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Th1s thes1s presents the results of an experimental study on X
the hydraullcs of two types of culvert f1shways. Four'
de31gns of the f15h-we1rs and three desxgns of the ?";

'f‘f1sh baffles were stud1ed Based on’ veloc1ty, deptnwand ‘
'Zv1sual1zatxon measurements, the desxgns were tested go see e
if they vere able to provxde upst.eam flsh movement. The

fxsh-wexrs faused low depths of flow at lode1scharges on
' ‘the we1r and 1mmed1ately downstream (along the Centerlxne)
‘fas well as hxg;kveloC1/Ags wh1ch could be an obstacle to thee‘
’fISh ™ 1mportant questlon to be asked'}s how relevant aée

tib‘:nzow dxscharges in prototype condxtxons and are they

ower discharges and some hlgh Veloc1t1es whlch the fish may
orﬁmay not ‘have to contend w1th dependlng upon the flshes

-path as’ the f1sh baffles do- not span the entire w1dth of the'

culvert as do the flSh wveirs. & §
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1. INTRODUCTION o
. ) (L\‘ . .
‘Culverts are, commonly “used. for road stream crosszngs

and are generally adequate for preservatlon of the flSh

_resource in small and‘med1um-sxzed streams,prov1ded they are
‘ i ‘ . . . . o . ‘ Lo «
properly.designed'and installed Road con8truction in or

“near the aquatxc env1ronment can affect the fxsh resource in’

-

bxlxtles of

7 ¢
several ways. Mz}or concerns are the poss
blockxng f1sh m vement removal or 51ltatxon of spawn1ng ’}

A gravels and other zltal hab1tats, and qrosxon resultlng ﬁrom

'construct1on act1v1t1es. o -“!fﬁ“

-

The effects of. construction on fish populatxons can be ?;
\ : -

minimized by route selection,rconstruction scheduIing andf

- H

techn1ques, and stream cross1ng design prov1ded data are .v -

available on. fxsh m1grat1on routes and t1mes, ;pawn1ng ‘and,
nursery areas, and general life h1stor1es. The problem ;f

' fish. passage throqgh cul;er s has been the toprc of

AR

‘extens1ve research\ fpec1 1lly deallng wzth upstream

mlgratlon of Pac1f1c sal/ n in western North Amerlca. ff(;\;x

Thls thesxq w1ll br1ng together pert1nent 1nformatlon .

on: the problems culverts 1mpose on the f1shery resource from o

[

-

a l1terature review,, Types and t1m1ng of . mlgratlons,
| .swlmm1ng capab111t1es, f1sh passage requ1rements and desxgn
| methods to meet them are rev1ewed in Chapter 2 |

A major focus of th1s paper 1s to present a model study

on two types of culvert flshways (f1sh-we1rs and

flsh baffles) The hydraul1c performance of these fxshways

was tested through veloc1ty, depth and flow pattern

B



\

‘measurements. The‘e;perxmental model Stuéy of the two
;culvert f1shways was’ undertake%ﬁat the T.. Blench Hydraullcs
“:Laboratory, Un1versxty of Alberta. The experxmental

,hprocedure, data analys1s and conclus1ons and recommendat1§ns

w111 be covered in Chapters 3. to. 6
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 for culverts;

" occur

.. 2. 2 1 Fzsh movement R _~'.-' }fp‘- ﬁ ""‘f}

,spawn1ng run 2. ﬁeed1ng or rear1n‘

2. LITERATURE REVIEW -

'2 1 General 1ntroductxon

Th1s chapter wxll review the bxologxcal hydrologicals_

o
- .

and hydraullc con51deratxons pertalnzng to culvert

,“1nstallat1on as»welI as, rev1ew the various flshway des1gn5r

A

¥

b

2.2 Biological considerations

"(‘K' ' . : o . ! ' v v» , o ‘ Wt
‘fnsurmountable barriers to upstream fish movement can

~

@

s arresﬁltvo£1}gh water velocities through'poonly
ssist in the preparation of efficient

designed culverts. To
design guideﬁénes whxch would m1n1m1ze env1ronmental damage'

[

from this cause, certaln b1ologlcal aspects must be

“understood and studied. S .

Thxs sectlon of chapter 2 w1ll explaln and dxscuss

B}

:these biological con51derat1ons‘such as the types‘of fxsh

Le

movement (runs) flSh sw1mm1ng speeds and performance and

O

fthe b1olog1ca1 and env1ronmental £actors whlch can affect‘""

the performance. f"? Lo

; SRR

P
AR

o

B

N R O . g
‘aq Tﬁere are three types of f1sh movement (runs) «Ji

run 3 temporary

"‘A

m1grat1on. All of the three types'of flSh movement whlch

greatly depend on the fxsh sw1mmtng speed and performance

. w1ll also depend on . the bxolog1cal and env1ronmenta1

ST




‘parameterS‘(fish length, temperature, etc.).

N‘,l
L fe e

2.2.11 Spawn1ng run

_;__;_;_1;545 is- the most important and well- studled of the
| fthree and t1m1ng is very~1mportant Spawnlng is trlggered by
‘a comblnatlon of de;ree days and“water tempereture and must
- occur at a partxcular t1me (Watts, 1974).‘Spawn1ng t1mes ,' “",
' dlffer among spec1es (Table 2 1) so it is: 1mportant to know
vthe spec1es of f1sh for the partlcular stream or r1ver in
quest1on so as to enable the desxgner to. produce veloc1t1es
in the culvert during the spawing per1od wh1ch are su1table'
Z,for that part1cular speczes..Also, fish must not be delayed
\‘gfor lengthy perlods especxally when nearzng the spawnlng
‘,beds.' '

Gebhards and Fisher (1972) suggested that a delay of f“
sxn consecutlwe days for salmon and trout is: the maxxmum |
that could be tolerated w1thout damagxng the spawnlng

»hcapabzllty of fxsh when they are r1pe and ready to spawn-

ﬁl and - Dryden and Stezn (1975) suggested that f1sh 1ndlgeneous

hto the Northwest Terrltorles could tolerate a delay of only

, "three d?ysxwlthout ser1ous b1olog;cal consequences.\The;

'ljd“per1od ofrt1me beyond wh1ch delay becomes harmful has been
"termed the "Cr1t1cal M1grat1on Delay Perlod" ‘f,. i] :‘v”d]a},h
‘\'n The relatxonsh1p between the t1m1ng of the spawnlng’ o

l«mlgratxon and the culvert de51gn d1scharge may be eluc1dated

fhby def1n1ng the "Flsh M1gratlon D1scharge or "Cr1t1cal

M1gratzon stcharge 0 as the max1mum dlscharge durlng wh1ch

"'.‘f«

:1f£13h are?able to ngrate thrbj?huthe culvert.;=




2.2'1 2 Feeding or, rearing'run
Thls run’ occurs when flSh are . swept downstream dur1ng

'h1gh flows untll they reach an area where the\veloc1t1es‘

allow them to ma1nta1n that p051t10n in the stream "These ;‘
“fzsh‘(all size ranges) w1ll move back‘upstream to the1r ‘? .
“‘feedlng or rearxng areas “and thzs wxll occur durlng the
lower flows. This run can also occur da1ly 1f the culvert ot
was. placed between the feed1ng or rearlng areas and- the

resting, areas so “that there mlght be a need for contlnual

movement‘through the culvert.j

2. 2 1. 3 Temporary mxorat1on to larger streams‘
Streams which éreeze sol1d force flsh to move to larger»
' rivers downstreqm ‘At breakup, these fish wxll want to move
upstream to spawn, feed and w1ll 1nc1ude all age classes.l
2:2;2_Fishfspeed“ahd{performance
], The“movement-of fish through water‘can‘be‘classified L
into. three major categor1es based on speed and tlme.' ‘
.susta1ned prolonged and burst sw1mm1ng speeds. These '1_n‘ .S‘t

!'act1v1ty levels 1nm£%sh are commonly defzned on the ba51s of B

. the t1me for whxch a glven speed .can be ma1nta1ned These

'ngevels of aCthity can also be def1n%d on. the bas1s of. a""

";e,veloczty t1me (endurance) curve. Endurance curves for ’};

‘“asookeye salmon (Onconhynchus nerka nenka ) and ralnbow thUt

'\J:‘ﬁx(Salmo gairdneri) aresshown in F19Ure 2. ‘-‘I“ b°th cases the -

"fendurance curve can be d1v1ded 1nto three stra1ght 11nes

“'fcorrespond1ng to the mazn act1v;ty levels..;?,nir?GQer~f?54ﬂ




o B

‘hpare out11ned in Table 2 2 Each reflects not only the \

EN

These sw1mm1ng speeds vary among the f1sh spec1es and

‘SOme examples of the lxmzts assoc1ated w1th the three h‘u b

performance levels for some fzsh as suggested”By Bell (1973)

1

: constraxnts 1mposed by t1me, but also on the blochemzcal

.pr9°e§§\f "hﬂch'SUPply'the Eue} for - thelr\applicat1on. R

2.2, 2. 1 Sustaxned speed ' -
g e |
Th1s speed can be ma1nta1ned for long perlods (greater .

', : -

‘than 200 m1nutes) w1thout resultzng 1n muscular fatxgue ‘i

(Brett 1967) The metabollsm for thlS actlvzty level is

.pba51cally aeroblc. Thls speed has been ‘divided 1nto three

ﬂsubcategorxes.;rout1neyact1v1ty, schoollng and cru151ng.

- Routlne act1v1ty 1nvolves the dally moVements of flsh
) N
for forag1ng, statlon hold1ng and terr1tor1al behav1or.

Quant1tat1ve field measurements of routlne act1v1ty ‘have

‘proven to be d1ff1cult (Beamzsh 1978) In the 1aboratory,

routxne act1v1ty is generally equated to the locomot1on
d1sp1ayed by - f1sh whose only movements are spontaneous.
\ ‘

School1ng 1ncludes many character1st1cs of the routlne

act1v1ty except that the act1v1ty 1nvolves organ1zed groups

vﬂf(of flsh (1e., Clupe1ds and tunas) The organ1zed spat1al

e

B dxstr1but10n of flSh w1th1n a school may, 1n fact, reduce o

——

"fthe hydrodynamlc re51stance of 1nd1v1duals, thus prov1d1ng

%

‘*ﬁp?for 1ncreased sw1mm1ng effICIQHCY (Beam;sh 1978)

Cruzsxng act1v1ty 1s 1dent1f1ed by hlgher sw1mm1ng

‘]ffspeeds such as 1n mxgrations and by negat;vely buoyant flsh

tﬁjto ma1nta1n hydrostat:c equ111br1um. Thxs descr1pt10n

s .-
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,fp embodles the unstated def1n1t1on of sustalned actlvzty in
| the l1terature where such levels are based on experxmental
technxques when fxsh are forced to- adopt a‘spec;fled
[,relat1vely high act1v1ty level sustalned for faxrly long
“per1ods. Table 2 3 llStS some examples of sustalned cru1s§ng

~

'ﬁspeeds for var1ous f1sh spec1es.

. . . ‘ ) N ‘ “‘ I “. ““ 'll‘ . R “\\
‘2 2 2. 2 Prolonged speed : L S : A

. Thls speed is defxned in velat1on to- sustalned and
‘»burst as thosehspeeds that can be maxntaxned for between 15
seconds and 200 mznutes and ends 1n fatlgue. Energy is |
;suppl1ed‘through aerob1c and/or anaeroblc pathways..In f1eld
nstud1es, it has been d1ff1cult to d1st1ngu1sh accurately
f;between susta1ned and prolonged speeds. Many laboratory
" based observatlons have been made on prolonged sw1mm1ng
'lact1v1ty in fxsh (Brett 1964,67; Brett'and qlass,~1973;
,‘Jones et al.,.1974) | | | .
Brett (1964) 1ntroduced the concept of cr1t1cal
‘ﬁsw1mm1ng speed"'to accurately quantlfy prolonged act1v1ty in
f1sh It 1s the maxlmum veloc1ty ?1sh could ma1nta1n for a:
- P :

| prec1se time per1od unt1l they develop fat1gue or )

“exhaust1on. The formula descrlbed by Brett (1964) 1s as’

. ;follows.'fn;fir ,‘.f‘“‘w_";‘#f ‘ w:f\"f,; _"y:g ‘““‘_va_lw‘
' . : Do BT TR R
dzrlt(crxtlcalswlmmlng speed)= u *Y‘tl/ti}‘f'gfi)fnf
;- : . . . ., ", \,_'. 4.' . . . ' ‘.‘ S
‘y“where u xs the hlghest veloc1ty maxtalned for the ‘a, o

- } "\""-

“7-Hprescr1bed perlod (cm sec 1)_"u1 1s the water veloc1ty

-

Toe N
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1ncrement (cm sec 1); ti (mino is the length‘of'time the

f1sh swam at the "fat1gued" veloc1ty, t (mxn) is the’

prescr1bed perlod of swxmmlng (?able 2. 4) o f“ | ‘ .

i "‘.‘

2 2 2.3 Burst speed
Burst speed 1s maxntalned for a relatzvely short
duratlon (less than 15 seconds) It is character1zed by an
1n1t1al acceleratzon phase of unsteady swrmmxng followed by‘
a steady phase (spr1nt) (Beamlsh 1978) The metabolxsm 1s

bas1cally anaerob1c as it 1s d short term hlgh sw1mm1ng

performance act1V1ty. This speed is essent1al for surv1val -

L]

. capture of prey, av01dance of predators and negotzat1on of

~N
rap1d currents. Table 2 5 glves some examples of burst

speeds for varlous spec1es. "“ﬂ‘:“, af
Ba1nbr1dge (1958a) concluded that on average, fzsh up

to one meter in 1ength should be able to. swzm up to ten

tlmes thexr own. body length but onlyrfor a brlef per1od of"

ey e

1 second or. so beyond wh1ch velocxty would decrease

= exponent1a11y Welhs (1974) offered the 1ntr1gu1ng

suggest1on that by alternatxng perxods of fast sw1mm1ng and .

