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SUMMARY: 

The primary purpose of the dissertation is to quantify the efficiency and operation 

of various types of fish passes for dams. This is achieved through a novel 

experiment of testing juvenile salmon in a scale model fish-passes with a range of 

small structures including vertical slots, orifices, weirs and combinations of all 

three. Direct comparisons of the efficiency of each type of fish pass in terms of 

upstream migration. 

Two identical physical models were constructed, one at the Fisheries Research 

Services Freshwater Laboratory at Almondbank, Perth, Scotland where 

observations were made of fish behaviour. The other model at the University of 

Glasgow, Glasgow tested only hydraulic conditions. The physical models were 

simplified representations of a reach of a river downstream of a dam, weir or any 

other obstruction to fish migration. A removable cross wall incorporating one of 

the types of pass tested divided the flume into two pools. 

A significantly higher proportion of fish moved through submerged orifices or 

vertical slots than through weirs for a given flow rate and velocity. The orifice 

and vertical slot passing efficiencies are directly correlated to the velocities 

existing in their vicinity. To reach the weir/slot/orifice devices, salmon parr 

tended also to stay near the bottom of the flume and followed a path along the 

sides of the arena, which provided them with low velocities and cover. 

In the vicinity "of the weir/orifice/slot devices, - the movements of salmon parr 

were consistent with energy-conserving strategies. 
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Clearly, the extrapolations of results from the behaviour of small to large salmon 

remains cautious, the intention of this research being to characterise the 

behaviour of small salmon and to develop clear testable hypotheses about how 

large salmon may respond to water flow. 

Preliminary field tests were then conducted at Tongland Dam fish pass to test the 

main recommendation extrapolated from the parr behavioural study. The 

particular situation of this fish pass, which contains both weirs and orifices, 

allows a comparison between the two. Passive Integrated Transponder (PIT) tags 

together with antennae installed at a weir and an onfice were used to individually 

monitor the movement of wild spawning salmon passing through the fish pass. 

The results of the field test are as yet, inconclusive. 
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NOTATION 

A surface 

a acceleration 

b, bo. B width 

by, bý length scales in the Y and Z directions 

B buoyant forces 

c dimensionless coefficient 

CF skin friction coefficient 

C, air concentration 

cc coefficient of contraction 

Cd drag coefficient 

CF coefficient of fish condition 

C11 coefficient of velocity 

C19 C29 C3 constants 

dq D distance, depth 

E energy spend by the fish 

Ep potential energy 

F,. virtual mass force experimented by the fish 

9 gravitational acceleration (=9.81 M/S 2); 

hi upstream head, head measured above the weir crest 

h2 downstream head' 

k energy dissipation 

I nixing length 
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L length 

Lf fish length 

M mass of the fish (N/m/s 2 

M. virtual mass of the fish (N/m/s 2) 

MO Momentum flux of a plane jet 

p pressure 

P propulsive force 

PC potential chemical power 

Pd power dissipation factor 

P, power from oxygen uptake 

Ps height of crest above the approach invert 

q, Q discharge 

Qideal ideal discharge 

Q. discharge through an orifice 

Q. discharge over a weir 

Q+, Q* dimensionless discharge 

so slope 

t time 

t, endurance time 

T temperature 

T,, turbulence intensity 

U fish speed with respect to the water 

U, V, w longitudinal velocity components in horizontal measurements 

planes 
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U, maximum velocity (centre line) 

V volume 

Vf fish speed with respect to the ground 

VFB burst speed of the fish 

V, average mean water velocity 

W weight of a fish 

X'Y'Z Cartesian coordinates 

XO length of potential core 

Yo characteristic depth of the flow 

Ycr critical flow depth 

z submergence, height of the jump 

Dimensionless numbers: 

Fr Froude Number 

Re Reynolds number 

Greek symbol: 

a, P dimensionless coefficient; 

a,, a2 angles of the shear layer; 

& coefficient of kinematic eddy viscosity; 

0 angle; 

9 viscosity 

V kinematic viscosity 

density 

xiii 



Pf average density of the fish 

PW water density 

To wall shear stress 

Tj laminar shear stress 

Tt turbulent shear stress 

(DIq 02 lines 

Ah head difference from one pool to the next 

AU difference of velocity between two points 

Subscript 

a air 

i denotes pool impact 

f fish 

0 orifice 

vc 

w 

Superscript 

vena contracta 

weir or water 

Mean component of quantity 

R. M. S. of fluctuating component 

x1v 
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Chapter 1: Introduction to the Problem of Fish Passes 

CHAPTER 1: 

INTRODUCTION TO THE PROBLEM OF FISH 
PASSES 

1-1 General Introduction 

Atlantic salmon or Atlantic trout have a key role in the economy of many coun- 

tries such as Scotland, United States, Canada or Scandinavia as they support 

commercial and recreational fisheries. Fisheries, especially anadromous, contrib- 

ute for example over US$ 25 billion annually to the economy of the United 

States. 

The two main keys for maintenance of important stocks of anadromous fish 

are the health of anadromous fisheries habitat and their accessibility. The latter 

might be prevented either by large-scale dams or by small-scale weirs and block- 

ages. In the river, the installation of hydroelectric dams has the potential to affect 

seriously populations of salmon by blocking their spawning migrations (Katopo- 

dis & Rajaratnam, 1983; Webb, 1490; Struthers, 1993). 

Fish passes may allow fish to move past dams. An example of fish pass is 

shown in figure 1-1. Clay (1961,1995) defines a fishway as "a water passage 

around or through an obstruction, designed to dissipate the energy in the water in 
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Chapter 1: Introduction to the Problem of Fish Passes 

such a manner as to enable fish to ascend without undue stress". However, these 

structures create challenging flow conditions for the migratory fish such as high 

flow velocities, large-scale turbulence, shear stress or high concentrations of air 
buhbles. 

Figure I-1: View of"I'ongland dam fish pass facility from the dam 

Fish passage facilities are complicated structures creating complex hydraulic 

phenomena. To enhance the efficiency of these bioengineering systems, engi- 

neers and biologists need to work in collaboration. On one side, engineers need to 

understand fish biology to design better systems based on basic biological criteria 

such as swimming abilities or fish energetics. On the other side, biologists need 

to understand hydrodynamic phenomena occurring in the system including veloc- 

ity, turbulence and shear stress. Both hydraulic and biological aspects of fish pas- 

sage have therefore to be considered together to ensure that flows and designs of 

fish pass readily attract and pass fish. 

