
waterfall does not appedr tolhe an elevation or velocity barrier,
but because of the rock overhang it may present orientation
" problems. Steelhead have been observed by Dept. of Fisheries
personnel to successfully pass the barrier, but. have also been

observed falling back after landing near the crest.

Hydraulic Analysis: To analyze the hydraulics at Chuckanut Falls, an

engineering survey was conducted on 12/8/83 to determine the chute cross
sections and significant topographic points throughout the barrier site. A
survey base line was established (Figure 34) and measurements of channe?
cross-sections taken.. Using station 1407 as a representative crbﬁs-section

(Figure 35) for the chute, the velocities can be calculated using equation

(17) with the following values: bed slope (assume uniform flow) = 7.7%

(measured), flow area (measured from Figure 35) = 1.5 ft2, wetted
parameter (from Figufe 35) = 3.9 ft, and rougﬁness_coeff{cient (jagged rock
0.035 to 0.050, Table 9). Substituting these values into equation (17)

L

yields for the average velocity at station 1407:

H

¥ = (1.49/0.035)(1.5/3.9)0-67(0.077)0-5 = 6.2 fps, and

V = (1/49/0.050)(1.5/3.0)0-67(0.077)0-5 = 4.4 fps.

Multiplying the average ve1ocity by the flow area, equation (22) yields a

discharge of:
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It

VA

It

6.2(1.5)
4.4(1.5)

]

0{n=0.035) 9.3 c¢fs and

VA

n
it

1

Q(n=0.050) 6.6 cfs.
Therefore at station 1+07, the average velocity the fish must face assuming
a digcharge of 8.0 c¢fs is 5.3 fps. A similar analysis was applied to
station 1+00 (Figure 35, the crest), and an average velocity of 3.1 fps was
calculated. The velocity decreases near the crest because of the increased
flow area from station 1+07 to 1+00.

The barrier is located only 1.8 river miles from the salt water, so a
coefficient of fish condition, Cfc, of 1.0 will be used. The distance the
fish can swim for the average velocity calculated (5.3 fps) is given by

Fiqures 10, 11 and 12 as:

Specie Maximum Swimming Distance
Steelhead 105 ft
Coho _ . 80 ft
Chum 48 ft

Since the chute is only 12 ft in length, if the fish can get into the chute
they.will easily pass the barrier.

Thé upper chute terminates in an overfall where the water breaks off
the crest (which is angled to the flow) and strikes the plunge pool. The
change in water surface elevation from the crest to the plunge poo[ was
measured at 2.7 ft. Because of the overhanging rock on the right side of
the fall (left lookinag upstream in Figure 32) the fish are forced to leap
at the right side '(1ooking upstream), where the water breaks off the crest

and flows down a short chute (7.5 ft long) at a measured depth of 0.1 ft.

Because of the shallow depth it is not possible for the fish to swim.up

this chute, and therefore they must leap to bé%s.:;
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The distance X was measured to be 8 ft. Using equation (16), and the
measured H and X values of.2.7 ft and 8.0 ft respectively gives a leaping
angle of:

oL = tan-l13(H/X) = 45°
Superimposing H and X on the fish leaping curves (Figures 7, 8, 9) shows
the following:

1. Steelhead and coho can successfully pass at leaping angles of 60

and 40 degrees (Figures 36 and 37).
2. Chum sa]mon will fall short of the crest by about 4 ft at leaping
angles of 60 and 40 degrees (Figure 38).
The calculated leaping angle of 45° will extend to the point of max imum
leaping distance for this falls geometry. The fish that successfully leap
will probably land in very shallow water and higher velocities because of
disorientation caused by the overhanging rock.

The plunge pool depth was measured at 5.5 ft, and therefbre provides a
qood leaping situation. Under the present conditions, Chuckanut Creek
falls appears to be an elevation and orientation bar;ier at.Iow flows (8
cfs) to chum salmon, but not to steelhead and coho, except for the
overhanging rock obstructing the path to the upper chute. Classification of
this barrier is shown in Figure 39.