‘ mot1onless gllde,‘f1sh can reduce the expend1ture of energy_'

[

. requ1red to cover a“g1ven dxstance by over: Sotpercent.

‘V;;t;' Th”ﬁthree sw1mm1ng speeds are affected to varylng

o

- -

2 2 3 onlogxcal constraznts on performance

degrees by the follow1ng b1olog1cal contralnts. 51zelf i

(length,iﬁelght. cond1t1on) sex and maturzty, dzseasefand ”

P

P
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Of the blologxcal constraxnts on performance capacxty,.

size .is among the most 1mportant (Beamlsh 1978) Slze is.

[

. .usually related to e1ther length we1ght or condltlon pf the c;f
fish. | ‘:" | ;‘l .“'\J‘ ++“kM e o |
yngth of f1sh has‘been studzed the most in relatxon to,
- f:sh swxmmxng performance Thompson (1917 c1ted in Beamlsh |
1978) found 'that sustaxned and prolonged speeds should beu o
proportlonal to the length of fzsh raxsed to the. power of
0 5 based on. the assumpt1on that the volume of the body and

o

hence the proport1onate amount of muscle increases as the

cube of the length, wh1lefthe sur face areaxxncreases‘asﬁthext

v__square of the length Also, burst or maiimum speeds were
-1ndependant of 1ength Balnbrxdge (1958a) concluded that‘:
speed at any frequency of tazl beat is shown to be dxrectly.‘

’related to the length of the spec1men, measured from the t1p
of the snout to the most posterxor extremzty of the tall
Flgures 2. 2 2 3 and 2. 4 show relatlonshlps between the .
length of the frsh and the three act1v1ty levels.

”~

‘ Sw1mm1ng performance 1s most then expressed on thev

Y

: bas1s of length but has been descr1bed also for wexght. Fry
;f'and Cox (1970) found the prolonged speed of ralnbow trout ‘
(Salmo gairdneﬁf) to 1ncrease w1th welght ralsed to the

BN

power of 0 13.eﬁ,,f-“

A condltlon factor or 1ndex relatlng we1ght to length
/

(W/L ) has frequently been used to prov1de a relat1ve

hs\ measure of well bexng of fzsh (Carlander, 1950) Green ij=

“.,"-.' "




ocks. Th1s follows the fxndlng made by Vincent (1960) that
W '

B 5 .
i& 1d stocks have less fat ‘content than domestic sagcks
Yo oL : :

G

| %.Q.S.i:Sex‘and maturity

Little information is available on the influenée of sex

. or stage of maturxty on swimming capacity. Blaxter (1969

'cxted in Webb, 1975) stated that fzsh approachlng sexual

' maturxty ‘tend.to be less excitable and have reduced

e"'

performancer Idler and Clemens (1959 cited in Brett, 1965b)

:reported that durxng maturatlon the gonad of, the female has

. E)

from two to fxve times the relat1ve wexght of that of the

. male whxch could cause reductxon in swimming performance.

A study by Huston (1964 c1ted in Dane, 1978a) on the
spawning populatxoa of cutthroat trout‘(SalmO clarki) aBove
and below a tulvert in 4 small stream 'in Montana revealed

I i

en the male

theagemale/male ratio above the structure was’ ess than
found downstream The dlfference in size b ok

‘ f

and female was- not considered suffxcxent to fully explaln

the populatlon shxft, and it 1s_llkely.that the swxmm1ng

‘ability'of”a-mature female ls redﬁced somewhat b§ the heavy

presence of her spawn. Brett (1965b) indicated that crltxcal

“speed was sl1ghtly greater for males .than the females of the

sockeye salmon (Onconhynchus nerka nerka).



2.2.3.3 Disease and injury .,
The swimming performance of fish can be substantially
" . !

impaired by a deterioration of their physical condition.

‘2.2.4'Environmenfal constraints on speed and pefformance'
Swimming speeds are affected by numerOus'envirSnmeqtai

factors. Tﬂe environmental,constréints which are of g;eaﬁest

ilportance are teﬁperaturé¥voxygen and carbon dioxide; and

pollutants;

2.2.4.1 Temperature .

This is probably of’greatest imbortance.lMuch reseé}ch
has been done on the effect temperature has on éﬁimming
performance of é variety éf species (Fry, 1947;rFry and
Hart, 1948; Brett, Hollands and Alderdice, 1958; Griffiths
and Alderdice, 1972; Lquman,'1976). . ) |

Fry and Hart (1948) studied cruising speed in relation
to &ager témperaturé Qhere cruising speed was taken as thét'
'nséeed at which the fish could swim steégily for some
conside:ablg period 6f time, although presumably afterwhours
fatigue would set in.ATh;y noted a difference in the
.crui;%ng speed of éoldfish‘(CaPasslus auratus) which were
thermally adapted té the temperature of whibh‘measq;ementsA&
were made and thse acclimatedsfo thé«temperature lévels of'
5, 15, ést 35°C and measured qvér Ehg«biokinétic fahge
;ébropriate:to'each level of acélimatioﬁ“(Figuge 2.5).
Brett, Hollands and ﬁldefdice (1958) s;udied the éffect'of B

temperature on théVCruﬁsing‘speed of'young sockeye"

s

-
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(Onconhynchusrnerka nerka) and coho salmon (Oncorhynchus

. ‘ (

‘Kisutch). They defined cruising speed as the swimming speed
which a fish.can maintain consistaently forga minimum period
of one hour under a strong stimulus without gross variation
in performance. There flndxngs noted that temperature has a
profound effect on cruisfng speed (Figure: 2.6).

Although it apparently'has little effect on sprint
" (burst) performance (Blaxter, 1969), ‘temperature markedly
affects sustained‘and.prolongeq swimming. nighest sustained
speed is beet at temperatures above 1$°C (59°F). Bell (1973)
‘stated that temperatures on either side of the.optimum range
of any species adversely affect swimming performance.
. Reduction of swimming effort ot 50 percent may occur as a
result of temperature (Bell, 1973). Lauman (1976) in his
paper on falmonid passage at stream-road crossings noted
swimming stamina is reduced ag water temperature decreaaes,“
‘being highest at 18-24° (65—7'5°F)'and lowest at 0-4°C
(32-40°F). Optimum temperature for sw1mm1ng ab111ty.for ~
juveniles is 20° (68°F). Atlantic salmon (COPegonus
| canadensis) and raznbow trout (Salmo gaIPdnePI) experience
fgreduced movements and Jumplng act1v1ty when water

. temperatures are less than 6°C (42°F).

2.2, 4.2.0xygen‘and carbon dfoxide | | ..
Oxygen levels above air saturat1on can 1ncrease

performance (Brett, 1964) (Fxgure 2 77 At hlgh

temperatures, the oxygen content of -water is reduced and’

this reduces the sw1mm1ng performance, overrld1ng pos1t1ve
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temperatUre effects on swimming perfprmance that would be
.expected to dncrease this pérformance (Brett, 1964).
Brett (1965b) studied the relation of size‘to rate of
oxygen consumpt1on and sustaxned swimming speed of sockeye
salmon (Onconhynchus nerka nerka). He noted that_at the

1

highest‘sustained level of performance the muscuiar‘demand
for oxyéen is'met by the maximum rate of oxygen uptake:iFor
fish acc}imated‘to 1ower.levels of oXygen, oxygen levels of.
60 percent saturation are required before .performance is .
affecﬁed (Danlberg\et‘all,'l968). |

Webb (f971b) measuréﬁirhelincreased oxygen consumption
' used for swimming with }ncreased swimming'speed (Figure:'
2.8). Bell k1973) stated that swimning speeds are affected
by available oxygen and swimming speed may be.reduced by 60
percent at oxygen levels of 1/3 saturation. Reduct1on of
oxygen‘levels to between 90 and 60 percent air saturation
' reduces swimming performance in salmonxds (WebB' 1975)
Lauman (1976) studzed salmonid passage at stream—road
'crosszngs and’ noted that changes in d1ssolved oxygen
concentrations from 7 mg/L to 3 mg/L can‘reduce sustained
swxmmxng speeds by 500 percent.‘

ngh levels of carbon d1ox1de apparently have l1tt1e

- effect on performance (Dahlberg et al., 1968)

2.2.4. 3 Env1ronmenta1 pollutants _
The 1nfluence of those pollutants 1ntroduced into ‘the
env1ronment elther d1rect1y or 1nd1rectly by man or through,

lis act1v1t1es has recelved attent1on only in the recent
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“‘ ) . ‘ ' . J" . ' . te
years wrth most of the effort expended in the determ1nat10n

of thelr 1ethal concentratxons. of part;cular concern to the'
swlmmlng capacxty of fish are those pollutants wh1ch '
~influence the exchange of respxratory gases or the metabolxc
pathways 1nvolved in the mobxllzatzon of energy. Such
pollutants as pulpwood fiber, copper andlfenxtrothxon.
.(insecticidé)‘hare‘been studied and shown to decrease the
sylmmlng performance (Beamishi 1978).

Sewage and other organic waste places a,demand‘on the
‘disSOIQEd oxygen ln‘a”streamlwhich decreases the ox&genl -
asupply requzred by migrating fxsh (Metsker 1970)‘ | .

Fish are also deleterlously affected by siltation in ﬁ
streams. Sedlment transported in the water column can abrade
.delzcate membranes in the f1sh»s g1lls, reduczng their
ability to function and:increasing thelr Vulnerability'to‘
’dlsease wh1ch could further reduce g1ll functlon. In severe
s1tuat10ns, s11t can clog the f1sh s gxlls andlcause |
_suffocat1on (Dane, 1978a).
”fz 3. Hydraulxc and Hydrologxcal consxderatxons . o

The domlnant aspect of culvert conflict is obstruct;on
to upstream f1sh mlgrataon whxch 1n turn, is generally ; |
'controlled by the hydraul1c and hydrologxc condltlons ‘at the
sxte.“' |

To ensure that upstream flsh ngrat1on 1s not adverseIYu;‘"

'affected hy the presence of a culvert, certazn hydraulzc andl

-hydrologxc cond1tlons must be met at the 51te and mazntaxned‘v‘



“..‘recommended the followlng water veloc1ty culvert length

s

P

| | | L c 0 \
through the perlod of f1sh mxgratlon. The water velocxty and

| depth of flow wlth1nvthe culvert and ad)acent to the culvert
are the‘primary crlteri for shccessful flsh passage. In
add1t1on slope of the oZlvert, culvert 1nvert, culvert
length‘and‘de51gn discharge will also.affect.fxsh passage.
<‘2.3.1 Water‘velocity
‘ 'Water velocity vithin the cuIVert.largely determines -
the success or. faxlure of flSh passage ‘at the site. Because
of the un1form1ty of the culvert, f1sh are faced with an
almost constant velocxty prolee throughout'the structure
- and the lack of rest1ng areas 1n part1cular, maxxmlzes the
effort required by the flSh to swim through & culvert.

Water veloc1t1es in culverts depend upon a number of
factors including culvert size (dlameter) length slope,
roughness and ta:lwater cond1t1ons, all of Whlch can be
man1pulated to produce varlous results. It is through

- control of these var1ab1es that veloc1t1es and f1sh passage
~can be controlled at the culvert 51te.1 o |
| The relat1onsh1p between water veloc1ty through a

culvert ‘and culvert length 15 cr1t1ca1 to f1sh passage.

Flsher1es and Mar1ne Servxce (1958 cxted 1n Dane, 1978a)

cr1ter1a for p1nk salmon (OnCOPhynchus goﬂbuscha) and chum ]

.salmon (Oncorhynchus keta)

oo

g}. veloc1t1es in the culvert should not exceed 1 2 m/s (3 9.

L.

ft/s) for culverts under 24 4 meters (80 feet) 1n L

AR
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.length. TQ‘V“‘ _
é; veloc1t1es in the culvert should not exceed 0. 9 m/s (3 0

k

ft/s) for culverts over 24.4 meters (80 feet) ‘in length -

'_3;‘tculvérts ‘in excess of 61 meters (200 feet) 1n length are
1 ) ‘
not recommended hnd specxal cons1derat1on wlll be

‘Qgguxred on a 51te spec1f1c basas 1f such culverts are

i
»

(L.necessary.