A valuable approach to studying movements of salmon through fish passes is 

to track the behaviour of large numbers of wild fish remotely in natural situations 

(Gowans & a], 1999). This approach may allow assessments of the efficiencies of 
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fishways and may provide insights into the proportions of the migrating popula- 
tions that actually move upstream and the proportions that find the entrances of 
fishways. However, the behaviour of salmon in the wild is influenced by so many 
factors that research based only on field surveys may not establish clearly the be- 
havioural mechanisms that enable approaching fish to locate passes efficiently. 
Furthermore, field studies generally do not permit an experimental analysis of 
how modifying aspects of fish pass designs influences the behaviour of fish. 

To determine fish pass design criteria, it is necessary to measure precisely fish 
behaviour response to individual hydraulic phenomena. This kind of experimen- 
tal set up where field hydraulics are simulated and carefully controlled can be 

done most easily in a laboratory. To identify, the effect of a single parameter on 
the behaviour of fish, the experimental apparatus has to amplify it and to ensure 

that other phenomena do not affect the fish. 

1-2 Fish pass entrance design 
. 

Fish passes can be divided in three primary subsystems: the entrance, centre lad- 

der and the exit (Rainey, 1991). The entrance of the pass has been recognised as a 

particularly important part of the system (Bonnyman, 1953; Clay, 1961; Rainey, 

1991; Struthers, 1993; Uedda, 1990). The location of the entrance is critical. Ide- 

ally, upstream migrating salmon should be attracted directly to the entrance and 

should not be distracted by other flows, for example, the tailrace from the tur- 
bines in generating stations or a spillway. 

Fish passage facilities are commonly divided in four main groups: the pool 

and traverse, the Denil, the vertical slot and the fish lift and fish lock (Clay, 1995; 

Bell, 1973). Diagrams of the different fish passes will be given in Chapter 2. 

Each design has particular hydraulic characteristics but the success of a particular 
fish pass at a particular location depends on its attractiveness for the targeted spe- 

cies, its ease of maintenance ant the range of flow for which it is operational. 
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Chapter 1: Introduction to the Problem of Fish Passes 

While a considerable number of projects are conducted worldwide on the ap- 

propriate hydraulic characteristics of passes, less has been done on investigating 

the way salmon find the upstream or downstream entrances to a pass. More re- 
search is therefore required to investigate the detailed movements of fish close to 

passes such as weir-and-pools, orifice-and-pools or vertical slots. 

1-3 Aims and objectives 

Following a study of the Tongland dam fish pass in 1997 and reported by Ervine 

et al (1999), the impetus was gained to investigate systematically the major fish 

pass design principles by combining studies of real fish with detailed hydraulics. 

The research, described in this thesis, focuses therefore on the effectiveness of 
different type of fish pass designs to attract fish. The work combined biological 

and hydraulic expertise as the Civil Engineering Department of Glasgow Univer- 

sity collaborated with the Freshwater Fisheries Laboratory, Pitlochry. 

1-4 Structure of thesis 

Chapter 2 briefly explores the history of fish passage technology development, 

and presents the principal upstream fish passage facilities currently. This chapter 

also points out the importance of fish pass entrance design in the overall effi- 

ciency of the system. 

The life cycle of the Atlantic salmon, its abilities, as well as its habitat re- 

quirements for the different parts of its life cycle are briefly discussed in Chapter 

3. 

Chapter 4 describes the experimental apparatus used in the research. Two 

identical flumes have been built: one at the Almondbank laboratory of the FFL 

and the other at Glasgow University. The flume at Almondbank was used to ob- 

serve behaviour of the fish and the flume at Glasgow was used to make detailed 
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measurements of the hydraulics such as flow patterns, velocity and turbulence of 
the approach area over a range of water flows. 

The success of fish at passing through the various devices tested is described 

and analysed in chapter 5. This chapter reports on the number of fish successful 

at negotiating the entrance to the fish pass and the length of time needed to nego- 

tiate the tested design. 

Chapter 6 presents detailed hydraulic flow measurements in the flume for the 

tested designs. Hydraulic measurements include three-dimensional velocity pat- 
tems and contours of turbulence. 

In chapter 7, hypotheses are made on the effect of hydraulic phenomena on the 

behaviour of fish by integrating the parr behaviour (Chapter 5) with the hydraulic 

models (chapters 6) (Guiny et al, 2000(a), 2000(b), 2001(a), 2001(b)). Chapter 7 

reports also on the paths chosen by the parr in relation to the hydraulic condi- 

tions. These hypotheses will be refined and tested later using adult fish in the 

field. 

Chapter 8 reports on the comparison of passage through weirs and orifices for 

fish undergoing spawning migration. The purpose of this chapter is to assess the 

hypothesis (made in chapter 5 and 7) that spawning salmonids prefer orifices to 

weirs. Chapter 8 reports, in a first part, on the behaviour of mature male parr and 

adult male brown trout confronted with the alternative of passing through a weir 

or a submerged orifice in the model flume (Guiny et al, 2001(c)). The second part 

reports on the preliminary field test conducted with wild adult salmon at 

Tongland dam. 

In chapter 9, the main conclusions are finally drawn and some suggestions are 

made for future research to be done in the field of fish pass design. 
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Chapter 2: Literature Review of Fish Pass Design 

CHAPTER 2: 

LITERATURE REVIEW OF FISH PASS DESIGN 

2-1 Introduction 

Fish passes or fish passage facilities are man-made structures to facilitate migra- 

tion of fish past natural obstructions such as waterfalls or rapids and artificial ob- 

structions such as dams or weirs. An example of a fish pass at a dam is shown in 

figure 2-1. 

The construction of fish passes is not a new idea in river engineering (Pasche 

& al, 1995). In Europe, rivers have been regulated through the construction of 

weirs for the purpose of navigation or power generation since the Middle Ages. 

The first fish passes were designed to allow the migration of fish such as salmon 

past weirs. However most were poorly designed due to a lack of understanding of 

fish behaviour and capabilities. Efficient design is required to ensure salmon and 

trout, as well as other species, return to spawning areas. 