Chuckanut Creek - Solutions

ok

A very good low flow channel is present above the falls, upstream from
the fa11§ crest. Referring to Figure 33, if the overhanging rock was
removed, the fish would have a "straight-shot" into the upper chute. Also,
they would be attracted to Teap at the area of highest flow momentum

because of the deep channel on the left side (looking upstream). This would



also allow the fish to get further upstream before they attempt their leap,

and decrease the horizontal leaping distance (X). Even at high flow, the

majority of the flow would be concentrated in the deeper low flow channel.
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SITE: Chuckanut Creek Waterfall DATE: 12/8/84

LOCATION: Middle of the Western 1/2 of
Sectlon 17, T37N, R3E

t .
e . [ [ 2 A
] SITE SKETCH
I N : [ R
L - i [
[IEEEE N RN [ [ 1
- ) 1T VT, | [ ) |
T—— M i [ v (!
" ni':
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TR NY | [ l"li!‘
RN SV "N PO NN RO
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- I | X
T L

CLASS: Single Fall |
TYPE: JLA 1 e
DEGREE OF DIFFICULTY: 2

MAGNITUDE: H = 2.7 ft
X = 8.0 ft

DISCHARGE: Q =8 cfs o | .

COMMENTS: Rock overhang at crest may' obstruct
orientation for leaping.

Figure 39. Classification of Chuckanut Creek waterfall.
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CONCLUSIONS

The guidelines for analyzing a waterfall or culvert barrier in this

report are relatively simple. With the expertise of a fisheries biologist

and a hydraulic engineer these guidelines can be used effectively to

resolve the dilemmas of fish passage problems at barriers. The following

is a list of significant conclusions developed:

.

Unstable plunge pools disorient and reduce the fish's leap trajectory
and height respectively.
Velocities and depths can be estimated for any irreqular shaped falls
crest as a function of the discharge at critical depth from:

02/q = A3/M
where () = stream discharoe, g = acceleration of gravity, A = cross
sectional flow area and W = top stream width,

Water surface profiles at barriers can he superimposed on fish leaping

curves to analyze bassage success. The optimum Tleaping angle can be
estimated by: .

oL = tan-1 3(H/X)
where H = the difference in water surface elevations, and X =
horfzonta1 distance from the sﬁandinq wave to the crest of the falls or
chute.

For rectangular and triangu1an_shapedmchannglﬁgthe hydraulic radius can

_be estimated as a function of the average width and depth with errors

less than 5%; this allows the mean velocity to be calculated.

=
)
3




Fbr depths greater than 2 feet in corrugated metal pipe culverts, fish.

can swim in reduced velocities near the boundary where the velocity
opposina the fish is less than  the mean velocity by as much as 307%.

Stage-discharge relationships, when compared with migration season

flows, will define hydraulic conditions at the barriers which the fish

must negotiate.
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SUGGESTIONS FOR FURTHER STUDY

Concepts for analyzing barriers to upstream fish migration have heen

presented in this paper. As each section was written, more and more ideas

ahout methods. for and1yzing barriers were unveiled. The urge to go back

and include these new ideas was eventually offset by the necessity to

complete the study. Further study of the following areas will increase the

1.

~accuracy of analyzing and finding solutions to fish passage problems.

Plunge pool: guidelines should be developed to accurately

determine the plunge pool depth for the given barrier geometry and
hydraulics which create optimum leaping conditions.

Fish speeds in an air-water mixture: there should be some
reduction in the fish's burst speed in a air-water mixture because
of the reduced water density. Calculations need to be made using
fish locomotion equations (Blake, 1984) to determine the reduction
of the propulsive power of the fish's tail in a medium with
reduced density. Corresponding leaping heights and trajectories
can then he calculated.

Leap success ratios: as the height of barrier increases, the
number of attempts required for a successful pass should increase.
This could be studied in a hatchery fishway, whe}e the leap
success ratio (successful leaps:leap attempts) is recorded for a
range of water surface drops. |
Migration distance from ocean to barrier reducing fish capa-
bilities: a survey could be taken to record the river miles to a

barrier, height of barrier and species which pass or are blocked.