‘Table 2'6 (Lauman, 1976) . lists maximum uater‘velocities for‘

a varxety of culvert lengths for certaln adult flsh specxes. S

'.Flgure 2 9 (Lauman, 1976) glves recommended max1mum
-‘veloc1t1es for Juven1le salmonlds. |
As ment1oned earlxer, roughness factor, 51ze (d1ameter)
of the: structure and slope are also causes of exce551ve
v”‘vater yeloc1t1es.,Roughness factors vary for culverts an@\
,.natural stream bottoms (Table 2. 7) The.lmpact of thlS'
”factor is- generally un1mportant except when smooth concrete
:or steel p1pe and concrete aprons are utzlzzed Veloclty 1s:
lnot affected by culvert d1ameter except when the structure— -
rfis consxderably underszzed and a head 1s developed (poollng"

‘at upstream end) In that case, the head causes h1gher

'ﬁ;;veloc1t1es._Head should not be de51gned 1nto prOJects where.ff

K

:'fffxsh passage 1s des1red SIOpe 1s an 1mportant factor

deeterm1n1ng veloc1t1es 1n.culverts. Slopes steeper than 1/2h“”“

v;;fpercent generally create exce551ve velocitles for f1sh

VJpassage..ﬂ, r_;f“v"
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-~
‘%Water veloc1t1es bloc? flSh movement sxmply by
exceed1ng the sw1mm1ng speed ab111ty of the flsh wammlng
! ablllty, ‘as ment;oned earller var1es w1th specxes, sxze and
'age of f1sh and water qualxty The average cross sectxon |
veloc1ty of flow through wh1ch f1sh must - pass should be less;
. than’ the sustalned sw1mm1ng speed-pf the smallest 51zed tlsh
that must pass through the structure (Evans and Johnston,
1976) . Evans and Johnston (1976) recommended that maxlmum
4 allowable veloc1t1es should be around 4 ft/s (1 2 m/s) for
| *trout and 6 0. ft/s (1 8 m/s) for salmon and steelhead (Salmo
gairdnerl) \Brett S (1965a) laboratory tests of salmon
swlmmlng speed effec1enc1es, based on energy output showed

. optlmum eff1c1ency at water veloc1t1es arpund 2 ft/s (0 61

m/s). ~'»d

.1,2 3 2 Water depth ' L’ ) '
-"Water in the culvert must be of suff1c1ent depth tov
perm1t the flSh to generate max1mum power when m1grat1ng
,uthrough the structure.»The depth requ1red 1s d1rectly
":related to f1sh size w1th larger fish requ1r1ng deeper

‘ o f
o water. When 1nsuff1c1ent—depths are encountered flsh are.

‘»”;unable to produce full propuls1on. The two most frequently
.,oiencountered reasons for 1nsuff1c1ent water depth are steep
o Slopes and/or w1de, flat channel bottom.pd:;“' o |
,VH nane (1978a) stated that the depth recommended by the
,ZEFlsher1es and Mar;ne Serv1ce 1n the 1958 spec1f1catlons for

"7'1culvert 1nsta11at10ns 1s 0 23 meters (9 1 1nches) LGL




) 18

o L1m1ted (1983) recommendqi that the culv\Yt should be placed;“‘
‘:fﬂssuch that ‘a m1n1mum depth of 15 to, 20 centxmeters (6 - 8 |
1nches) of‘water is malntaxned throughout the length dur1ng
flperzods of m1n1mum stream d1scharge. These depth
|requ1rements are not speczes specszc but studles have
;recommended m1n1mum depths for spec1f1c flsh spec1es s
Metsker (1970) recommends a minimum water depth for
e‘Pacxfxc salmons (Dncorhynchus spp ) and steelhead (Salmo
‘7galﬁdneri) of 20. 3 to 25.4 cm (8 to 10 1nches) Gebhards and
‘F1§her,(1?72).a;so agreed w1th Metsker s recommendatlons
‘Evans:and.John5£on (1976) recommend a m1n1mum water depth’ of |
.15,2'cm (B;inohes) for res1dent trout and 30 6 cm, (12 |
inthes)ffor”saimon:and steelhead (Salmo galrdneri) Lauman

(i976)‘reoommended m1n1mum depth cr1ter1a for a. varlety of .

-
1

‘ speczes-

‘1§rg24 4 cm (9 6 1nches) for ch1nook salmon (Oncorhynchus

jtshawytscha) |
d:rgthIB 3 cm (7 2 1nches) for other salmon, steelhead (Salmo |

: gafrdneri), sea run cutthroat (Salmo spp ) and other

Vg‘trout over 50 8 cm (20 1nches;.;“” “[lgh “” ?M'-u}

L3, 12;2 cm (4 8 1nches) for trout under 50 8 cm (20 1nches)

°“-j and kokanee (Onconhynchus nerka kennenlyi) -

t*hfWhere more than one spec1es 1s present cr1ter1a should be thfthfﬁ
“”'Qselected that w111 accomodate all spec1es. M1n1mum depths

: 4

”frequlred for 1nstream movement of Juven1les w1ll vary w1th

fehﬁspeczes and s1ze of f1sh present Generally,vs 1 cm (2 4
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tinches)‘is.sufilcient for passage”offjuueniles.'. ' |
.2 3.3 Slope
‘4'1‘? l Culvert gradlents should be kept as flat as p0551ble toy
‘d“assure f1sh passage. Max1mum culvert gradlent allowable for
‘flsh passage must be computed on the’ ba51s of swxmmxng
capab111ty of the flSh specxes, depth of water in the |
culvert dur1ng the perxod of f1sh passage and length of the =
culvert.b - : ‘.‘ﬂ“‘ -ﬂ; - N
Generally a gradlent of 1/2 percent w1llqadequately " rh
Ipass fish (trout) in cul&?ﬁts 36 1nches or smaller in
dlameter (Gebhards and Flsher, 1972) Dryden and Stexn
‘1(1975) also stressed that the culvert gradlent should be.
“‘kept as close to zero percentwas‘foundatlons and stream
’condxtlons perm1t wlth the cond1t1on that upstream and
ldownstream veloc1ty barrlers are. not formed as a result 9">;
‘_.Lauman (1976) stated that slope 1s the most 1mportant factor
determ1n1ng veloc1ty 1n culverts. Slopes steeper than 0 5

v

‘percent (1/2 foot drop 1n 100 feet) generally create ‘

| excess1ve veloc1t1es for ‘fish passage. ;x‘ <;; ,

'2 3. 4 Excessxve entrance Jump

‘f{ﬂ, The two ba51c causes for a jump at the downstream end
"”fof a structure are bed scour and slope of the structure
placement Bed scour occurs most freguently 1n steep

'grad1ent streams w1th erodlble bottom materlal Placement of

a flat sloped structure on: steep sloped stream bu1lds in’a fﬁﬁ]jft
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Jump o T ‘ "'V"‘
F1sh have dlfefculty in jumpzng when an adequate pool

0

1s not avallable for them to galn the requ1red sw1mm1ng
speed and vertxcal thrust. Although fxsh are capable of

3ump1ng a consxderable d1stance, any passage conﬂ;tlon whlch

',h"requlres them to leave the water 1s undes1rable ( ebhards

‘and Fxsher, 1972) Under no c1rcumstances should he

| over -pour from the culvert 1nto the pool exceed 1 foot (0.3

:‘ meters) 1n head (Gebhards and Fzsher,,1972) The ower the

)ump, under water cond1t1ons that occur when mi ation—takes‘t

place, ‘the less d1ff1culty the flsh w1ll have n pa551ng the
obstacle.‘Lauman (1976) states approx1mate di ens1ons that

, *‘should be used ‘to de51gn a Jump pool when a Jump cannot be

o

av01ded° Co o ;“*_ﬂV - | f ”:.‘.’

pool length should equal 3 t1mes the maxlmum wldth of
"~ the culvert or a m1n1mum of 10 feet (3. - meters)
"d 2. pool w1dth should equal 2 t1mes the max1mum w1dth of the
| )_ culvert or a m1n1mum of 8 feet (2 4 meters) - , ﬂ
3 depth should equal 1 1/2 to 2 tlmes the helght of the
“ Jump requ1red-w4th a m1n1mum depth of 2 feet (0 6 ..5d$§3'

meters) and a maxlmum depth of 10 feet (3 1 meters)

2 3 5 Deszgn dxscharge | ’
| The culvert should have suff1c1ent capaclty to pass theff’:
desxgn flood (generally a i 1n 50 year flood and somet1mes azlgﬁﬂ

7'\fn 100 year flood) thh no backwater1ng or pond1ng at the o

——

UPStream‘end_of the culvert There should also be freeboard Ef“t
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allowance for passage of debr1s;1 ", ) | -
| An 1mportant factor of flsh passage de51gn 1s |
deq\rmlnlng a reasonable hydrograph for the cr0531ng‘sxte so
hthat\ghe\appropr1ate dxscharges durlng per1ods of fxsh N
“mlgrat1on can be determlned Factors which 1nfluence
'streamflow and consequently the shape of the hydrog:aph
| llnclude the geographlc locatlon of the dralnage basxn :th¢
vgeneral slope,lland cover, type and depth ofvthe so1ls{'“
It ‘is durxng fxsh m1gratlon that the dlscharge should
not be greater than the Crltlcal Mlgratxon stcharge as
Jdeflned earller.,A maJor flSh Qassage ob]ectlve of culvert .d“ d“
de51gn 1s, therefore, to ensure that the Cr1t1cal Mlgratxon -
‘D1scharge is not exceeded more often than 1s con31dered o
"safe" for the flsh as def1ned by the Cr1t1cal Mlgratlonb
“Delay perxod (Dane, . 1978a) |
“‘ Examlnlng hlstorxc stream flow dhta 1s a useful means
. of selectlng a de51gn d;scharge, however, in many 1ns€an _s,»en"
h,such‘records are not avallable or: are not of suff1c1ent
'detall to allow thlS type of analy51s. Other methods wh1ch
are . used 1nc1ude emp1r1ca1 formulae such as tﬁekRatlonal
method un1t hydrograph technlques,vcomputer models and
“hanalys1s of ex1st1ng gauged data.:;”]:“fﬂ‘}5ff f 'fr h{(
"A de51gn mlgratlon d1scharge'equ1valent to ,J “”/:‘

'f“approxlmately 30 percent of the average annual flood (the

‘vﬂ average'annual flood belng deflned as that dlscharge hav1ng

Y]\a recurrence 1nterval of 2 33 years) has been suggeSted for

vhfjfuse as a. gu1de 1n Br1t1sh Columbla (Dane,

"

‘1978a)




j Alberta, when f1sh passage is requ1red acceptable fish
. passage water veloc1t1es for up to the 1‘10 year desxgn

‘ dlscharge must be accomodated (Alberta F1sh ‘and Wlldllfe,

I: 0o

\_"1985)
o2 4 Culvert f1shways | \ ’
'In the event that the above culvert hydraul1c and | v
,"' hydrolog1cal cr1ter1a cannot meet the requlred sw1mm1ng
speeds dur1ng_mxgrat1on per1ods then alternatlve provxslonS‘
:for fzsh passage must be employed Construct1ng a flsh
lfpassage dev1ce through a culvert essent1ally opposes the
‘\ent1re ba51c 1dea of the" culvert. The culvert is made to
:pass water downstream at the h;ghest poss1ble rate, whereas‘
‘the f1sh passage fac111ty‘bu11t 1nto 1t must afford a
“‘,relat1vely easy upstream path for the mlgratxng fxsh
f Opt1mum f1sh passage requ1res that the culvert be. placed at .
- a gradxent approachzng zero, or that veloc1t1es be slowed by
"some type of energy‘d1551patzon devxce.‘. . |
Baffles, con51st1ng of blocks or plates attached to the
‘hbarrel floor 1n regular patterns have been recommended for f
anos1mulat1ng natural channel cond1t10ns. Baffles act ag energy
ff;fdlsszpators, lengthen the flow path and 1ncrease roughness,_;“'

'thereby generat1ng reduced water veloc1t1es‘a d 1ncreased

depths. Baffles change the flow pattern 1n thezr 1mmed1ate

:‘v1c1n1ty and create a sequence of slow and fast water zones.

jAhvarletyoof baffle types have been stud;ed such as the afi

NpooJ_and‘welr flshway_(low barrler culvert baffles and urf}]f}ﬂﬁ
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Lalternate low barrrer culvert baffles), palred'baffles,t
‘alternate baffles, offset baffles, slot orlfxce flshway and
spoxler baffles.;‘ ‘ ' 'i‘~\ p S .».‘ -
“15,4 l”Pool‘and weir fishway
o Early efforts to solve the f1sh barr1er problem o S
.‘centered around the use of the pool and’ we1r fxshway ‘ |
Vertxcal low barrler culvert baffles (Fxgure 2, lO) spaced‘at
”regular 1ntervals were placed on the culvert floor
-perpendlcular to the center11ne form1ng a serles of pools
and overfall weirs:. Two dlstlnct types of’ flow (F1gure 2 0?.”
can occur in th1s"f—pe of - flshway, plunglng |
streamlng - When plungzng flow occUrs the water drops fron
jpool to pool in a step fash1on The klnetxc energy 1s
dlss1pated 1n each pool thus affordlng the fxsh a
irelatxvely qu1escent restlng area prlor to each ascent of a
‘ e

-we1r.‘For hlghegédxscharges stream1ng flow ex}sts. Durxng

stream1ng flow, water sk1ms over—the we1r tops at a hlgh

3 '

o

'.5veloc1ty w1th l1tt1e energy dlssxpat1on,‘a type of flow l

wh1ch is unsatlsfactory for fish passage. Thxs f1sh passage-j ST,

'dev1ce 1s not successful due to 1t shallow depth hy

‘,‘>

tendancy for the water to go to a. streamlng flow at a.
. relat1vely low d1scharge. b,‘f yj”gfuilff‘d | '&ﬂ" W._”’/?‘”"
Another type 1s an alternate barrler de51gned to swpng

' the flow back and forth across the culvert bottom (F1gure

0

'»;iz 11). The purpose of th1s devxce 1s to 1n@rease the length

.2,

‘ufﬁand decrease the slope of the water s path thereby
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de¢reasing the velocity. This fishway Tis also unsuccessful

~ because it makes a tortuous path for the fish to swil at low

flows and soon drowns out when the flow increases slightly.

% ‘

2.4.2 Paired baffles

n
\

'~

\ *

\

* This fishw waelmodelled and tested'by McKinley and

Webb (1956) (Figure 2.12) with little ‘success. It was

unsatisfactory at low flows and ineffectively dissipated

energy at high flows.