Northcote (1998) identified 67 threatened species out of the 200 European 

freshwater fish species. Problems in movement around dams or fish passes ac- 

counted for more than 55% of the cases whose cause, of endangerment was 
known. For example, Deedler (1958) reported the extinction of the salmon popu- 
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Chapter 2. Literature Review of Fish Pass Design 

lation in the 1930s in the river Meuse because the salmon were unable to pass the 
Denil and pool-type passes constructed. The optimisation and design of fish pas- 

sage facilities is therefore an important factor in preserving and increasing the 

populations of many migratory species of fish still living in freshwater. 

The purpose of this chapter is to introduce the reader to the various concepts 

developed for the design of fish passes since the 1900s and, as the chapter pro- 

ceeds, to review the hydraulic characteristics and limitations of the different 

passes. The design needs of the entrance to the fish pass will be also discussed. 

9-2 Fish Pass Design 

As already noted in the introduction of this chapter, attempts to build fish passes 

have been conducted since the Middle Ages. The earliest recorded constructions 

were made in the 17th century. However the first attempt to design fish passes us- 

ing a scientific approach started only at the beginning of the 20'h century with the 

publication by Denil (Clay, 1995) in 1909 concerning a new type of fishway. For 

the first time, fish passes were considered as hydraulic structures built to dissipate 

energy. Thirty years later, McLeod and Nemenyi (Clay, 1995) in 1939-1940 un- 

dertook research comparing fish capabilities and fish pass design. 

In the last fifty years, the advances in design of modem fish passes and fish 

locks, or elevators, have occurred, but better designs are still required based on 

understanding of the biological requirements of the fish and how that matches 

with hydraulic phenomena. 

Clay (1995) defined passes as "a water passage around or through an obstruc- 

tion, designed to dissipate the energy in the water in such a manner as to enable 

fish to ascend without undue stress". Their function is to control the water flow. 

They dissipate the energy of the'water and maintain velocities within the bioki- 

netic capabilities of targeted species. 

Fish passage facilities are generally divided in four main groups [ cf Fig 2.4 - 
2-18]: (1) the pool and traverse, (2) the Denil, (3) the vertical slot fish pass and 

(4) the fish lift and fish lock (Bonnyman, 1958; Clay, 1995; Bell, 1973; Katopo- 
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dis & Rajaratnam, 1983). Their design depends on biology, life cycle, the capa- 
bilities especially swimming and leaping ability of targeted species, and on space 

and hydraulic conditions on the site. 

The success of a particular fish pass at a particular location depends on three 
key- factors: (1) the range of flow through which it operates successfully, (2) its 

attractiveness for the targeted species and (3) its ease of maintenance. 

A critical point is to design fish pass so that they attract and pass fish during 

periods of high stream flow. Designs that minimise operation and maintenance 

needs are, also highly desirable (Bates, 1991) as they represent a reduction in op- 
erating costs. 

From the three first main types of fish passages, hybrid fishways have been 
developed through the years. They attempt to combine the advantages of several 
fish ladder designs. 

The pool and chute fishway (Bates, 1991) is one of these hybrid designs. It 

combines "weir and pools" and "roughened chutes". Natural looking fish passes 
have been built in Germany or Canada. For example, an earthen bypass channel 
has been successfully built at Walkerton in Canada (Crook, 1991). It is effective 
for dams lower than 5m and has a low cost. A fish pass can also be designed to 

act, at the same time, as a passage for one species and as a barrier for another 

species (Holloway, 1991). 

2-3 Hydraulic Characteristics and Limitations of different Fish Passes 

Up until 1908, there was only one type of fishway, the pool and traverse pass 

with the traverse either weir or orifice. It was usually a simple construction de- 

signed with little consideration of the needs and abilities of fish. Since 1908, 

many studies have established design criteria of the pool sizes and head differ- 

ence between pools to satisfy fisheries requirements (Anon., 1942). 
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2-3.1 Pool lype 

A pool and traverse fish pass consists of a rectangular channel sloping typically 
between 5 and 18%. The channel is partitioned into pools by walls and water 

passes via weirs or/and orifices. Weirs and orifices may take various shapes in 

order to provide gradual hydraulic head drops and water velocities that targeted 
fish can easily negotiate. 

There are three main types of pool and traverse pass: the pool and weir as 

shown in figure 2-2, the pool and orifice as shown in figure 2-3 and the pool - 

orifice - weir. 

The principal characteristics of a pool type fish pass are governed by the hy- 

draulic conditions in the pass (e. g.: flow, difference of water level between each 

pool, turbulence, aeration) as a function of the water levels upstream and down- 

stream of the structure. These characteristics are the dimensions of the successive 

pools and the geometry of the weirs or/and the orifices (shape of notch, size and 

elevation of the orifices or slots). 

The drop between each pool is chosen as a function of the swimming abilities 

of the targeted species Typically, it varies between 0.30 m and 0.45 m for salmon 

and trout. It can, however, for shorter passes, rise up to 0.60 rn for salmon. 

The volume of the pool is determined by the power dissipation factor Pd ex- 

pressed in equation 2-1. It provides an average measure of turbulence in the pool. 
This criterion has been fixed at a maximum value of 200 watts per M3 for sal- 

monids (Larinier, 1992). 

Pd = P9Q 
Ah 
v 

(2-1) 

where p is the mass density of water (1000 kg/m 3), g is theacceleration caused by 

gravity (9.8 1 M/S2), Q is the discharge in the fish pass (m 3/s), Ah is the head loss 

between two pools (m) and V is the volume of water in the pool (m 3 ). Equation 2- 

I will determine the minimum pool volume. In general the length of the pools is 

between 2.5 rn and 3.5 m in passes designed for salmonids and the minimum 
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depth of the pool is around 1.0 m. IdeallY the volume of the pool should be large 
in comparison with flow, so it absorbs turbulence and energy before water flows 

to the next pool. 

The pool-type fish pass is the one most frequently used in France. Over the 
last 15 years, more than 150 such fish passes have been installed with discharges 

varying between 0.1 m3A and 2 m3/s (Larinier, 1998). Kumar et a] (1995) also es- 

timates that almost 95% of the 10,000 fish passes installed in the Japanese rivers 

are of the pool type. 

a. Pool and weir 

The actual flow over a weir is a complex phenomenon. Using the Bernoulli equa- 
tion, it is possible to develop a simple numerical model of a weir as shown in 

equation 2-2. This is based on the assumption of no energy loss to a point up- 

stream when the head h, is above crest level. 