Qe




Aerial photography: the desiqgn of low-level, balloon mounted
photographic equipment could be used. These photographs can
greatly reduce site survey time and provide excellent visual-
ization, when used with ground survey controls and at different

stages of stream flow.
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NOTATION

Elevations (H)
H Change in water surface elevation
HL | Height of the fishes leap

Distances (L and X)

LS Length of slope

X Horizonta1 distance from the crest to standing wave

Xp _ Horizontal distance from the crest to point where

: falling water plunges

X SW Horizontal distance from point where falling water
plunges to standing wave

LF Length of fish

LFS Length the fish can swim

Velocities (V)

VW Velocity of water
VF Fish speed
= VFB - Burst speed of fish
| VFP Prolonged speed of fish
VFS Sustained speed of fish i
; i * Temporal mean velocity
% ug Temporal mean velocity at which the fish swim
% u, Shear velocity
YR | Re1étive speed of the fish to the water
VWe Ve1ocify of water at falls crest
Depths (d)
ey - Depth of water
de Critical depth
dpp .Depth in the plunge pqo]
101 .




dp Depth of plunge by waterfall jet

de Depth of fish
Slopes (S)
Se Fish exit (water inlet) slope
Sp- Fish passage (water transition) slope
 QOthers

Cee Coefficient -of fish condition

OWe Angle in degrees from hofizonté] at which the velocity
leaves the crest

oL Angle in degrees from the horizontal at which the fish
Teaps

R Hydraulic radius

q Acceleration of gravity

n Manning's emperical roughness coefficient

W Width

10¢



AN ANALYSIS OF COHO AND CHUM SALMOM SWIMMING UP A VELOCITY CHUTE

Naterfa1ls.and culverts sometimes form velocity barriers to the
upstream migration of adult salmon and stee1heae trout ,Often, the swimming
capabilities of the species in quest1on wi]] determine the success of
passage. Other factors which effect the success of passage are: depth ef
flow, distance the fish must swim, and violent turbuTence (unstab]e flow
patterns). In order to analyze how these factors effect fish passaée, a
“veloeity chute" study was conducted at Johns Creek Fish Hatchery near
Shelton, Washington. ‘This study was done in conjunction with the Bonneville
Power Administration (BPA) Fisheries Project 82-14, "New Concepts in Fish
Ladder Design." At the conclusion of the study; it became apparent that a

_velocity. chute cou1d .be used as an efficient and economical method of

M T

A )

passing fish. With a fishway pool length of 12 ft (3.66 m) and a chute
Tength of 8 ft. (2.44 m) chum salmon (Onchorhynchus keta) were observed

passing a change in water surface elevation of 1.8 ft (0.55m) with a
passaqge success rate of 100%.

Experimental Facilities

The chute was installed in the existing fishway bulkhead slots. It was
constructed with 3/4 inch plywood at a length of 8 ft (2.44 m). In test #1
the chute width was 2 ft (0.61 m) with a wall height.of 1 ft (0.30 m). After
comp]et1on of test #1, the width was decreased to 1.25 ft. (0 38 m) and the
wall height was 1ncreased to 1. 5 ft (0 46 m) in order to obta1n a greater

depth of flow (test #2). At the inlet (crest) the chute was supported by
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two hinges, which allowed adjustment of the slope. Near the fish entrance
it was supported by adjustable vertical and horizontal support rods (Fig.

).

Transition Zone

Uniform Flow Zone

Hydraulic Jump/
Standing Wave Zone

(S ¥ 455

e 1 .

Figure 1. Plan view of the 8 ft long and 1.25 ft wide velocity chute test
apparatus installed in the Johns Creek Fishway.

™

Chute Hydraulics .