2.4.3 Alternate baffles

% '
Aga1n 'thxs fishway device was modelled and tested by

- -—

,Mcxxnley and Webb (1956) (Figure 2. 12) and was unsuccessful.

‘It created d_pths in 5ucceSS1ve pools that were below

mxnlmum\a\\low flows and created comptetely unstable flowf
patternS'at'high flows.

2. 4 4 Offset baffles
The offset baffle conflguratlon con51sts of p&{rgga

bafflés attached to the sides and bottom of the box. culvert

"oty
"

N

and extendxng out into the flow of water (F1gure 2.13). One

e l
of. the baffles entends out from one ‘side of the culvert

endlng'short of'the m1d-p01nt or center the tulvert ‘and is

posxt%@ned perpend1cu1ar (90 degrees) to the flow of water.

.jy’u‘.

The opposxng baffle«extends out from the other culvert wall

at an oblxque (30 degrees) angle to the flow of the water

: Y
and also termlnates before th wcenter of the culvert at a
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position slightly upstream from fts paired member. The
offset baffles were developed for box culverts through

]

extensive model tesﬁlng for slopes ub to five percent by
McKinley and Webb (1956). o 2

The offset baffles act as isolated roughness elements.
As the depth of water rises appreclably,over the tops of the
s (baffles), the flow éassing over them creates wakes on
leewaad" side. Under these conditions, the reatlng
pools\in tge longitudlnal spaces betwéen the baffles are to

a large extent drowned out and the sills themselves become

U,

the primary elements. Therefore, in order to obtain a
resting place, the fish would have to seek odi/iifllow
Qelocity zone immediately behind the sill.

}One unfortunate aspect of this baffle,system is that
they have a considerable effect on the .efficiency of the
culvert to pass flows:. Tests eonducted‘by McKinley and Webb
(1956) on a 10-foot. (3.1 meter) w1de box culvert on a 3.5
percent slope, at a high flow, showed that the eff1c1ency of‘
the baffled culvert was 69 percent for sills 12 iaches (0.3
meters) high and 57 percent when the sills were 16 1nches
(0. 41 meters) high. A vert1cal wall three times the baffle

he1ght was placed along the centerllne of the culvert floor,

»

_One half vas baffled and other side left open to free flow.

. This arrangement with baffles 12 inches (0.3 meté;s) high

‘resulted in an efficiency of 80.5 percent.

Testing of the offset baffles (McKinley and webb,.1956)'

indicated good cleaning characteristics. Athough,this may

[
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be so for small sizes of bed materxal the strength of the
circulation required to sweep out material several 1nches in
diameter would surely result in an unsuxtable resting area.

\ , :
Several of these installations in Oregon and Washington have

A 1

filled with bedAmaterial and are no longer completely
effective. ! | | |

‘Engell(1974) mddelled offset baffles in circular:
culverts. For‘circular culverts, an effectlve width is used
yhich is;defined as the distance perpeqdicular to thellength"
,ot the culvert between the points where the horizcntal
crests of é.pairqu baffles ﬁeet the.cnrved boundary of the
culvert (Figure 2.14). |

Katop;;is et al. (1958) studied the hydraulics 6f the
offsets in,model and protOtype;‘They provide. details of -
these studies and a method of judging baffle adequacy; they
recpmmend‘a mlnimum batfle'height of 300 millimeters and a
. limiting slope of 5 percent.'?ney reported‘only mlnor
prcblems with ice and debris. Although these baffles have
been used successfully 1n passxng salmonids, exper1ence with
other fish specxes is lack1ng The effect1veness of the
offsets 1s 1nversely proRprtxon to the culvert slope and
may allcw fish passage fqQr slopes up to 5 percent.

- o ' ‘ (. Ce
' 2.4.5 Slot orifice‘f'i-shwa§
“ A slot or1f1ce f1sﬁ/ay 1s a rectangular shaped‘channel

~,“w1th a series of full depth vert1ca1 slot orifices arranged

1n a systemat1c pattern (F1gure 2 15).
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The slot orifice fishway is a proven fishuay with many

-

advanéages (Dass, 1970) It provides stable low velocxty
flow cond1t1ons for a wide’ range of headwater and ta1lwater
depths,\ls self- cleanxng, and is simple and econom1cal to-
construct. For a box culvert 1nstallat10n the fxshway exit
(at the upstream end of the culvert) can be constructed
outsxde tne culvert barrel, as. shown in Figure 2.15. At some -
d1stance downstream from the entrance (&bout two to three
times the aepth of the box culQert) the fi;iway may‘be |
constructed\within the culvert barrel adjacent to the wall,
. ' ‘ . ' f . ‘
The effect o thls is to constrict the flow and raise the
water surface\in the lower reach of the culvert. However,
since the fishway ‘occupies a reach downstréam from the

\

contracted entrance section and in the supercritical flow

]

zone, the heaawater level ubstream from the culVertuis‘not
affected by the %ishway‘and,the”entrancevconditions for the
culvert still con?rols the uostream flow depth.

‘Watts (1974) %uggested an appurtenance orifice fish
passage structure ‘which can be. attached w1th1n a cmp

(corrugated metal psbe) or p1pe arch structure (F1gure 2.16)

but has not been test! d. " , S -

2.4.6 Spoiler baffles

Sporlers are 1nd1v dual blocks usually constructed from ’

concrete and were modelled- by Engel (1974) (Fxgure 2. 17)

Morr15-(1959 c1ted in Engel, 1974) stated that 1f the blocks

are far enough'apart~long§ u¢1nallyﬁso‘that eacn block 15"3

S g

N rrems



not within.the‘wake zone of the'one‘preceedingwit, then they
,act as"isolated‘roughness'elements | . |

The length of the wake behind the blocks is decided by
the hexght of the blocks. A height o£ one foot (0.3 meters)
would provxde a wake zone of approxlmately 5 to 6 feet
(1 5-1.8 meters) This height wouldxalso provide'adequate
coverage “for the flsh Therefore, the minimum helght for the
prototype blocks was taken to be one foot (0.3 meters)

The lateral spacxng between adjacent blocks behave like
'contractxons As the flow emerges at the the leeward end of
the blocks, there is a horlzontal expansion - ‘which cuts 1nto\
the wake zone ~as defined by the horxzontal vertxcal
.proflle, thus shortenlng the effect1ve low veloc1ty reg1on

beh1nd the blocks. In order t07m1n1m1ze thxs, the w1dth of

the blocks was taken as 1. 33 times the helgh‘

The proflle of each block was def1' ;‘b a c1rcular arc’

. whxch met the top tangent1ally. Th1s was expected to g1ve

cons1derable reductlon in drag and thus would’ be less

t

retardant to the flow (Hoerner, 1958 cited in. Engel 1974)

.~ The . ‘cross- sectxon of the block perpend1cu1ar to the flow was

mazntalned rectangular s1nce 1t was felt that no s1gn1f1cant
’advantage would be ga1ned by prov1d1ng a three—d1mens1ona1

vcurved surface. o j‘r" ,"““-” 3 o ,Q,é;

The 1ateral spac1ng would be’ equal to the. w1dth of the.‘

‘u,?blocks. Thxs would prov1de adequate space for the fxsh

;Lhereas a wxder spacxng would reduce the "block cover"
¢ . ; .

unnecessar1ly.
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The hydraulxcs of the spoxler baffles have. been studxed .

in model and prototype and can be predxcted (Katopodxs et

o al., 1978) Katopodzs et al (1978) concluded that the

effectlveness of the sp01lers was s1m1lar to the offsets

‘whlch 1s 1nverse1y proportlonal to the culvert slope and may

vallow for flsh paSSage for slopes up to 5 percent. Also,

they proved to be less prone to damage by ice and debrxs

~ than the offsets. o

/2.5 Summary

ThlS chapter presented a limited review of the i
blologlca1 hydrau11c and hydrolog1cal con51derat10ns
assoc1ated w1th culvert 1nstallat1ons. Since the.

opt1m1zat10n of the hydraullc e£f1c1ency of a culvert and

the creatlon of optlmum £1sh passage cond1t1ons w1th1n the

'culvert are mutually exclu51ve objectzves, a compromlse must, ‘

" be affected p T



~ Goldeye Hiodon-alosoides May 15

T
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. .Table 2.1,Spawhin§\£imes’fqr vatious‘ffsh speciés in the =

" Athabasca Rivér.Sysfem, Alberta. (adaptedifrom.Aibgrta;Fisﬁ. o

and ‘Wildlife, 1986)

\

SPECIES- ~ - SPAWNING TImes '

Arctic Grayling = 1lhymallus accticus . April 23

Lake Whitefish °  Coregonus clupeaformis Oct ~ 1.

Mountain Whitefish Prosopium williamsoni = Sept 15

Lake Trout ~  Salvelinus pamaycusb . Sept 15

- Dolly Varden ' - -Salvelinus confluentus Sept: 1
Brook Trout .Salvelinus fontipalis Oct” 1

. «Rainbow.Trout .  Salmo gairdperj . =~ May 15
Northern Pike . = Esox lucius .~ . April-15

“June 10
Jan' 30 .
Oct' 23 °
oct! 15
Oct
Nov 15 -
June 15 -
‘June 10
July 15
June 1
June 1

I I R N ]

Yellow Perch © ~ ~  Perca flavescens = April 15
‘Walleye " . - Slizostediop vitreum - April 15
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Table 2.2 Relatxve sw1mm1ng speeds (m/s) of average sxze=

;adult‘fxsh. (adapted‘from Bell 1973)

SPECIE . _ ' CRUISING SPEED - SUSIAINED SPEED BURST SPEED

‘Brown Trout 07 ;j 9 1.9-39

-

: Chinook
Coho

- 0.4 -2 1.2-26
27 ‘

- 2.7
- 0.8

- 3.3 3.3-68

- 3. 2 3.2-66 .
Grayling. -2 2a-43
C: Lamprey -0.3
0.7
-1.0 | |
L4 na-e2 T d2-81
S04l oaiue o 1e-31
S0 06-20  20-41

-0.9 . 0.9-1.9

o .6 © NN o o
TN W 0N N e N
Cy

-2.2 . 2.2--4.5

Shad
0-31 - 31-63

Sockeye

-—

Steeihea¢
Suckers -

Tr@ut

. © © o o . ©oc-o0.,0 © © © © o
: : i

Whitefish =

-0.4 . 04-1.3 . .13:27



'l‘able 2 3 Sustamed ccuzsmg speeds for vanous fxsh

-specxes.. (adapted from Beam1sh 19-78) :

where column a
. column b
column c

length of flsh (cm)
number of fish'

range of sustamed cru1s1ng speed (cm/sec)

,53‘87“ 1

[

c

.

23-78
30-162
40-158
33-99. .
4-176
0-44.7

‘ 9§44‘

- ) )

. SPECIES “a b

. Pink salmon = - .64 11

Coho salmon  ‘Oncorhynchus Kisutch 55 228

.. Sockeye, salmon (ncarhynchus .r 56 834
. Sockeye salmon ' Qncorhynchus: 65. 18
Chinook Salmon . (ncorhynchus tshawytscha 84 37 .
Cutthroat trout  Salmo clacki 034.5 7.

Steelhead trout ' Salmo gai 72 - .2

. Steelhead. trout - ‘Salmo gairdneri "42-59 ./

‘Atlantic salmon Salmo .salar . 50-70". /.

Atlantic salmon* 531mg'§§1ar 5

0.2-26
12-25
C0-7

3.2 - y"“ ’ . -



'I‘able 2. 4 Cr1t1cal swlmmmg speeds for varxous f1sh specxes. :

l

(adapted from. Beamxsh 1978) -

. SPECIES i o a b c d e
C Goldeye Hiodon alosoides = 2,.22.5 10 10 50 R

‘Ldke whitefish . Coregonus clupeaformis 159° 6-51 10 10 34.1-72. 1
-Sockeye 'salmon Qnocorhynchus nerka - 5. 17.2 .10 '60- 33.5 .
Sockeye salmon ' (Oncarhynchus nerka =~ 5 '18.4° 10 60 .21.9
Steelhead trout Salmo gairdneri . 6 30.6 10' 10 66.6

. Arctic¢ char . Salvelinus alpinus =~ 11 35.5 10 .10 100.2

. Arctic grayling Thymallus acticus 94 7-34 10 10  52- 72

" Northern pike '~ Esox lucius . . 182 12-62 10 10 " 19-47
‘Longnose sucker - Catostomus ga_m_s_tms 169, 4-53 10 10  23-91
_White sucker . Qa_tg_s_tmy_s i - 20 17-37. 10 10 - 48-73

Walleye . . St zg;;ggion 1; revm 54 8- 38, 10 10 38-84

nunber of fish

where column a ‘
ngth of fish (cm)

s column b

w0 Jcolumn ¢ locity increments (cm/sec)
. column d time between increments (min)
, colqm ‘e

cmtical veloc1ty (cm/sec)



i . Coho 'salmon

i

Table 2 5 Burst swzmmxng speeds for

(adapted from Beamlsh 1978)

]

SRECIES

ACOhO'éaImbﬁ

‘Coho salmon
-~ Sockeye salmon .