Q= Cd Qdeal 
2 Q, deal =3b; 2Tghý 

(2-2) 

where Q is the discharge, (M3/S)i Qideal is the ideal discharge (m 3/s), Cd is the dis- 

charge coefficient (m"2/s), b is the width of the weir crest (m), and h, is the. head 

measured above the weir crest (m). 

Ideal discharge derivates from the assumptions that (1) the pressure distribu- 

tion in the flow passing over the weir is atmospheric, (2) the flow approaching 

the weir is not subýect to viscous forces and (3) the cro'ss-sectional area of the jet 

just downstream of the weir is equal to the cross-section of the flow at the weir it- 

self. 

The discharge coefficient is w function of the Reynolds number, the Weber 

number and the ratio hj/Ps. The coefficient of discharge Cd for a fully contracted 

weir is given in equation 2-3 where h, is the head measured above the weir crest 
(m) and Ps is the height of crest above the approach invert (m). 

10 
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Cd = 0.602 - 0.0834 / Ps (2-3) 

The flow over the weir may be plunging or streaming with a transition state 
depending on the depth of flow over the weir. The flow is in the plunging mode 

when the water level in the downstream pool is below the crest of the weir while 
it is in the streaming mode when a surface stream flows over the crest of the 

weirs and skims over the water surface in the pools in between as shown in figure 

2-5. 

If the flow is in the plunging mode, fish will have to enter the jet to jump over 

the weir whereas if it is in the streaming mode, fish will have to swim over the 

weir. The maximum velocity of the water at the jet is derived from the head loss 

Ah and the acceleration caused by gravity g (m2/s) as shown in equation 2-4: 

V= 2gr, -T (24) 

The swimming abilities of the targeted species will therefore limit the maxi- 

mum drop between each pool. For the plunging mode, the rise between each pool 

is around 0.30 rn but can be up to 0.60 m. for shorter passes. For the streaming 

mode, this drop varies between 0.30 and 0.40 m. 

Clay (1995) reported that studies on plunging and/or streaming flow were car- 

ried out both by the U. S. Army Corps of Engineers and the University of British 

Columbia but none of the results were published. However, a further study con- 

ducted by Rajaratnarn et al (1988) delimits the conditions in which these two 

types of flow occurred. The plunging flow occurs when Q,. (Eq 2-5) varies over a 

very narrow range with the average value 0.61. bo is the width of the weir, h is 

the upstream hydraulic head and Q, is the discharge. The flow range through 

which the plunging flow condition is present in the pools can be extended with 

the right shape for the crest and by adding orifices within the weir. 

Q+ -= bohl. 54-g = 0.61 (2-5) 
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The streaming regime exists when the dimensionless discharge Q. is equal to 
1.5q(Ud) where L is the length of the pool and d is the depth of the surface 
stream as shown in equation 2-6. 

Q. 
1.5, rLId 

bo yo' ' V-gSo (2-6) 

where bo is the width of the crest, g is the gravitational acceleration, Q,, is the 
discharge over the weir, So is the slope of the fishpass bed and yo is the character- 
istic depth of the flow. 

A criterion Qt predicting the transition from plunging to streaming flow was 
also established and is given in equation 2-7. 

Q. 
0.25 

boSo LP 
(2-7) 

Wu & Rajaratnarn (1996) carried out complementary work on submerged flow 

regimes of rectangular sharp-crested weirs. They described the four different pos- 
sible regimes: impinging jet, breaking wave, surface and surface jet shown in fig- 

ure 2-6. They also developed a diagram to predict the occurrence and connect the 
boundaries of these regimes to the direction of change of the tail water. 

Pool/weir fishways are limited at their upper flow design by flow instability, 

including excess turbulence and aeration of water, as well as oscillating water 

surface. Turbulence can eliminate the steady circulation patterns, which guide the 

motion of the fish upstream, as well as the area where fish can rest (Bates, 1991). 

In the past ten years, a new type of pool-weir fish pass with V-shaped over 
falls (Boiten, 1990) has been increasingly constructed in small steep rivers, either 
in the river itself, or as a bypass. The maximum discharge passing through this 
design ranges from 0.35 m 3/S to 5.5 m3/s. 

b. Pool and orifice 
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Pool and orifice passes consist of a series of pools. In this case, the water flows 
through submerged orifices, often near the fish pass bed as shown in figure 2-7. 

The head rise between should be no more than 0.45 m (Aitken & al, 1966). 

The discharge through an orifice is given in equation 2-8 using Bernoulli 

equation. The discharge is a function of the area of the orifice A0, the head loss 

Ah and a coefficient of discharge Cd- 

Qo ý- Cd Ao V-2gAh (2-8) 

The theoretical velocity through the orifice shown in equation 2-9 is obtained 

using Bernoulli equation. 

V= ý2--gAh 
th (2-9) 

According to Torricelli theorem, the actual velocity at the orifice given in 

equation 2-10 is a function of the theoretical velocity by a coefficient of velocity 
Cv. 

VVC = CIVIh 

where C,. = velocity at vena contracta/ theoretical velocity. 

Due to a contraction phenomenon, the area of the jet at the orifice is smaller 

than the effective area of the orifice. Q the coefficient of contraction, given in 

equation 2-11 charactcrises this phenomenon. 

C, = area of jet/area of orifice (2-11) 

At a section just downstream the orifice shown in figure 2-8, the velocities are 

normal to the cross-section of thq jet. This section is called the vena contracta. 

The discharge equation 2-8 is in fact calculated at this location with Cd a function 

of the coefficient of velocity and contraction: 

Cd 
-'ý 

Cc Cv (2-12) 
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Cd is uniquely related with the parameter (a/hI) by a linear relation described 
in equation 2-13 where a is the height of the orifice and hi is the water surface 

elevation upstream (Kumar et al, 1995). 

Cd =a(yh, 
)+, g (2-13) 

An orifice-pool fish pass has the advantage of being more flexible than a weir- 

pool or even a weir-orifice-pool type when the headwater level fluctuates a lot 

and rapidly (Clay, 1995). Bonnyman (1958) demonstrated that the flow can stay 

almost constant in such designs during small head pond fluctuations if all the ori- 
fices are similar. The main drawback for this type of pass is their need for main- 
tenance, as orifices are easily blocked with debris. 