The approach ve1opity from the upstfeam pool was negligible, and

critical depth (Froude No. = 1) always occurred at the chute water entrance

_of crest. The three zones of flow observed during testing were: 1)

transition zone; 2) uniform flow zone;,aﬁd_B)‘hydrau1ic jump/standing wave
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zone., In the transition zone, the flow was passing through critical (at thel
crest) to uniform depth approximately 2 ft (0.61 m) down the slope from the
" crest. The depth is greater in the trans%tion zone than in the uniform flow
zone and when the fish approached the transftfén zone they "burst" through it
into the upstream pool because of the decreased flow Qe1ocity. The uniform
flow zone began at approximately 2 ft (0.61 m) from the crest and remained
.at constant depth until it dissipated into the downstream pool. At this
point, a hydraulic jump developed whiéh increased in intensity-as the-chute
velocity increased.

The addition of roughness e1emen;§_on‘thg”f]99(_qf the chute had the
effect of increasing the depth and dggtgasqulyhg*yg}o;ity for a given
slope. The spacing between the roughness elements was filled with cir-
culating water containing stable eddies, creating a pseudo wall. Chow
(1959) classifies this as "quasi-smooth flow." Quasi-smooth flow has a
highe}Tfriction f%ctor than flow ovef-é true smoothiﬁukféééﬁhecéhéégihp_
eddies in the qrooves consume a certaiﬁ amount, of~en9fgy. These hydraulic
conditidns'were ohser&ed in a plexiglass model of the chute in Albrook
Hydraulics LaBoratory at Washington State University. The model was also
used to verify field measurements of velocity and discharge.

Study Objective

The objectives of this field study were to observe and record the
following:
1. The response of coho and chum salmon to outflow conditions at the

downstream end of the chute:

21

leaping;
b. swimning;.and

c. attraction conditions.
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2. Water depths which affect passage:
a. minimum depth;
h. depth where swimming is unimpajred; and
c. effect of roughness elements on water depth/fish passage.
3. Swimming speeds of coho aﬁd chum salmon:
a. relative velocity of fish with respect to water {(fish speed),
b. relative velocity of fish with respect to chute, and
¢c. passage time. |
Results
Test No. 1; Chute Width = 2.0 ft (0.61 m)

In this test ohservations were made of the chute hydraulics and fish
movements. The majority of fish tested were adult coho salmon (Onchor-
hynchus kitsutch) which were in poor physical conditioh, displaying full

spawning colors and averaging about 2 ft (b.GI_m) in length. The few chum
| salmon ﬁe;ted also displayed full spawning colors and averagéd‘SO in (?6.2
cm) in length. The maximum depths of the fish bodies were: coho 0.4-0.5 ft
(0.12-0.15 m) and chum 0.65 ft (1.65 cm).

An immediate problem developed because the depth of flow at 0.2 to 0.3
ft (0.06 to 0.09 m) was too shallow. The smaller coho could pass but the
larger chum could not. Average velocities in the chute ranged from 5 to 8.3
fps (1.74-2.9 m/s) which is in the range of the upper prolonged speed of
10.6 fps (3.23 m/s) for coho salmon suggested by Bell (1973).

The fish response to different types of hydraulic jumps (or standing
waves) was observed. ‘The Froude number for all tests was in the 1.2 to 4.1
range. Chow (1959) sugqests for this range the jump type. is just beginning
to oscillate és was observed. Stuart (1964) describes these water surface

oscillations as points from where fish are often seen leaping. The fish
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Table 1. Velocity chute test #2 data.

Uniform Depth

From Above Uniform Length Passage
Test No. Floor Roughness E1.  Velocity Slope Success Flow
(ft) (ft) (fps) (ft) (%) (cfs)
_ (Stope)
(%)
2ad 0.13 - 8.3 5.5  0(coho) 1.1
(26) 0{ chum)
2bb 0.41 0.28 .52 7.5 95({coho) 2.3
(15) 92(chum)
2¢C 0.51 0.38 5.0 8.0 64(coho) 2.9
(19) 89(chum)
2d¢ 0.66 0.54 6.8 7.0 78(coho) 5.0
(27) 100(chum)
2e¢ 0.56 0.44 6.7 7.0 No coho 4.1

(36) 23(chum)

.