. Chinook salmon

' Steelhead salmon
Steelhead. salmon

Brown trout Lnullg ‘“ v"

vBrook trout
Hestern sucker P

where;ﬁf‘

0
-Q
nwon

time (sec)

38

var1ous flsh speczes. o

>

i c *
9 44-67161-213' |
51-76. 220-372 0.1
36-61 287-533
55269 155-203 . o
51-97.543-668 ~ 1.5 °
 58-67 186-226 e
.6 '61-81536-817 1.5
13-37 137-305

1 11.2
37-43 305

- burst velocrty (cm/sec)
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xlTable 2 6 Recommended maxxmum water velocxtles 1n culverts"

'Jfor adul; f1sh passage. (adapted from Lauman‘ 1976)

: jEﬁIVi:t‘lenjth Tff.) ‘r;-Facommended maximam water velocity (fgoi,
e ' a n & Steelhea Tout oxanee .

. Under 100"and a1l . - 8. . &4 3

baftled culwrts L I : L : :

100 to 20 - a4 2 as
/200 to 300 | 1.5 1
300 to 400 '

0415,
400 &o 500

N W
-

8 0.9  0.66

. L4
i ‘ ‘ ' : " ' ' ‘ I
‘Table 2 7 Roughness factors for varzous type channels. »
,a(adapted from Lauman, 1976) |

Bottom type o ""' S Roughness factOt‘A

. Conctetc pipe (amooth) o ,f‘.o 012 e
" Concrete apron (amooth) ,9,2 T 0.012
- 7 Steel pipe. (smooth) “v St 0,012
. Corrugated stack ' 4 06 024.V,g
‘Natural bottom (gravel ba&?} © 00,025 7

Natural hottom (boulders) ”iio 035 to 0 06
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F1gure 2.3 Relat1ons@1p between fork length and ability to

move 100 met:er;s in 10 min in water velo<;1t1es up to 80 cm/s

for fxsh from the Mackenme vaer. adapted from" Jonf

K1cen1uk; and Bamford, 19‘74)
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fiéurg 2.4 Relative:swimming velocity yefsus relative length
.- length of £ish based‘on'Arcti& gfaylipg'data. (adapted

fromiDane, 1978a)
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O;ty;_in u;o'd‘_for swimming (mg/kg/h)
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™

.
-

F1gure 2 8 Oxygen consumptmn 1n relat1on to svummmg speed

(adapted from Webb 1971b)
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Ptoh

. Pltmging', #IOW‘ gg " Profile :

" Sreaming Flow in Profile -

\’,‘\;,‘

Fxgure 2 10 Vertmal low "rner culvert baffles showmg

plungmg and 'stteammg lows. (adapted from Watts,;19‘74)
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 'Figure 2.11 Alternate low barrier cu

“o

- from Watts, 1974) . - |




'PAIRED BAFFLES

‘ orrst‘r ‘0“&:31 '

Fzgure 2. 12 Pau‘ed and Alternate b&ffles (adapted from |

o McKmley and Webb 1956)

oﬁﬂ |
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SRR 3,<€RPEnIMENTAL‘ARRANG&&ENTS"'
3 1 Apparatus
Two culvert fxshway des1gns were studxed at the T.d

Bl%nch Hydraulxcs Laboratory of the Unxverslty of Alberta.,fn

study the hydraulxcs ofmthe flSh wexrs, a 410 mm (16 v‘t
1nch) d1ameter culvert WIth a length of 6 m (approx1mately
20 feet) and hellcal corrugat1ons w1th an amplltude of 3 mm jd«
and wave length of 65 mm and hellx angle of 30 was. used. ,ﬂ

fF(It would have been more reasonable to use a plpe thh |

lt'corrugatxons runnlng perpendxcular to the 1ength of the p1pe‘
pbut unfortunately we could not procure one 1n the present' o
ﬁtlme frame of the project ) For studylng the hydraullcs of .
'the (smaller) flsh baffles, thxs culvert had to be treated

in a speczal way..Thls procedure %5 descrxbed in Chapter'4

| !
L Thzs culvert (p1pe) was. 1nstalf‘§”1n a flume 0 5 m.

_wxde, 0~5 m deep and 8 m long Water was supplled to the

hor1zontal flume from an underground sump located at thef

downstream end of the flume by ‘means of a plpe located 1n

the plpelzne lead1ng from the sump to the head tanh located

.;”at the upstream end of the flume.~F1gure 3 K shows a plan

:"th1ew of the flume w1th tﬁe culvert in place (Plate 3. 1) At -
ﬁ:ﬂthe downstream end of thls flume,‘an adjustable tallgate washjyffl
‘jhkln Place but was left 1n the down poszt1on as the o g
texperxments were to have no tallwater control At the "’f )
‘~@upstream end the culvert pro;ected 1nto the head tank Wh1Ch:;£ani

'Q,Lwas prov1ded w1th a horxzontal p1ece of wood w1th holes cut:gf*ff




-

Ay

8 ‘ - . :
~out to keep the the water level 1in the head-tank stable and v

not surging. The slope of thé flume was.adjustable using a
mobile hydraulic' lift. | o |
3.2 Hydrometric techniques ﬁ

‘“The'water discﬁ;rgelthroughﬁthe culvert was measured by’
a mégnetié flow metef‘loéated an the supﬁly line. The depth
of flow in the fishway models was measured with a point

gauge of least count of 0.3 mm (0.001 feet). The vélocity

-

profiles were measured with a 3 mm external diameter

Prandtl-type pitot-static tube which was connected to a

manometer board where pressure™i#ad differences were

measured.

l

The circulation patterns were®obtained by.using a

dyeffiiled_syrihée'and releasing the dye as a passive plume.

" Photographic records\were made of most of the experiments.

-

%

A
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KR EXPEX'ZI.MEN'I;S.AND‘EXI"BRIM‘EN'PAL REéust
Tébles 4.1 to 4.4 provide a summary of ;Ll expé:iments

perfor@éd on the plain culverts and the two cuiyert ﬁispway.
QeSigns..A code syétem‘was deéig;ed to easily idenﬁify tﬁe
éifferentlexperiménts‘performed, The fifsﬁ Afgit‘of_the'éode
describes the type of culvert (1 .represents Culvert #1, 2
rebresents Cungrt #2). The second digit of the code (0, 1,.
2, 3, 4,‘5, 6, 7) describes thg type of culvert ﬁishway
deéign'te;ted (0 repre;ents plain culverts, 1, 2, 3, aﬁd'4
represent the fish-weir and 5; 6, and 7 repfesent‘khe- |
figﬁ-baffles5. For each‘éf tﬁe seven designs testea,‘the

model scale was fixea at 6.75. The third énd-férth digits';
'vdenote'the slope of the culvert (10, 30, .50 correspbnd:to
1.0%, 3i0%'énd 5.0% reépectively). The -last thrée digitg of
the code repreéént tﬂe model discharge (350, 10Q) ozs,;bds
corresp&nd to 35.6, 10:0,‘2.5, and 0.5 L/s).‘Theflastvletter
denotes a qﬁalitativefdésérig#ion and was optional (p, u, v

correspond to depth profiléﬁ velocity‘profile and

LY
~

visualization tests).

Since flow over the ffSh-weirs and fish-baffles villqu

?

. predominantly a gravity-inertia type of flow;';he mainimodél

criterion will be the Froude number:

A

where V_ is the average velocity in the X direction 'in the

-

b5

o
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pla1n culverts, g is the accelerat1on due to grav1ty, do is

" the hydraulxc depth, equal to A /T where A is the average

'area and T is the top width. Using the Froude s1m11ar1tq
crxter1on, if Lr is the scale factor (1.e. the ratio of ahy
prototfpe length to the'éorresponding‘model length), then

the‘velocity‘rétio will be equal to
Vv =T , ; ‘ 3 SR (2)

and the discharge ratio will be equal to

| o h2.5 '

For this study the scele factor was 6.75 which wes
‘determxned by d1v1d1ng the prototype culvert dlameter (108
1nches) by the model culvert d1ameter (16 inches)
Therefore,'to.calcul;tefthe,prototype veloc1ty,'d;scharge.
an&ldepth.the foilowing equations can be uged ih'COhjpnotion

“with equations 2 end'3: B

U e x L? o
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B 2v5 .
='Q, x (L) .
e, (s)

o
0
|

(6)

: Fdr éx’ample,“ g_i\}'eﬁ QM=0.5‘lL/s', ‘uM=0.>40' m/s and"yM=1.9 cm:
Calculate the protétype»d-ichargei,"veloéity_ and de.p.th using’
equations (4) .to ‘(6) wheﬁ ﬁr=6.75§ | o

, _ _ |

. 9%

0.5 # (6.75)%° R

0.5 % 118.4 -
3 59.2 L/s

up = 0.40 * V6.75

0.40 * 2.60

1.0 m/s

‘¥p = 1.9 % (6.75)

4

AN

All data refer to the models or unless otherwise indicated .. ' .

~ but.can be.converted to.pgrototype using the ‘above Froudia
S N s T e e e e T e
R T




similitude criterion.

4.J‘Plain‘culvert'#1' |
| Tests on a plaln 410 mm (16 1n) dxameter culvert thh
hel1cal corrugatlons were performed A total of 23 tests 8
were performed with culvert slopes of S, 3, 2,‘f, and 0 5 SRR
percent and model dxscharges rangxng from 17 to 68 L/s. The

model Mannxng~ n' was calculated based on Mann1ng s equatxon\

\

4

AR e S I
T b o e BNGR

where A is the area of flow, ﬁh is the hydraullc rad1us,“
equal to A /P . where P, 1s the wetted perxmeter, So is’ the
slope and Q 1s the model dzscharge. The model Mannzng
, was found to vary thh the slope rangzng from 0 014 to 0. 024-
" and thrs var1atxon 1s shown 1n Fxgure 4 1 .' | N
| If Yo is- the (centerl1ne) depth of un1form flow and 1f
_ ls the mean veloczty of un1form flow,.the var1at1on of Yo
:7a and Vo w;th the (model) flow rate Q (1n L/s) for dxfferent
slopes are shown respectzvely 1n Fxgures 4 2 and 4 3. These‘flewlf

lV .‘fzgures also conta1n some calculated values, espec1ally for

- .

very Small flow rates. The unlform flow depth Yo and mean

. .".
-

veloc:ty V ; are used respectzvely as depth and velocxty

*scales (later) 1n assessxng the hydraullc performance of thef{r,ﬁ"”

7._f}sh-we1rs. Table 4 1 presents the experamental results on

”he“plaln culvert 1nhdetall.“
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v In Table 4 1, Ao‘ls the area’ of flow, T is the water
' surface wxdth 4, 1s the hydraul1c depth equal to A /T and
'Fo is. the Froude number. It can be seen that for slopes of
.3x.and S%ﬂ for all the runs, the flow was supercr1t1cal l fh' S

whereas for the runs with 1% 'slope, Fo varred from about

0.77 to 0.96.

4.2 Fxsh—wears; desxgns 1- 4 ““> |
. An end-vzew of the flsh we1r used in de51gns - 4~1s
'lshown 1n Fmgure 4. 4 and . Plate 4 It has a thlckness (1n
the\flow d1rectlon) of 65 mm.‘The long1tud1nal spac1ng L
(from center to center) of the fish- welrs was respect1vely
f980 490 245 and 735 mm for the des1gns 1 to 4 These foun
:de51gns were tested for slopes of 1 and 5% and for model
‘Ed1scharges ranglng from 0. 5-to 35 0 L/s.,The four d1schargesr
Kstudled (Q=35 0 10. o, 2 5, and 0. 5 L/S) were chosen after |
b“qualxtlative vrsualxzatlon of the flows 1n the f15h-we1r‘%
h‘fmodel for the f1rst de51gn and were cont1nued for all
des1gns for compar1son purposes-“' }: : h; o

Q=35 0 L/s - the f1sh-we1rs WESE completely submerged

h and was chosen to represent flood1ng condxtxons.dhﬂ-f
Q 10 0 L/s -‘the depth of flow over the f1sh-we1rs

averaged around 6 centlmeters. *‘*gfcff_ﬁ.f"

Q=2 5 L/S = the flow was concentrated through the ?’\59 o

central port1on of the flsh-we1r but the depth of flow j

X

dzd reach the h1gh sect1ons of the flsh-wexrs.;ﬂf;p{




‘4. Q=0 5 L/sh— the flow was concentrated through the
hfi central portlon of the flsh-welrs._ o R
For: each of these exper1ments, a reach -near: the center part
vof the culvert was 1dent1f1ed as a reg1on of fully developed
‘flow and thls reach vas free from the 1nlet and exlt -
'}effects.‘In thls regxon, a. length rOughly equal to the .
spaczng L located symmetr1cally on e1ther s1de of a
. fish- weir (located 1n th1s reg1on) was chosen for deta1led
\measurement (F1gure 4 5) and 1s reTerred to as a cell
v In; thlS cell the water surface prof1le along the
s centerlfne was measured rn addltlon, at a number of
ustat1ons (1nd1cated in Fxgure 4.5) the u(y) veloc1ty proflle
l{(whereln u 1s the t1me averaged turbulent ax1al veloc1ty at
;u”a normal dlstance of y above the datum (located between the
crest and trough of the corrugatxons)) was measured usxng a-}.7
d Prandtl type pztot statzc tube of external dlameter of 3 ohzf_,;%'
‘fm1111meters. Deta1led plots and the data for the depth and A
.“hveloc1ty prolees are ava1lab1e 1n the report by Rajaratnam,'.d"ft
‘,aralrba1rn and Katopodls (1986) Table 4 2 presents fhe
:~u£;summarzzed exper1mental results for the flsh-welrs 1n}]~u

‘.bfidetaxl‘ ‘,;“f:

e

'QVA 3 Plaxn culvert #2 tffﬁt:yf ffi;fﬁ[af.f;f.j?fbfh‘ffhhffiuﬁ;thiffi




f, corrugatlons 1n the bottom part of the test p1pe (up to the
bottom level of the baffles) WIth cement mortar (see Plates‘
4 2 and 4 3) ThlS made 1t necessary to run some tests to :
f1nd the modlfled Mann1ng n"of thxs altered.plpe. The“

9.