A particular type of orifice-pool fish pass is used in Scotland and at the 
Pitlochry dam (Gowans, 1998) as seen in figure 2-9. Successive pools are con- 

nected by inclined cylindrical pipes of diameter around 0.70 m. The axis of the 

orifice is inclined at 200. In order to obtain good energy dissipation and avoid 

turbulence in the pool, the length and width are 6 and 4 times the diameter of the 

orifice. Bonnyman (1958) suggests that 5.185 m. in length and 3.05 in in width 

are optimal. 

C. Pool-ofifice-weir 

Bottom orifices were initially added to pool and weir fish passes to stabilise the 

flow in the pool. This combination of weir and orifice type has then been devel- 

oped over the years. 

It has been experimentally demonstrated by Rajaratnarn et al (1989) that for 

this type of pool-orifice-weir fish pass, the flow over the weirs and through the 

orifices may be cumulated to obtain the total flow over the fish pass. For this type 

of design, the flow over the weir can still either be plunging or streaming. The to- 

tal flow rate can therefore be written as: 

Q. +Q. (2.14) 
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For the plunging mode, the computed total flow is generally higher by 0 to 20 

than the measured total flow, whereas for the streaming mode, the calculated 

total flow is lower by 0 to 25% than the measured total flow. 

The Ice Harbour, shown in figure 2-10, is one such fish pass. The first Ice 

Harbour fish pass was designed in the 1960s for the river Columbia by the fisher- 

ies Engineering Research Laboratory at Bonneville dam. It has become increas- 

ingly popular in Canada, America and Japan. Kumar et al (1995) carried out vari- 

ous model studies of this design using the work previously done by Rajaratnam et 

al (1989). 

2-3.2 Denil 

In 1908, Denil designed a fish pass thought to be the first one whose design was 

based on a combination of scientific principles, laboratory measurements and fish 

behaviour observation. 

Denil passes consist of a rectangular chute with closely spaced baffles along 

the side and bottom, pointing upstream at an angle of 30 - 45 degrees to the fish- 

way floor as shown in figure 2-11. 

It is usually used for dams less than 2 rn high and operates at gradients be- 

tween 5 and 31.5%. It offers a straight route and some choice of swimming depth 

to the fish. 

Its good energy dissipation allows a large flow, which in turn improves the at- 

traction at the entrance (Clay, 1961) but its efficiency is limited to a small range 

of flows. It has the disadvantage of not being easily adaptable to water surface 

variations upstream and downstream. This pass is also very selective and only 

suitable for species which possess strong endurance and high swimming speed. 

Variants, including the Larinier pass and the Alaskan steep pass have tried to 

improve the initial Denil design. 
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Denil passes were widely used on European rivers during the first half of the 
20'h century. Recently, around a hundred passes have been installed in small 

coastal streams or in small hydroelectric developments for salmonids. The Alas- 
kan steep has also been extensively used in Alaska (Rajaratnarn and Katopodis, 

1991) and the Larinier passes have been installed at some diversion weirs in 

Japanese rivers (Nakamura et al, 2000) 

a. Plain Denil fishpass 

The characteristic parameters of a typical plain Denil are shown in figure 2-11. 

It has a total width B of 0.56 m and a clear central width bo of 0.36 m. The longi- 

tudinal spacing between the baffles is equal to 0.25 m and the baffles are inclined 

at 450. 

Hydraulic modelling studies of Denil fish passes with various geometries have 

been conducted and their results have been analysed and generalised. Katopodis 

and Rajaratnam (1983) conducted a review of the hydraulics of Denil Fishways 

through a laboratory study of three simple designs. The three designs were tested 

with full-scale models. The first one was the steep pass using the dimensions 

given by Ziemer (1961) and two others were simple and quite similar to the origi- 

nal Denil design. Further variations of the Denil fish pass were studied by scale 

models (Rajaratnam et al, 1987,1991 1997; Katopodis et al, 1997). 

Based on theoretical considerations and using the various experimental results 

of the previous experiments, Rajaratnarn and Katopodis developed a relation (Eq 

2-15) between the dimensionless discharge Q. and the relative depth d/b where d 

is the depth of the flow and bo is the clear width of the Denil. a and 0 are coeffi- 

cients that depend on the geometry of the pass. 

a(yb, 
) ß 

(2-15) 

Table 2-1: Values of a and P for four different configurations of Plain Denil (from Katopodis, 
1990) 

B/bo Ubo Limits of validity a 0 
1.58 

2 
0.715 
1.37 

0.5<yofbo<5.8 
1.12< yofbo< 1.2 

0.94 
1.12 

2.0 
1.16 
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2 0.91 11< yo(bo<5 1 1.01 1.92 
211.82 8< vdbo<4.3 1.35 

1 
1.57 

For the plain Denil passes, velocities increase from the bottom of the channel 
toward the water surface. Recirculation flows form between the side baffles. 

These secondary flows are in the form of vortices. Katopodis and Rajaratnam 

(1983) observed that the water enters these vortices near the water surface, flows 

down following a helical path and leaves near the bed of the channel. These re- 

circulation flows provoke large momentum exchange and therefore strong energy 
dissipation (Katopodis, 1990; Larinier, 1992). 

Alaska steep pass 

Ziemer (1961) developed this design from a prototype tested by McLeod and 
Nemenyi (1940). This design has been successfully used in Alaska at natural wa- 
terfalls in remote areas. The characteristic parameters of the steep pass are shown 
in figure 2-12. 

The dimensions of the pass are relatively small: the total width B is around 
0.56 m and the total height of the structure is around 0.70 m. These small dimen- 

sions allow a steep slope varying between 25 and 35%. This pass has efficient 

energy dissipation but has a small flow range and low tolerance to upstream wa- 
ter level variations. 

Ziemer (1961) and Katopodis & Rajaratnam (1983,1991) have performed hy- 

draulic model studies on the Alaska steep pass. They have developed a general 
flow equation using theoretical considerations and experimental observations. 

Q Yo/ 
1.55 

-, T'o b5 b ýg W* (2-16) 

Equation 2-16 has been validated for a range of relative depth (yo/b) between 

0.1 and 4 and for the configurations B/bo = 1.58 and IJbO = 0.715. 