Notes: a - roughness elements not used, floor consisted of plywood
{n=0.021).

b - Roughness elements with 3 inch longitudinal spacing {n=0.044).

¢ - Roughness elements with 6 inch longitudinal spacing (n=0.055,
0.053 and 0.059 for tests 2c, 2d and 2e respectively).

Wrard it ds whd ns
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that passed were observed to be'ho1ding in the standing wave, then bursting
into the uniform flow zone (Fig. 2), and proceeding at a constant speed
until the transition zone was reached. Coho sa]mbn thﬁt reached the
transition zone always swam successfully into the upper pool. Unsuccessful
fish were usually slow starters who, after several attempts, wera observed

leaping out of the standing wave.

Test No. 2; chute width = 1.25 ft (0.38 m)

The coho tested were in worse condition than in test #1 but a fresh

run of chum salmon entered Johhs Creek only a few days before'the testing
started. Fish sizes were the same as Test Mo. 1. The channel width was
decreased to 1.25 ft (0.38 m) and roughness elements were added to the chute
floor. The height of the roughness elements was 1.5 in (3.8 cm), spaced at a

distance of 3 in (7.6 ¢cm) and 6 in (15.2 cm) in separate removable false

Figure 2. Coho salmon bursting out of hydraulic jump into uniform flow
zone. -




In test 2a, roughness elements were not used, and the depth of flow was
0.13 ft (0.04 m) with an average velocity of 8.3 fps (2.53 m/s). The
SUCCess passage was 0% for coho and .Chum, so this depth was a barr1er Once
the roughness elements were added’to 'the ﬂoor theldepth 1ncreased to 0.4 ft
(.12 m) - 0.6 ft (0. 18 m) range wh1ch was ade“quate for f1sh passage This is
the depth from the f]oor to the water surface Dane (1978) suggests a
minimum depth of 0.75 ft (0 23 m) for Pacific Sa]mon and Dryden and Stein
(1975), suggest that Uin all cases, the depth of water 1na_cu1vertshon1d
be sufficient to submeroe the largest fish to use the structure." This
f1e1d study has shown how partia'l submergence impairs the abihty of the
fish to generate thrust.‘ '

Fish Movements

As noted in Test #1 results, fish were observed holding in the hy-
draulic jump where the velocity is decreased and then bursting into the

uniform flow zone as shown in Figure 3. Once into the.uniform.flow.zone .

(zone of highest ve1ocity) the fish a1ways-'n\ove’d 1atera1'ly to the chute side
wall and continued through the uniform flow zone a10ng the wall (Fig. 4).

Near the wall boundary the water velocity was decreased as much as 60% of
the centeane velocity, because of the shearmg resistance created. When
fish approached the transition zone and -ihe' v‘e1oc11-:y‘ decreased they moved
out into the middle of the chute (Fig 5) and burst through the crest into
the upper pool. Some of the unsuccessful or slower fish were observed
crossing back and forth laterally in the ,‘chu1t_e searching for at_zone of lower

velocity.
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Figure;3. Chum salmon bursting out of hydraﬁlid Jump after several seconds
of holding in the jump. S

Figure 4, Chum salmon swimming up chute taking advantage of reduced
velocities in boundary layer.

»

111 i



Figure 5. Chum salmon approaching transition zone moving laterally into
middle of chute. '

Analysis of Fish Speeds

Tests Results .

~ The time required to successfully pass the chute was recorded with a
stop watch. Knowing the distance that the fish swam to reaéh the crest, the
vg1ocity of the fish with respect to the chute can be calculated. When the
water velocity is determined the actual swimming speed of the fish’;an be
calculated. This calculation assumes constant velocity down the chute which
is not exactly true because of the transition zone near the crest. But as
noted earlier, uniform depth was reached within 2 ft (0.61 m) of the water

inlet. As the slope was increased in subsequent tests the flow approached

uniform depth in an even shorter distance.