‘reyults for are shown 1n Flgure 4 6 and great varxatlon‘

can be seen due to the effects of the mortar."‘
: nu‘ The varlatzon of y and V w1th the flow rate Q were,
calculated for the three slopes of 3, and 5% and are’
H shown in Flgures 4, 7 and 4 8 respectzvely These f1gures
also show some calculated values, espec1aL}y for very small
dlscharges. The unlform flow depth y and mean veloc1ty v
are used respectxvely as, dggth_and veloc1ty scales (later)
‘in asse551ng the hydrau11c performance of the flSh baffles.
Table 4 3 presents the experlmental results for Culvert #2
- >4 4 Fxsh-baffles' des1gns 5 7 |
' The f1sh baffles that were tested are shown 1n Flguretl
A 9 These were arranged 1n a. speclal staggered pattern as
1nd1cated 1n Flgure 4 10 L 1s only half the wave-length or‘;i‘

‘f,spaclng and L=l=:= 2L 1s the correct wave length The‘t

flSh baffles were stud1ed for the three spac1ngs of L.

: '-«‘ N
IS

1.176, 588 and 388 mm. . . 0
o Exper1ments were performed w1th flSh baffle desxgns 5 L

to 7 1n wh1ch the water surface p!‘f1le along the centerllne e

of the-culvert was measured for approx1mately a fullvcell*%




.. 62“‘ l.

‘.couple of statxons 1n the slot between the baffles

~(1nd1cated in F1gure 4 10) {denoted by a 'z value in the dataf'

"tables} Detalled water surface and veloc1ty prof1les and

‘.data are ava11able in the report by Rajaratnam, Fa1rba1rn
‘ B : . \ S
”and Katopod1s (1986)
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. Table’ 4.1 Experimental Result

‘AO
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0.015
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0.0019"

10027

0.011
00032

10,0014

0.025

0.0103
0.0039

0.0013

"

‘ 4

: ‘Tg“Vp
Am) (V)
01381 094
0310 065
0234 043
0.163 0.26
0361 1.3
0282 0.90
0213, 0.59
0.148: - 0.36
0349 142
0276 0.97
10.206, 064
0143 039

ro

d
U em)

48

25
12

A

20
094

72

37

19

b

9.7~

39 .

091

s from Culvert #1.

. 0964

", 0,944

0.872

0.768

1518

- 1.456
1330
1.183

11694

1603
1485
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" Table 4.3 Experimental Résul‘ts from Cul‘ye\ft #2.

¢
N

COODE Sy, Q@ cyg. Ay T Vg dy Fo
(%) (m¥s) (cm) (md) (m) (ws) (cm) |
2010350 .1 0.035 109 0027 0352 1300 7.7 0.012 1.496

2010100 1 0010 46 0008. 0253 125 32 0008 . 2231
2010025. 1 0.0025 19 0002 0.169 125 12 .0004 3.644
2010005 1 0.0005 0.85 0.0007 .0.114 077 06 0004 3.174
2030350 '3 0035 83 0019 0321 184 59 0013 2415
2030100 '3 0010 3.8 0006 0232 167. 26 0009 3.319

.. 2030025 '3 00025 1.6..0002 . 0155 125 13 ' 0.007 3519
,2030005 '3 0.0005 0.86 0.0007 0.155 076 06  0.007 3.111
2050350 5 0035 .78 0017, 0314 206 54 0014 2826
2050100 5 0010 . 36 0006 0227 167 26 . 0011 3279

. 2050025 5 00025 1.5 0002 0151 125 13 0008 345

~ 2050005 ' 5:,,0.0005 '0.80 00006.0.111 083 ~ 0.5 0008 . 3.606 - .
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‘Overview®f Culvert #2.with Fish-baffles
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- 5. ANALYSLS

‘531 Fish-welrs: designS‘ijg,

K

- —— . ] . N [
——

5 1.1 Depth Pro£11es . 1‘:M - p-h. ; ‘;;
A studg of the depth pro£1les (Flgure 5 1) 1nd1cates
:‘that in general, as ‘the flow approaches the f1sh-we1r, the

“deptgjkncreases due to the flow obstruct1on and the water

.9

‘surface falls as the water passes over the we1r and
contlnues to accelerate untxl 1t faces the backed up water

, B .
caused by the downstream weir (Plate 5 1) The nature of the;

,var1at1on of the,water depth changes from one de51gn to
S /\ f .
another due to the spac1ng length between the fish-weirs as

'well as w1th the slope and the d1scharge (Plates 5. 2 5.3, -

' 5.4 and 5.5).

A non-d1mensxonl1zed depth (y/y ) where y 1s the water

- depth in: the models and y 1s the average depth in culvert -

}g#1 was calculated for each spec1f1c des1gn for the three‘ pVy o

hr"slopes of 1 3;-and 5% and the model dlscharges vary1ng fromuh\
lO 5 to 35 0 L/s.,These var1atlon of y/yo‘w1th x/L for a full o
'~j;¢e11 and for the des1gns are shown 1n Flgure 3 2 {(a c . for

'“t“De51gn 1 (g-z) for De51gn 2 (m-o) for De51gn 3 and (s u)

nfyfor Des1gn 4} A?study of these flgures 111ustrate the fﬁﬂhf{vlli

'”-leffect of baffleﬁspac1ng on the 1ncrease of depth as well asff?,ﬁ

‘ﬂftthe effect{of the slope oflthe culvert and the flow rate. ;7



vm(le., where y/y 1s close to. 0)(Tab1e 5 1)

‘Lportlon of the flshawelr and 1mmed1atelv‘

”flow for all four des1gns at all three s

:two hxghest dlscharges the fxsh wexrs have less of ‘an effect o

‘obstacle to upstream flSh movement at th

..%‘ o ! . -‘u ! K Lt ' . . . Lo ‘ ‘ ‘ . o o
‘fregxme (1e., where y/y IS much greater than . 0) At the t‘;»»‘\

From the model study, the flsh weirs. could be an ]v‘ R

L}

lowest dlspharge .

(QM 0 5 L/sv- QP-Z 1. ft /s) as ‘the depths over the central

wnstream are very“

\
gs (depth rangex»

y'-O 2~ 4 8 cent1meters and yP-1 .4-32. 4 ceptxmeters or
0. 5 12 8 1nches) The,recommended m1n1mum depth for the e

trout spec1es is 6 anhes (15 centlmeters) whzch 1nhab1t ‘/;"

,emost of Alberta s mountaln streams. Table 5 2 summar1zes the

P

‘"depth and veloc1ty values (model and. prototype) for the‘d o fQ§

"center portlon of the f1sh—we1rs for the two lowest S

| }be p0551ble. It 1s essent1al that the prototype dxscharges

"gwhat~1s the m1n1mum flshopassage d1scharge.

) x

5 1 2 Veloc1ty profxles

=
dzscharges. An 1mportant questlon to be asked is how - . ®.

~

-s1gn1f1cant 15 the lowest dlscharge (Qsz 5 L/s, QP-Z

: ft /s) for flsh passage 1n narural stream cond1t1ons7 There R

-'-is a chance that thxs d1scharge cOuld produce very low

PAURE

‘}”depths in natural stream cond1t1ons and fish passage may not

ja1!'stud1ed for_the natural stream oond1txons so as to know o

w

ey . -
* & N ‘Vl‘“‘.l: " A ) . PRt . - =~
D A B . . SR . L - N '

.

A study of the numerous centerlzne veloc1ty prolees jﬁ‘fkw
(F1gure 5 3) shows that at most of these se¢tlons, the

dY) un1form e1ther




. 1%

/ o g

]

through most of the déﬁth or at least in tgé upper half of
the flow. For each section a characteriséic velocity u, was
chosen which is equal to the ﬁaximgm velocfty at that
séciion. In most of ,the sectidns, it 'is a measure (perhaps
conservatiye) of the véloéipy whichlthe fish will have to
contend with while passing upstream ;hrough éhe culvert.

~ The velocities for all four designs at all three slopes

at the iowe§t.discharge (QM=0.5 L/g'— QP=2.1 ft3/s) ranged

o

 between u,= 0.03-0.47 m/s (up= 0.08-1.22 m/s or 0.26-4.01

M

ft/s). At the serond lowest discharge (QM=2.5'L/S-- QP=1O;2

ft3/s), thefvelocities ranégd between Upy= 0.56-1.01 m/s (up=

0.42-2.62 m/s or 1.36-8.61 ft/s). The majority of the
velocitiesvwere at the=iower ehd of the range. These
velocities are less,th5ﬁ‘fhe fecommended velociﬁ&es for‘fiSh

‘ péssage outlined ipnChapter 2. Eyéns and Johnston (1976)
recomménded‘thaf the maxiﬁum ailowable velocities for trout
is 4 ff/éec (1.2'm7s). An important aspect ih_the méasuring
of thenﬁafef've16§i£ié§ is the length of®the maximum

. velocities. between fish-weirs as all fish have a maximum

swimming distance for a particular water ‘velocity before it

“ must rest. Therefore, it is essential that”the length of the

aximum velocities is calculated and related to the
particﬁlar fish species in question so as to mimimize this
L . f 4 :

length, - SO

A non-dimensionalized velocity (u_/V_ ) where u_ is the
maximum, velocity and Vv, is the uniform velocity was

'cﬁlgula;ed‘for designs 1 to 4 for the three slopes of 1, 3,

o
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*

5% éﬁd model discharges varying, from=0.5 to 35.0 L/s. The
variation of um/Vo with x/L‘for the full cell for designs
1-4,i$‘shown in the.remaininé figures of Figure 5.2. A study
of‘these plots indicates that the maximum value ofum/vo for
"each design oécurs immediately downstream of the fisﬂ4weirs.’

For design 1, for the glope of 1%, (um/vo)m = 1.5 .where
.(um/vo)m denotes the maximum value of (um/vo). For slopes of
3% and 5%, the Eorrégpénding_maximum value of (qm/vod is
also‘aboﬁt 1.5. For design 2, this maximum\valde is about
1.3. For designs 3 and 4, thelmaximum value is about 1.2.
Table 5.2 summarizes the maximum values for the
dimensionless depth~and chéracteristic‘velocit}‘variationsf
for the fish-weirs.

A step-wise multiple regression was applied to the
following model variables: Sor Qv Ly Yoin: and

0/p>/?

Ymm* Yo
to determine the relationship bétween the model

5/2

minimum depth (y ) andlthe‘following variables Q/D , S

min o'

ya and L. Also, to determine a relatiénship between the

maximum value of the maximum velocity (umm) and the same

four indépendent vériablés (Q/Ds/z, S

results for this regression are presented in Appendix A.

or Yo and L). The

5.2 Fish-baffles: designs 5-7

=3

'5.2.1 Depth profiles
A stpdy of these water surface prbfiles (Figure 5.4)

'ind;céfés that the fish-baffles do not function like the
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fish- weirs but sxmply appear to act like large roughness
elements increasing the re51stance to flow thereby producing
llarger depths of flow and reducing the maximum velocities.
The effects of the three sﬁacings,en the flow patterns are
shown in Plates 5.6 to 5.8.

"The depth profile data for all three 'fish-baffle
designé at the lewest discharge (QM=0.5 L/s - Qp=2.l ft3/e) }'
indicate a depth range (yM) of 0.5—2.7Vcentimeters (ypé
«3-4348«2\centimetefs or 1.3-7.2 inches). For the second
‘lowest discharge (QM=2 .5 L/s - QP=10 4 ft /s) the depth

range,(yM) 1s 1.7-5.3 centimeters (yp 11 5 35.8 centlmeters
er 4.5;14.1 inehes). The depths for the lowest discharge are
below‘the recommended depths for fish passeéehqutlined’in ~
Chapter 2. Again, the minimum recommended depths for the
trout species is 15 centlmeters (6 inches) (Evans and:
Johnston, 1976). Since the fish-baffles are designed to have
the greatest effect at the.lower flow rates, the depths
measured thh the fish- baffles in place for all the des1gns~
are st1ll qulte low. This could indicate that the lowest
discharge may produce low depths in natural stream

#
conditipns,resul;ing in no possible fish passage. Again, it

is important that the minimum fish passage discharge be

known. -
The varlatlon of y/y with x/L* for the deSigns 5 to 7
is shown in Fzgure 5.5 {(a-c) for des1gn 5 (g-ii for design
6 and (m-o) for de51gn 7}7 For design 5, (y/yo)m (i.e. the
maximum value of y/yo)‘for 1% slope is about 1.4 for larger

L4
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flow rates‘whereés for - the smaller flqw rates, it is as
large as 2.6. Thgs'indicates‘that the fish-baffles are
effective at the lower flow rates (ie., y/y  is much greater
than 1.05.‘For the same design, for the 5% slope, the
corresponding maximum values"are about 1.4 and 2.3
respectively. Table 5.3 lists—thelmaximum values for the
dimensionless depth 'and charaqteristic be;ocities variations

‘for designs 5 to 7 for the three‘slopes and the four model

discharges.