Combining the results from the experimental observations obtained in 1983 

and 1991, Rajaratnam and Katopodis conclude that if the relative depth is less 
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than 1.2, the maximum velocities occur at the bottom of the channel while if the 

relative depth is greater than 1.2, the maximum velocities drift toward the water 
surface and the velocity profiles become roughly symmetrical. 

It was also found that for large values of Q*, the depth of water in the side 

pockets was similar to the depth of water in the passage between the baffles 

whereas for small values of Q., the depth of water in the side pockets was greater 

than the depth of water in the passage. They also observed that for the last condi- 

tions, the water entered the side pockets near the bed of the channel, flowed up 
following a helical path and left near the water surface. 

C. Larinier passes: pass with superactive-type bottom baffles and thick chev- 

ron shaped baffles 

Larinier (1984) developed two new Denil passes: a pass with superactive-type 
bottom baffles shown in figure 2-14 and a pass with thick chevron-shaped baf- 

fles, shown in figure 2-13. 

According to Larinier (1992), the superactive-type bottom baffle was devel- 

oPed as a modified form of a model tested by Denil in 1936-1938. In this model, 

the baffles are at the bottom only. Their height is between 0.08 and 0.20 m. The 

pass with thick chevron shaped baffles was developed in 1984 using scaled mod- 

els. This pass is less efficient than earlier versions but may be used also by canoe- 
kayaks. 

The main advantages of these passes are the small flow resistance even in 

swollen streams, their high attraction and their low maintenance cost (Nakamura 

& al, 2000). Their disadvantages are the need for long and deep resting pools, as 

they are quite selective and the fact that the slope needs to be relatively low, in 

the range of 15-16%. 

2-3.3 Vertical slot 

Vertical slot fish passes consist of a rectangular channel with a sloping floor that 
is divided into a number of pools as shown in figure 2-15. The slope of the chan- 
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nel usually varies between 5 and 15%. Vertical slots are at one or both sides of 

each cross wall and each slot extends from top to bottom of the cross wall, which 
has an upstream projection to generate more lateral mixing and reduce the water 

velocity. The width of slot bo is typically of the order 0.3 m, but may vary up to 
0.6 m. Pool lengths of 10bo and a width of 8 bo are common in the United States 

and Canada. 

The first vertical slot pass was built on the Fraser River in British Colombia at 

Hell's Gate in 1943 (Clay, 1995; Andrew, 1990). The pass is a rectangular chan- 

nel divided into 7 pools, each 6.1 m wide by 5.49 m long. Each pool is parti- 

tioned from the others by vertical baffles. Two vertical slots 0.61 m wide extend 

the full height of each baffle. 

Vertical slot fishways have the ability to cope with fluctuations in water level 

in the upstream forebay and the downstream tailrace if these fluctuations are in 

the same direction. Velocities and turbulence remain also fairly stable regardless 

of the water level in the pass (L-Arinier, 1998; Clay, 1995). The vertical slot pass 

enables the fish to swim through the slots at any desired depth, offers a clear and 

simple path to the fish and the zones of recirculation within the pools offer good 

resting areas. 

The maximum velocity at the slot is approximately equal to 4 (2gAh). The ver- 

tical slot is therefore designed to ensure a certain value of head loss Ah, which 

suits the targeted fish species. 

The water runs downstream through the channel as shown in figure 2-16, by 

passing through the vertical slot and forms a jet. The energy of the flow is dissi- 

pated by jet mixing in the pool where k indicates the efficiency of energy dissipa- 

tion for any design. 

Rajaratnarn et al (1986,1992) have conducted hydraulic modelling studies on 

18 vertical slots passes with various geometries for both uniform and non- 

uniform flows. Wu et al (1999) carried out a complementary study on the struc- 

ture of flow for the best design of the previous 18. 
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Rajaratnam et al (1986,1992) found a linear relation between the dimen- 

sionless discharge Q. and the relative flqw depth yo/bo: 

Q- 
=ýYbo)+18 

-figSobo' 
(2-17) 

where yo is the average depth of flow in the pool occurring at the centre of the 

pool, Q is the discharge, g is the acceleration due to gravity, So is the slope of the 

pass and bo is the width of the slot. The coefficients a and P depend on the ge- 

ometry of the pass. 

The energy dissipation in the pools, k, is defined by the equation 2-18 where g 
is the acceleration due to gravity, p is the mass density of water, B is the width 
and L the length of the pool with a mean depth of yo. Bell (1973) suggests a 

maximum value of 0.191 kW/M3. 

k= QAhgp 
BLyo 

(2-18) 

Wu et al (1999) showed that for a given geometry (the width of the flume and 

the width of the slot are fixed), k varies with the slope of the flume but is 

independent of the flow. 

Clay (1995) defined a discharge coefficient Cd for the slots as shown in the 

equation 2-19 where y is the depth of the flow at the slot up to the water surface 

on the upstream side 

Q=Cd (b(I y)12-g Ah (2-19) 

According to Rajaratnam et'al (1986), the'discharge coefficient is dependent 

on the relative flow depth, the geometry of the slot, and the shape of edges. Cd 

usually varies between 0.65 and 0.85 (Rajaratnarn et al, 1986). In France, it varies 

between 0.65 and 0.70 (Luinier, 1992). For the Hell's Gate-type pass an average 

value of 0.76 has been found. 
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Tsujimoto et al (1995) described the flow in a standard vertical slot by two- 
dimensional numerical analysis employing a k-c model and compared success- 
fully their numerical results with the experimental data of Rajaratnam et al 
(1986). Tsujimoto et al (1995) described the flow in one simplified pool (between 

two vertical slots) of the pass using the equation of continuity, the equation of 
momentum, the equation of turbulent energy and the equation of dissipation rate 
of turbulent energy. They made the assumption that the flow in every pool of a 
vertical slot pass is two-dimensional and that the slot strictly controls the flow 

through the pass: the energy losses due to skin friction and boundary effects were 
neglected in comparison with the energy losses due to the slot's contraction. 

2-3.4 Fish locks and Fish elevators 

The Borland fish lock, shown in figure 2-18, is another type of pass used in Scot- 

land and other countries. The Borland lift pass was especially designed to over- 

come the large difference in river height between both sides of hydro dams 

(Payne, 1988; Travade et al, 1992). Nowadays, around 40 of these passes are in 

operation in Scotland (Smith et al, 1997). Salmon are raised hydraulically from a 
lower chamber at the downstream level to an upper chamber at reservoir level 

(Bonnyman, 1953). This type of fish passage facility has been in use since 1948 

(Clay, 1995). At this time, this structure was so popular that Deelder (1958) even 

recommended that all the inefficient fish passes in the Dutch river, in particular in 

the Meuse be converted to fish lock. 