A calculation of fish speeds for test #2b is shown below
Length of Slope(LS) = 7.5 ft.
Water Velocity (VW) = 5.2 fps

Passagé Times (PT) in seconds:

Test #2b: .~ coho chum
maximum :. 4.7 5.5
average 3.5 4.0
minimum _ 2.0 2.3

Fish Velocity (fps) = (LS)/(PT) + VM

Species _ Fish Velocity (fps) -
Maximum Average Minimum

Coho 8.9 7.3 6.8

Chum : 8.5 7.1 6.6

Yelocities for the dther tests are summarized in Table 2.

Table 2. Maximum, average and minimum swimming speeds of coho and chum
salmon passing the velocity chute.

Fish Velocity (fps)

Test MNo. Species Minimum Average Maximum
2b Coho 6.8 7.3 8.9
Chum 6.6 7.1 8.5
2¢ Coho 6.0 6.5 7.6
- Chum 6.0 6.4 7.1
2 Coho 9.1 9.5 10.7
Chum 8.6 8.8 8.9
2e . Chum 8.8 9.1 10.0
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Discussion

Swimming speeds of fish are usually reported in ﬁhree‘catégories:
sustained, prolonged and hurst. Burst speed is defined as causing fatigue
fn 5 to 10 seconds (Bell, 1973). From obserbations and fatigue times
recorded, the fish'passing the cﬁute were assumed to be using burst activ-
ities. Bell (1973) suggests a burst speed range of 10.6 to 21.5 fps (3.2 to
6.5 m/s) for coho salmon. The maximum swimming speed (or burst speed)
recorded in these tests for coho salmon was 10.7 fps (3.26 m/s), definitely
on fhe lower range of Bell's suggested speeds. But as noted earlier, these
coho were in very poor physical condition. Therefore, the maximum speed of
10.7 fps (3.26 m/s), which is 50% of the maximum burst speed suggested by

Bell (1975), is probably the upper range of burst spced for a coho salmon

near its spawning time.

- e et

Burst speeds of chum salmon have not been recorded in the literature,

R

but they are generally thought to be a weaker fish in comparison to coho.

Observationsl of chum salmon leaping 3 and 4 ft (0:91 and 1.2 m) suagest a
burst sbeed of about 15 fps (4.6 m/s) to achieve these heights. The maximum
swimming speed recorded for chum salmon was 10.0 fps (3.05 m/s) or 67% of
the maximum burst speed of 15 fps (4.6 m/s). The chum tested were*in good
shape, but their spawning colors and teeth were fully deve109ed.

This information can be helpful in analyzing waterfalls and culverts as
barriers to upstream fish migration. The speed of the fish can be based on
some-percentage of the maximum burst gpeed suggested by Bell (1973),

depending on the condition of the species in question. This will be termed
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the "coefficient of fish condition"” (Cgc). Table 3 gives a range of Cge and

the corresponding fish conditions based on observations made of coho and

o

'1

2

H
i
&
whe
b
7

chum salmon in Johns Creek.
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Table 3. Coefficient of fish condition (Cge); values based on observations
and data taken for coho and chum salmon at Johns Creek Fish
hatchery near Shelton, Washington.

K Fish Condition Cfe

Bright, fresh out of the ocean or °
still a long distance from spawning grounds, 1.00
no spawning colors yet developed. K

[N R I S

Good, in the river for a short time,
spawning colors apparent but not fully 0.75
developed, still miqrating upstream.

R P T IE U R T

Poor, in the river for a long time, full
spawning colors developed and fully 0.50
mature, very close to spawning arounds.

bt D e Ao

Relative Fish Velocity

Aﬁother concept tested in thfs study was that of the relative velocity
at which fish swim with respect to the chute. Studies on fish passing
through culverts have assumed this "fish passage velocity" to be 2 fps (0.61 .
m/s) in relation to the culvert (Dane, 1978). This 1s.an important para-
meter for passage analysis because, given the water ve1ocity; one can
determine the speed the fish must swim to pass. Values obtaihed in this

study were averaged over four runs and are given in Table 4.
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Table 4. Relative velocity of chim and coho salmon with respect to chute.