5.2.2 Velocity profiles , ‘ ' N
Considering the characteristic velocity ratio (um/vo);
the variation of this ratio with- x/L#* is shown in Figure 5.5

{(a-f) for design 5, (j-1) for design 6 and (p-r) for design

. ‘ " 7}. For design 5, the maximum value of (um/vo)' (ie.;

(um/Vo)m) yaries.from about 0.5 to 1.0 depending mainly 'upon
the flow rate'(Table 5.3). For design 6 and design 7 the
*correspondxng 11m1ts are 0.4 to 0. 9 From these figures, one
can also note that the veloc1t1es in the slot area between
the staggered baffles 11e within these 11m1ts. These fxgures
1nd1cate that the-£ish- baffles do reduce. the maximum |
velocities since u /V is less than 1.0. . _
The fish-baffles de not span the entire w1dth of the
culvert so the fish swimming upstreamvcan ‘choose its own
“”fdﬂSiféble path and may not have to contend.withfthe‘minmUm
—‘f—Veldcities at all tiﬁesr Table 5.4 lists the minimum and
maximuﬁ velocities and depths for the. two lowest diSChatges

e
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and gives both model and'prototybe.valﬁes for efscele ratio
.(L = 6.75). The velecity range. (uﬁ) for the lowest
dxscharge (QM=0 5 L/s - QP 2.1 ft /s) for all three
-fish-baffle deezgns and at the three slopes is 0.16-0. 73 m/s
 ,(u = 0.42-1.90 m/s or 1.36-6.22 ft/s) At the second lowest
dlschargejhthe velocxty range (uM) is 0.27-1. 01 m/s (u
0.70-2.62 m/s or’2.30-8.60 ft/s. A ma;orxty of‘these
measured velocities for the two lowest discharges are beiow
the redommended'meximum allewable velocity of 4uft/sec (1.21
m/s) . |

From the f;ow visualization.expe:iments, the
fish-baffles caused large eddies betﬁeen the pairs of
baffles (Plates 5.6 to.5.8) for the two smallest discharges
thus-giving.the fish many resting areas, while meving"
upstream through the culvert. .

Agaln, a step-wlse mult1ple regre551on was appl1ed to

'

the same model varzables as in the f1sh weirs and the -

results are'ava1lab1e in Appendlx'A.
PRAER A ‘ , : b
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Table 5.1 Max1mum values for the Dxmensionless Depth and

Characterxstxc Velocxty varxatxons for the Fxsh we1rs.

COoE

1110350

1210350

1310350
1410350

1110025
1210025
1310025
1410025

1130350
1230350
1330350
1430350 .

1130025
1230025
1330025

)

1430025

1150350

1250350
. 1350350
1450350

1150025 -

1250025
1350025
1450025

Yohm -

1.2

13

13
1.2
- 18
© 20
1.9

.18 7,

1.3
14
13
13

24
23
2.1
22

14

15
13

13

26
25
.22
23

-

\\

(UrVolm

1.1 :"‘

1.0
1.0
10

1.5
1.1
1.1
1.3

1.0
09
1.0

. 1.0
15
12
1.1
1.2

11

10 "~

1.0
1.0.

16
12
1.2
12

e

&
CODE

1110100
1210100

1310100
1410100

1110005 -

* 1210005

1310005

1410005

1130100

1230100

/1330100

1430100

1130005

1230005
1330005
1430005

1150100

1250100
1350100
1450100,

1150005

. 1250005
1350005
. 1450005

24

-

D

; 3 _ﬁ“nfvohn :

r

i

(Y’Y'q)m
14 12
‘15 1.1
15, 12
14~ . 12
28 14
24 13
22 1.1
19 0.9
13 1.2
17 1.0
1.8 1.0
1.6 1.2
. 3.4 1.2
3.1 1.3
26 08
- 24 0.6
18 12
18 14
1.8 0.9
16 1.2 :
- 36 10
3 - 10
27 05
08
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Table‘ 5.2 Model(16 inch diameter) and Protbtypé(108 inch
diameter) ‘,(Lrs6."75) Depth and Velocity measurements for the

‘Fish-weirs.

oy
‘

LM Yp UM up

~ Design Sy Qy o

) (m¥s) (m¥s) () (cm) (cm) (n) (ws) (ws) (ws)

1 1 0025 0290 10.4 3.1 20982 052 135 44

1 1 0005 0059 21 08 54 21 027 070 23

1, 3 .0025 0290 104 .30 20280 060 .15 51

1 .3 0005 0059 21 08 5421 043 112 37 D

1 5 .0025 0230 104 - 24 16264 05 1.5 50

1 5 0005 0059 21 11 7429 035 091 30

2 1 0025 0290 104 33 22388 .046 120 39

2 1 0005 0059 21 .07 4718 034 08 29
—2 3 .0025 0290 104 30 20280 057 148 48

2 3 .0005 0059 21. 07 4718 044 114 37

2 5 0025 0290 104 28 18974 062 161 '53 . -
25 0005 0059 21 07 4718 040 104 34 . &
3 1, 0025 0290 104 34 23090 046 120 39
3. 1 0005 0059 21 .04 2711 - - -

3 3 .0025 0290 104 27 18272 061 158 62

3. ° 3 0005 0058 21 02 .1406 - - —- o
'3 5 0025 0200 104 25 16966 ‘069 . 179 59 .
3 5 0005 0059 21' 02 '1406 - = - -

4 T 0025 0290 104 27 18272 055 143 47

"4 1 0005 0059 21 .03 2008 - - -

4 3 0025 0290 104 .25 16966 -058 151 50 .

4 3 0005 0059 21 04 2711 - - .-

4 5 0025 0290 104 24 16264 062 161 53 . '
4 - 5.0005 005 21 03 2008 - - .-
v o«



Table 5.3 Maxxmum values for the D1men51on1e55 Depth and

Character15t1c Velocxty Var1at10ns £or the Fish- baffles

a

y "(
- CoE Wolm  UmVodm  CO0E  (Wyghm  WrNVodm
2510350 13 09 2510100 15 0.8
2610350 . 1.3 08 '~ 2610100 19 . ' 08
2710350 1.3 f 0.8 27110100 - 17 . 07
< 2510025 2.4 05 - 2510005 27 ' 07
. 2610025 7 . 05 2610005 . 31 .° 06
™. 2710025 "28. . 04 2710005 = 32 . 05
2530350, 13 09 2530100 16 08
2630350 1.4 08 " 2630100 1.7 0.7
2730350 ' 1.4 09  -2730100 . 17. 06
2530025 27 . 07 2530005 22 09
2630025 29 06 . 2630005 . 29 £ 0.7
2730025 28 05 2730005 24 08,
. 2550350 13- . 10 2550100 15 . - 09 s = -
2650350: 1.3 09 - 26501000 - 18 - 08 . - -y
. 2750350 - 1.4 . 09 2750100 17 - 07 . .
| 2550025 23 ?ae 2550005  24.° 09
2650025 29 - 07 2650005 = 25 08 »
... 2750025°. 27 ‘06 - 2750005 26 ° 09
.. ’ N ' '-"'|' ; oo ' . _'?. M
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: Table 5 4 Model(ls 1nch d1ameter) and Prototype(lOB 1nch

e F1sﬁ‘baff1,es.

Des:gn So q,, ' Qp M R yYp upg up
(%) (ms) (m3/s) #6) (em)  (em) (in) (mis) * (ws) (fvs)
1 0025 290 104 34 230 90 027 070 230 I

s
6 1 0025 .290 104, 467 31.0122. 044 114 375
5 1 0025 299 104 45 304120 063" 164 537
5 1 0005 059 21 14 94 37 040 104 341, -
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Figure 5.2 Dimensionless Dépth and Characteristic Velocity

A

Variations for Fish-weir Designs #1 to #4.
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Figure 5.4 Depth Profiles for Fish-baffle Design's #5, #6"

End #7 at the 1% Slope.
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- prototype 1s comparable to the minimum flSh passage AR

T

hd1scharge may produce very low depths in natural condltlons '

| *reSultlng in: a natural barrler to . £1sh passage. .

L | _]‘ | - ' o

6. CONCLUSIONS AND RECOMMENDATIONS

e S

\\‘(

6.1 Conclusions

Two‘types of culvert fishways (Fish-weirs’ and

_ Fish-baffles) designed and used by Alberta Transportation

A )

were studied in a\§§;le model study. This experimental study .

was undertaken to ga n 1ns1ght 1nto the hydraul1c

performance of these two de51gns. Four f1sh—we1r designs and

three fish-baffle de51gns were tested for a number of slopes .

and d1scharges. Depths, veloc1t1es and flow patterns were

recorded and analyzed. Based on the results of the
S . - h
exper1mental study presented the following conclus%ons can

‘be formulated

3

The flsh we1rs dould’ be an obstacle to upstream flSh

movement at‘thexlowesf d:sqharge s1nce,the depths over the

Central portion»of the fiSh*weir’and immediately downstream

are . lower than the recommended m;nlmum depth ‘of 6 1nches (15 .

centxmeters) The lowest d1scharge for thls model study must

-

be carefully examzned to. see,1f thlS d1scharge 1n the

-

dlscharge for the partlcular flSh spec1es in questlon. Thxs

o

RN

Lo Due to the low’ depths in some o£ the de51gns at the'

{1owest dxscharge, the velocxtles could not be measured The'

-

~fveloc1t1es that were measured were equal to or less than the”

'jmaximum allqggble velpcztles for trout (4 ft/sec - b.2 m/s) -

. ‘:’ 0 - \ T - . ”)-,_

i A SR L . ’ e

S el e
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For the second. lowest dlscharge (QM = 2.5 L/s - Q = 10 4
ft /s) the velocltxes were greater than the recommended
maximum allowable veloc1t1es and could pose a problem to
flSh moving upstream at that discharge. An 1mportant aspect

in ‘the méasur1ng of the water veloc1t1es 15 the length of

~ -

the maximum velocxtles between f1sh weirs as all fish have a
‘maximum swxmmxng distance for a partlcular water veloc1ty
before they must rest. . , o S, *ﬁ*'
The fish-baffles do not function like the fish-weirs
but simply‘increase the resistance to flow thereby producing{
larger depths of flow and reduc1ng the max1mum veloc1t1es K
one would f1nd in a ‘plain culvert. Yet, the depths at the B
'lowest dlscharge for all the des1gns at all three slopes are
1e$s than recommended m1n1mum depths of 6 1nches (15 “

_cent1meters) (Tablq.i 4) whlch the fish require to maxxmlze

jpropuls1on. ‘Again, the questlon as to whether the lowest

‘.'d1scharge for th;s»study may already produce low depths 1n

natura& r1ver condltlons result1ng in a natural barrzer must

. be exam1ned.r [ 'ffer ) SR

] +

The ma;orlty of the vei::1t1es measured were less than.fff”
the max1mum allowable but tH

‘ the maxlmum allowable. Slnce the f1sh baffles do not span

k!

ffthe entzre wldth of the culvert, the f1sh mov1ng upstream

.

,;can choose 1ts own path and may not have to, contend w1th the

'~”max1mum veloc1t1es at ail ?%mes. ) vph,ﬂlwf[-_ -;1;Qh

e were some much greater than DR



'hdfThe above stud1es would be best done in a: hyaraulics l;kf o

jh‘laboratory

S et

T
Ve

6.2 Recommendations

A number of recommendations for further‘research on the

f1sh weirs and fish- baffles can be made. A vast amount of

data was collected and analyzed but more deta1led analys1s

’

“could be done on. the data. Flrst of all ‘the prototype‘

dxmenszons of the f1sh-we1rs and f1sh baffles were flxed and

were reduced'by the scale. factor.of 6.75. Some parameters

=.wh1ch copld be analyzed in future studies are: .

1. The s1de notches of the f1sh wezrs could be f1lled as

féthe notchqe prov1ded no beneflt to the upstream movement

‘for the fish. . T .‘ﬁ" T .
2. The helght of the center notch could be lowered to.

reduce the he1ght of ‘the jump at the' lower d1scharges.

N N

3. The wzdth of the fxsh-we1rs could be reduced

‘4; The f1xed spaéing between each pa1r ofe f1sh baffles

could be 1ncreased or decreased

L 5;/’The fxsh ba%}les could be bUIIt as squares 1nstead of

1\‘“tapered at‘fhe top whxch may 1ncrease the resas\ance to

flow as we l as the d1mens1ons could be 1ncreased.

>

-

"i

' erld studxes are also necessary 1n evaluatlng the

'Tperformance of culVert f1shways 1n pa551ng var1ous f1sh

speczes. B1ologlcal stud1es as well as hydraullc studles




o The effect1veness of thlS short study in. undertak1ng
the workxngs of theSe culvert f1shways was surpr1sxng,
‘nevertheless only a small part of the total f1eld of the lfr

hydraulics of culvert f1shways was 1nvestlgated

Y

Lot
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A APPENDIX A

Step-wxse mu1t1ple regress1on is a. stat*stxcal

o technléue for analy21ng a relattonshlp between a dependent
varlable (y) and alset df &ndependent var1ables x1,x2,...xm
.¢ in the order ot 1mportance. The crxterzon of 1mportance 1s |

B . h ~ ' & o o
based,on the rediévlon of sums of squares,,and the u;g-.g o

g 1ndependent varlabﬂe most 1mportant 1n thls reductxon {n a

e ‘g1ven step is. entered 1nto the regress1on. ThlS stat1st1cal .