When the downstream gate is open, fish are attracted into the lock by water 
flowing through the pass. This is the fishing phase. The downstream gate then 

closes, trapping fish into the lock, and an upstream gate opens. Water then slowly 

fills the lock until it reaches the forebay elevation. This is the lifting phase. The 

fish can then exit the device. In general, the fishing period last 3 hours compared 

to I hour for the lifting period but the length and frequency of these phase may 

vary from one Borland lift to another (Anon., 1995). 

According to Bonnyman (1953), the Borland lift pass has many advantages 

over the typical traverse and pool pass: it is less expensive to build, it needs less 
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water to operate and the effort required by salmon is low. However the Borland 

lift pass has the weakness that not all the fish may exit from the upper pool of the 

system in the limited time permitted (Clay, 1995). Smith et al (1997) observed 

salmon behaviour at the Borland fish pass at the Kilmorack Power station dam on 
the river Beauly, Invemesshire, Scotland. Only 20.5% of the fish entering the 
lower chamber during the fishing period were still present during the lifting pe- 

riod and only 40 % of the salmon in the system during the lifting period success- 
fully exited the upper chamber. 

Crook (1991) presents the fish lock of Thombury as a successful alternative 

construction for the passage of salmonids or no-salmonids. It has the enormous 

advantage of being low cost and is easily used on dams higher than 10 m. It also 
has the advantage of requiring little space. 

2-3.5 Otherfish passes 

Pool and chute fishways (Bates, 1991) combine "weir and pools" and "roughened 

chutes". Their main advantage is the relatively wide range of flows through 

which they operate successfully. At low flows it acts like a pool and weir and re- 

sembles at a baffled chute at moderate to high flow. 

Bates (1991) developed preliminary analysis and design standards. This con- 

cept offers an excellent attraction for fish, a good passage of debris due to a 

streaming flow in the centre of the fishway and a good efficiency of fish passage 

near the fall by the plunging flow. However it can be only used in a straight con- 

figuration as it is sensitive to bed-load deposition, which decreases the volume of 

the pools. 

Fishways can act as well, in the same time, as a passage for some species and 

a barrier for other. Holloway (1991) described a combination of fish ladder and 

sea lamprey barrier at a low head dam in north-western Wisconsin. This facility 

was designed to allow the free passage of salmonids but block sea lampreys, 

which cannot leap clear of the water. During the sea lamprey spawning run, the 

fish ladder consists of a weir and pool ladder with a "lamprey" barrier at mid- 
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point. After the spawning run of this species, the facility is converted to a stan- 
dard vertical slot ladder. 

2-4 Fish passes Entrance 

2-4.1 General 

A fish pass can be divided in three primary subsystems: the entrance, units or 

centre ladder and the exit (Powers and Orsbom, 1985; Rainey, 1991). 

The entrance of the pass has been recognised as probably the most important 

part of the system (Bonnyman, 1953; Clay, 1961; Rainey, 1991; Struthers, 1993; 

Uedda, 1990). Attracting the target fish to the fish pass entrance is critical as any 

excessive delay can result for the fish in the failure to reach the spawning area. 
The rate of sexual maturity may not be able to adjust to delay (Powers et a], 
1985). Moreover, fish constrained below obstruction maybe particularly vulner- 

able to predators and disease. 

The obvious purpose of the entrance is to provide an access to the fish pass. 

The entrance is also a transition area between a natural environment, the river, 

and, an artificial environment, the pass. Entrance designs (geometry, elevation) 

also control the hydraulic conditions that attract the fish. The hydraulic character- 

istics of the entrance jet are its shape, its orientation, its stability, and its nature: 

plunging or streaming. 

According to Larinier (1990) most of the failures at fish passes in France are 

due to a lack of attraction: badly located entrances and too low discharge through 

the pass. It has also been shown during the improvement of fish ladders on tribu- 

taries of the Colombia River (Rainey 1991), that most delays in rivers, enhanced 

with hydraulic power schemes, occur in the tailrace. There, the turbulence of the 

flow, coming from the spillway or the turbines, obscures the low-energy flow 

coming from the entrance of the fish passage. 
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Attraction criteria are the velocities and the flow at the entrance as well as its 
location and design. They depend on the behaviour of the target species and its 

motivation and are best obtained through biological experiments (Katopodis, 

1990). 

Most of the information available has been obtained through observation dur- 

ing field survey but there has been little thorough testing by controlled experi- 

ments. 

2-4.2 Hydraulic conditions at the entrance 

As previously explained, the entrance has a major role in fish attraction as the en- 

trance jet penetrating the tailwater serves to guide fish to the fish pass. The en- 

trance shape, its alignment and its jet momentum are the key factors to carry the 

path created by the entrance jet deep into the tailwater. 

According to Rainey (1991), the jet flow at the entrance should have an ade- 

quate combination of flow velocity and hydraulic drop (e. g. the flow must be 

more shooting than plunging to be perceived by fish at the greatest distance from 

the entrance). Bates (2000) also suggested that a streaming jet flow reaches fur- 

ther into the tailrace than does a plunging flow. The downstream effect of a 

plunging flow ceases just downstream the entrance in the area of the roll it cre- 

ated while a streaming flow skims along the water surface (for weirs design) or at 

the elevation of an orifice entrance and reaches deeply into the tailwater. 

Thompson (1970) found that Chinook salmon can equally ascend pool and 

weir passes under plunging or streaming regimes and were delayed only at the 

transition regime. 

24.3 Location of the entrance: 

Salmon are shoreline oriented (lEnch & Rand, 1998). It means that they follow 

the riverbanks for guidance as well as taking advantage of the lower velocities 
during high flow periods. Salmon also tend not to swim back downstream to find 

a passage route if they are blocked by a hydraulic barrier which can cause serious 
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delays. Spilling water or jets coming from a powerhouse may also distract 

salmon. Following these behavioural observations, various recommendations on 
the location of the fish pass were extracted from review of literature. 