Species : Relative Fish Velocity (fps)
Coho | ' _ 2.1
Chum ' : : | 1.9

Feasibility for Fish Passage

A1l tests were conducted with a pool length of 12 ft (3.66 m) and the
change in water surface elevations (H) were measured for each test. The
water surface drop was not a variable in this study because the velocity
down the chute is independent of the change in water surface elevations, as
can.be seen by Manning's equation: _

V = (1.49/n) R2/3 51/2

The change in water surface elevation (H) was varied to obtain the same
chute length at a steeper slope. When the values of H are compared with the
passage success rates and fishway slope, the feasibility of using slightly
roughened chutes for fish passage becomes obvious (Table 5).hCurrent1j
fishway designers suggest a maximum water su}face drop of 1.0 ft (0.305 m)
for coho salmon, 0.75 ft (0.23 h) for chum salmon, and a maximum fishway
slope of 1 on 8. 1In test 2d, with a water surface drop of 1.85 ft (0.567 m)

aﬁd a fishway slope of 1 on 6:5 a 100% passage success rate was recorded

for chum salmon. This was achieved by adding only roughness elements 1.5 x

1.5in (3.81 x 3.81 cm) at 6 in (15.2 cm) clear spacing to the floor of the

chute.
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Tabble 5. Change in water surface drop, percent successful passage and fish
way slope for chum salmon testing at Johns Creek Fish Hatchery
near Shelton, Washington.

Overall
Test No. H (ft) Chute Slope % Passage (Chum) Fishway Slope
" (%) Including

Pool Length

2b 1.03 15 92 1/11.7
2c 1.80 19 89 | 1/6.7
2 1.85 .27 100 1/6.5
2e 2.52 36 23 1/4.8

Conclusions
This study showed how an 8 ft (2.44 m) wooden rectangular chute can be
used to estimate the swimming capabi]fties of coho and chum sa]mdh and to
determine the feasibility of using chutes in series to pass fish. Some of
the findings can be summarized:
1. When passing the chute, coho salmon only leaped after several
unsuccessful attempts at swimming. Chum salmon always swam to
pass. h
2. Minimum suggested depths for passage are: coho 0.4 ft (0.12 m) and

chum 0.5 ft (0.15m). Depth of water where fish are unimpaired

should be equal to the maximum depth of the fish body.
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3. The maximum speed obtained for coho and chum salmon are 10.7 and 10 °

fps (3.26 and 3.05 m/s), respectively.

4. Coho salmon were swimming at a level of 50% of their maximum burst
speed and chum salmon at 67%. |

5. The average re1at1ve ve10c1t1es of the f1sh w1th respect to the

chute were coho 2.1 fps (0.64 m/s) and chum 1.9 fps (0.58 m/s)
6. The use of a ve10c1ty chute 1. 25 ft (0 32 m) wide by 1.5 ft (0 46

m) high with roughness elements can be used to pass sa1mon w1th a__”

h1gh passage success rate and water surface drops of up to 2 ft

(0.61 m) with a pool length of 12 ft {3.66 m). The pool length is

the dimension from one chute inlet to the next.

Sugaestions for Future Testing

To measure the response of fish to a certain parameter, all others must

be held constant. For example, in test #2 the velocity was increased by

increasing the slope of the chute, but because the depth waszhots he]d

~a ;_%ew‘r'L B

constant it was hard to determine whether the depth of flow or the 1ncreased
velocity was affecting the passage success rate.. This could be solved by
keeping the depth bf flow always greater than or equal to the maximum depth
of the fish at the midsection. Other suggestions for further testing might
address the following:

1. At what slope does the velocity increase creating a.velocity

barrier, by species, assuming the depth is sufficient?
2. What is the fish response at a velocity barrier; does leaping

commence or do the fish continue to try to swim up the chute?

3. At one velocity where the passage success is low, try three

different sizes of roughness elements and ohserve behavior.
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4. As the velocity increases, does the relative velocity of the fish

with respect to the chute increase or remain constant?
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