‘.techn1que was acquired from the Sc1ent1f1c Subroutxne‘

i

~ A

‘? Package (SSP) wh1ch can be obta1ned from MTS (M;ch1gan

x"

“Term1nal 5ystem) at the Un1ver51ty‘of Alberta."\’”g“ I

X Step-W1se multlple regre551on was appl1ed to seven‘\
;’GsnﬂnVar1ables slope (S D, model d1scharge (QM) Spac1ng 19“9thr7\n
H"-(L) mlnlmum depth (ym ) maxlmum valde of the maX1@Um dh‘
nf~veloc1ty (umm) centerllne depth of the p1a1n cplverts (Yo).

and (Q/Ds/2 It was used to obta1n thg best regressfon
‘ 5/2

HﬁﬂequitJOn fot y ,and the followxng four varlables Q/D
i - _ m1n
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7.. ymxn orfu f{yo L or L*}

VfThe best regress1on equat1ons were chosen based on the N
. multxple correlat1on coeff1c1ent J§tandard error of estlmate‘

fand the computed T- value. There was no dxfference 1n the , .

- 5/2

,correlatlon coeff1c1ents for QM and QVD s1nce there was

Al

'no change 1n the culvert d1ameter{ Thus the model dlscharge3 oo

572

"(QM) could have been used Ln the functaonf but Q/D ,was

'chosen for thxsqanarysis. 'x;_fgu ',‘,\‘ﬁ " "‘f - »Jﬁ”u}"?J'

} For the f1sh-we1rs, two regre§51on equatlons were - ';;\’f,
a0 ' A \ .. v’A’, - ’ ] . : ‘-’ ‘. ," \

3chosen for both»ymln and YUpm® .. R ST

1. 51 T S e

| len (361 % (Y LUITT e e
\ ) fa;,‘where r 0 950 standard erron of est1mate 0 385 and '

-

“rdf?]d"w" ‘the computed T-value for y -20 477

oo

f?ﬂ-f“1 ym1n-j: :ww“ B o L | -
' o where r=0 952 standard error of estlmate 0 382 and

the computed T-value for Q/D5/2-20 859 and S —-2 019 S

REER L.
i S " A ‘L‘-'-“," ...

R 18 93 * (yo 088 *(s -3




‘The calculated values for ym‘n and u have bken tabuIated

t ~

”galong w1th the observed value§ and are shown 1n table Al

t

'The calculated values for Ym1n and umm were compared tg?the

v .

‘observed values to show the magn1tude of the dxscrepancxes‘

and these are shown 1n flgures A 1 to A 4 respectlvely The- 3r*'

'Q

‘solxd line in all the fzgures represents when the observed AN

-

values equal the calculated values. Flgures A l and A.Z showr

5 a- large dlscrepancy at the hxgher dlscharges for "mn wh1Q'

ifyi

could 1nd1cate a poss1ble experimental erro ‘multzple
' ‘ - =
Lregress;on package utxllzed was not the

nd‘t1me s

"dld not permlt the use %f °ther mult;ple reore551qpﬁy JTV*"

.

‘statlstlcal teehnlques for comparlson purposeg There 1s a \]"“

fslxght dxfferencé 1n the calculated values between the bwo

£

regre551on equatlons for ym1n Figures A 3 to A 4 show much-

> . ' [

”scaﬁter in the data wh1ch agazn could mean a poor cho1ce 1n

'-fthe statlstxcal package and posszble error in - the 4 fh‘ e e
‘{$g5 1exper1mental measurement. Agarn, there 1s very llttl*w

w,(dlfference 1n the caICulated values from th g;gsggpd”ﬂ(Wﬁ

vfequatgons‘for u

mm
: a

w;gizfn For the flSh baffies two regressxon equations were | ;)r
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t3§ computed T-value for Q/D>
and Lt=—4;5§6

5/2 27.090 and 5_=-6.969

0.18

o . 0.41
LR = 1412 = (yo) * (SO)

where r=0.982, standard error of estimate=0.085 and
the computed T-value for yo;25.7l7,(so;15.023 and —

L*=5.842

)O 26 — 7

u - 5.29 » (g/p%/2)0-23

mm "o | AL

7.0

where r=0.977, standard error .of éstimate=0.098\and

5/2 ’ .

< the computed T—Qalue fof Q/D =22.853, So=11.215

I
and L*=5.054

> :
The calculated values for y_. and u have been tabulated
. “min mm ‘

, - ) : : 4
along with the observed®values and are shown in table A.2.

The calculated values for Ymin and Uim again were compared
to the observed values to show the magnitude of the

discrepancies and these are shown in figures A.5 to A.8

-

Q

respectively. Again, the solld line in all the figuraa .
represents when the observed vaers equal the calculated
values. Fxgures A.5 and A.6 show a large dxscgepancy at the
hxgher flow rates for Ym n whxch could indicate a poss1ble
‘ exper1mental error or’the multiple regression package .
util;;ed was not_the best choica. Figures A.7 to A.8 show
little scatter in the ‘data-and a fairly good fit to the '
regfessionvequatioh'far U Agaiﬁ,.there isvsljght

-difference in the'talculatéd.value§ for‘ymin frbm‘the two

mm*

L ) . .
H T . '
. ¢
= - <
. N

regression equations as well as for u
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Table A.1 Calculated and observed values for y_._ and u
‘ \ S min mm

for the fish-weirs.

DESIGN S,

PLWN BN DUONCAWN = IUN=DUON—EORN~DWN=BWN—=BON = AWN = &N —

(%) (m¥s)

,UPUDUIUOUOUlMOUOMVMMMGMGUUUQDQQQQUUQ(o)(d»U-!-0-.--‘-‘-ﬂ-‘-b----'-n—.-—-

Q L

(m)

0.0350 0.985

© 0.0350 0.493

0.0350 0.246

10.0350 0.739

0.0100 . 0.985
0.0100 0.493
0.0100 0.246
0.0100 0.739
0.0025 0.985

- 0.0025 0.493

0.0025 0.246
0.0025 0.739
0.0005 0.985
0.0005 0493
0.0005 0246
0.0005 0.739
0.0350 '0.985
0.0350 0.493
o 0.246
o.% 0.739
0.0100 0Q.985
0.0100 0.483
0.0100 . 0.248
0.0100 0.739
0.0025 _ 0.985
0.0025 0493
0.0025 0248
0.0025 0.739
0.0005 0.985
0.0005 0.493
0.0005 0.246
00005 0.739
0.0350. 0.985
0.0350 0.433
0.0350 0.246

0.0350 0.739 "

0.0100 0.985

© 0.0100 0483
0.0100 0.246

0.0100 0.739
0.0025 Q.985
0.0025 0.383

10,0025 0.248

0.0025 0.739
0.0005 0.985
0.0005 0.483
0.0005 0.246
0.0005 0.739

IS

Yo Vo
S (m)  (iws)

0.133 094
0133 094
0.133 094
0.133  0.94

0.072 : 0.65.

0072 065
0072 065
0.072._0.65
0.037
0.037 04
10.037 043
0037 043
0.017 026
0017 026
0.017 026
0017 026
0.110 130
0110 1.30
0.110 130
0.110 130
0057 080
0.057 0.0
0.057 0.0
. 0.057 090
'0.030 ,059
0030 059
059
059
036
' 036
036

*

N

(o]

10.406

v

(1) Vi = 361 x (7)" 5!

Ymin Ymm
(observed)

(m).

0127
0.131
0.138

0.128.

0.064
0.067
0.069

(rvs)

1.01

0.96
0.90
0.94
0.79
0.68
0.76
0.79
0.65
0.46
0.46
0.55
03s
0.34
029
(<]
1.35
122
125
127
1.09
0.90

031

© (2) - Yoniey = 016 X (QDSRV-TI (5017

N
e

Ymin Ymm
mmmwuu@mmy
(m) {m/s)
('2) (A ("4)
1.22 1,20
1,10 108
0.99 0,98

R
0172 0,157
0.172 0157
0.172 0.157
0.172 0.157 117 115
0.068 0.063 0.82 0.81
0.068-0.063 0.74 073
0.068 0.063 0.67 0.66
0.068 0.063 0.79 0.78
0.025 0.023 0.53 0.53
0.025 0.023 0.48 0.48
0.025 0.023 0.43 0.43
0.025 0.023 0351 0.51
0.008 0.007 0.32 0.32
0.008 0.007 0.29 0.29
0.008 0.007 0.26 0.26
0.008 0.007 0.31 0.31
0.129 0.130 1.52 1.50
0.129 0.130 1.37 1.35
0.129 0.130 .123 1.22
0.129 0.130 1.43 1.43
0.048 0.052 0.99 1.01
0.048 0.052 0.89 0.91
0.048 0.052 0.80 0.82
0.048 0.052 0.95 0.97
0.018 0.019 0.65 0.66
0.018 0.019 0.59 0.60
0.018 0.019 0.53 0.54
0.018 0.019 0.62 0.63
0.006 0.006 0.40 0.40
0.006 0.006 0.36 0.36 °
0.006 0.006 0.32 0.33
0.006 0.006 0.38 0.38
0.110 0.119 1.66 1.66
0.110 0.119 1.50 1.49
0.110 0.119 1.35 1.35
0.110 0.119 1.59 1.59
0.044 0.048 1.12 1.12
0.044 0.048 1.01 1.01
0.044 0.048 0.91 0.91
0.044 0.048 1.07 1.07
0.016 0.017 0.73 0.73
0.016 0.017 0.66 0.66
0.016 0.017 0.59 0.59
0.016 0.017 0.70 0.70
0.005 0.005 0.44 0.44
0.005 0.005 0.40 0.40
0.005 0.005 0.36 0.36
0.005 0.005 0.43 0.43

'

o . o
(*3) - Uy = 18.93 x (yg)085 x (53031 x (1015

(8- u}m," - 425k (D503« (S{,)°20 x (U015

—y
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'I‘able A.2 Ca%.%lated a

n

for the fxsh baffles.

P‘

DESGN §,  Q

NOOVOONIONOONDUINONNONNOVLNIDOONONNDNNOWL

(%) (ms)

VOOV NNONVWRWWRWLWWWEW D -t s oeodoeo oo
o

0.0025
0.0025
0.0025

0.0005
0.0005

0.0005

.

Yo
(m)

0.1090
0.1090
0.1090
. 0.0460
0.0460
0.0460

0.0190 -

0.0190
0.0190
0.0085
0.0085
0.0085
.0.083¢"
'0.0830
0.0830
0.0380
0.0380
0.0380
0.0160
'0.0460
0.0160
0.0086
0.0086
0.0086
0.0780
0.0780
0.0780
. 0.0360
0.0360
0.0360
09150
0150
0.0150
0.0080
0.0080
0.0080

(rvs)

1.30
1.30
1.30
1.25

7125

184

o K
o
(m) 4‘

0.393
0.393

0.393 -

0393
0393
0393
0.393
0393
0393
0.393
0.393.
0333
0333
0.393
0393
0393
0.393

0393

0.393
0.393

nd observed values for Ym

!’

M
A . Y

Ymin. Ymm
(observed)

(M) (nvs)

0.121 1,14
0.136 1.03
0137 098
'0.054 1.06
0.057 0.96
'0.071° 0.89
0034 0.63
0.040 0.60
0.043 054
0.014 ' '0.56
0017 046
0.020 0.40
0092 172
0.107 154
0.113 138
0046 1.26
0.049 1.18

“0.061 107

0.020 091
0.027 0.75
0.67
0.005 066
0.01Q 055
10012 062
dos2 212
0095 1.95
0.102 1.84
0.039 1.46
0.048 130
0.054 122
0.017 1.01°
0.023 0.85
0029 0:76
0,005 0.73
0.005 0.70
0.008  0.73

1) - Yymin = 050 x ()99 x (S5 022 x (L.y 032

(2) - Yyt = 0.05 x (QVD52)0.56 x (5034 (L9033

('3) N Umm * 14_!'2 x (y°)°.41 x is°)0.31 x (L‘)O.Ts

(*4) - Uy = 529 x (QUD521023 x 16,026 x (1 10:17

min

et

" Ymin Ymm
(calcutated) {calculated)
) {avs)
N CA(Y
0.146 0,128 1,41 130
‘0,182 0.161 1.24 1,16
0.208 0.185 1.15 1.08

0.062 0.064 0.99 0.97
. 0.077 0.080 0.87 0.87

'0.088 0.092 0.81 0.81
0.026 0.029 0.69 0.7}

0.032 0.037 0.61 063

0.037 0.042 0.56 0.59
0.012 0.012 0.49 0.49
0.015 0.015 0.44 0.43-
0.017 0.017 0.40 0.4t
0.087 0.088 1.77 1.73
0.109 0.111 1.56 154
0.125 0.127 1.45 1.43
0.040 0.044 128 1,30
0.050 0.055 1.13 1.1S

0.057,0.063 1.05 1.07

0.01%10.020 0.900.9¢
0.021 0.025 0.79 0.84

0.024 0.029 0.74 0.78-
. 0.009 0.008 0.70 0.65

0.012 0.010 0.62 0.58
0.013 0.012 0.57 0.54

0.073 0.074 2.02 1.97

0.092 0.093 1.78 1.76
0.105 0.107 1.65 1.64
0.034 0.037 1.47 1.48

. 0.043 0.046 1.30 132

0.049 0.053 1.20 1.3
0.014 0.017 1.03 1.08

0.018 0.021 0.91 0.86

0.020 0.024 0.84 0.89
0.008 0.007 0.79 0.74
0.010 0.009 0.70 0.66

0.011 0.010 0.65 0.62

and u
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Fxgure A.1 Companson between the calculated values based on

yn;i'h. - 3. 61 * (y .)1 51and the observed values of Ymm’
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ymin — Observed (m)
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LI
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0274 |a 0=0.010'cms - 5=1% :
0.264 |+ 0=0.0025 cms - s=137|’ ‘ !
0.2594 - X. @=0.0005 cms - S=1% ; |
0-24 < Q=0.¢35 cms —VS?SX 1 W
0.234 . |V @=0.010 cms - $=3%, ‘
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