- The entrance has to be as close as possible to the point or line to which the 

fish penetrate farthest upstream at the obstruction to minimise delay (Andrew, 

1990; Rainey, 1991; Clay, 1995). 

- The location of the entrance should take into account the locations where fish 

hold before going through the pass as well as the paths by which they ap- 

proach the pass entrance (Bates, 2000). 

- The main entrance to the fish pass has to be located either along the shore or 
between the powerhouse and the spillway (Powers, 1985; Clay, 1995). 

- The entrance of the pass has to be designed so that the attraction' water forms 

a right angle with the main direction of the river's flow (Deedler, 1958). 

These recommendations may have to be altered as a function of the particular 

characteristic of the considered site as well as through the flow range. Field ob- 

servation may therefore be valuable or even necessary. 

For example, through the monitoring of four fish passes on two rivers in the 

south-west of France, various observations were made on the best location for 

the entrance of the pass. Travade et al (1998) concluded that the location of the 

pass at the powerhouse with its entrances in the vicinity of the turbine outlet is a 

good solution. They also find that in order to create attractive velocities, it is im- 

portant to maintain a certain head, therefore a certain velocity, using a submerged 

gate at the entrance. 

2-4.4 Hydraulic conditions at the entrance 

a. Entrance flow: 

There are no specific criteria for the entrance flow. However, the momentum of 

the jet should be as great as possible to reach as far as possible into the tail water 
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(Bates, 2000). The attraction flow should range up to 10% of the total stream 
flow (Rainey, 1991). Larinier (1992) recommends between I and 5 %. Bell 
(1973) advises that the velocities at fishway entrances should be between 1.22 

m/s and 2.44 m/s for Pacific salmon. Clay (1995) also recommends that (1) the 
depth of water at the entrance should be greater than 1.22 m. and that (2) the flow 

coming through the low flow entrance should have the same orientation as the 
flow coming through the spillway in order to maximise the penetration of the en- 
trance jet into the channel at low flow regime. For high flow regime, it is benefi- 

cial to angle the high flow entrances at around 30' to the high flow streamline in 

order to penetrate into the highly turbulent tailwater. 

b. Entrance head 

Fish capabilities and the type of flow wanted (plunging or streaming) determine 

the head difference between the pool entrance and the tail water. Bates (2000) 

recommends an entrance head range of 0.30 to 0.45 m for Pacific salmon, which 
is simflar to the head difference recommended between two pools of a fish pass 
for Atlantic salmon. 

In order to avoid backwater and submergence phenomena at weir or vertical 

slot entrances when the stream flow increases, the entrance can be mechanically 

raised using entrance gates. Another possibility is to increase the entrance flow. 

c. Shape and dimension 

The entrance to a fish pass can take the shape of a weir, a contracted weir, a ver- 

tical slot or a submerged orifice. For weir entrance designs, Clay (1995) recom- 

mends that the width of the entrance should be equal to the width of the fish lad- 

der. However a narrow weir with end contractions can enhance the jet (Bates, 

2000). 

The attraction of the entrance jet is determined by its momentum. As the shear 
forces at its boundaries dissipate its momentum, the best shape for the entrance is 

circular and the worst is a narrow vertical slot. The behaviour of the fish has also 

an influence on the design requirements. For example, Thompson et al (1967) 
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discovered that chinook, coho and steelhead prefer submerged rectangular ori- 
fices oriented vertical to those oriented horizontally. 

In practice, the entrance to a fish pass usually takes the shape of a rectangular 
orifice and the ratio between the width and the height varies between 0.6 and 1.25 

in. The minimum width for an orifice is around 0.8 m and only around 0.45 in for 

a weir. 

2-4.5 Optimisation of the auractiveness: 

To enhance the attractiveness of the flow con-dng from fish passes at dams, where 

the flow coming through the turbine or the spillway is important, two major 

modifications have been elaborated: (a) the auxiliary water supply system and (b) 

the powerhouse collection system. - 

a. The auxiliary water supply system 

When the flow coming from a fish pass is small in comparison with the flow in 

the river, an auxiliary water supply is used to increase the velocity of the flow out 

of the pass entrance. This additional water provided through the auxiliary water 

supply system extends the area of intensity of velocity of outflow, and strength- 

ens the entrance attraction jet to encourage the fish to keep moving upstream. 

The auxiliary water is supplied to the fish pass either by gravity from the fore- 

bay or pumped from the tailrace. It can also be a combination of both methods. 
The water should always come from the primary water supply. Any other water 

may confuse the homing instinct of the fish, which use water scent to find its 

way. 

Auxiliary water introduction should also create as little aeration and, turbu- 
lence as possible as these phenomena discourage fish to move upstream (Stuart, 

1962, Bell,, 1973). Therefore a low-pressure system without air supplies the at- 
traction water. An example of auxiliary water injection at fish passes is shown in 

figure 2-19. The auxiliary water is introduced to the fish pass through wall or 
floor diffusers, constructed from bar grating, perfored plate or wood racks. 
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Clay recommends an auxiliary flow within the range of 0.08 m/s to 0.23 m/s 
when it enters the entrance pool, whereas Larinier (1992) recommends it to be 

around 0.30 to 0.40 m/s. 

b. The powerhouse collection system 

The powerhouse collection system is "an arrangement of fish pass entrances 

above the power house draft tubes, so placed as to enable fish attracted to the out- 
flow from the draft tubes to find an entrance as readily as possible" (Clay, 1995). 

An example of powerhouse collection system is shown in figure 2-20. 

The powerhouse collection system was first designed for the Bonneville dam. 

It consisted of a flume attached to the downstream face of the powerhouse with 

multiple entrances across the breath of the tailrace. Clay (1995) and Larinier 

(1992) describe it extensively. The interest of this system is to use the water com- 
ing from the powerhouse as attraction water. Thompson (1967) recommends the 

entrances to the powerhouse collection systems to be vertical adjustable orifices, 
0.60 in wide by 1.52 in high and located at a depth of 2.7 m. 

2-5 A brief note on hydraulics of turbulent jets 

The purpose of this section is to introduce the reader to the fundamental concepts 

of turbulence and jet behaviour both in submerged pools at orifices or vertical 

slots and at overfall weirs. In fact, this section proceeds to introduce the theory 

behind the design of fish pass structures whose function is to dissipate energy. 

In general, energy dissipation occurs at (1) sudden'expansion, (2) abrupt de- 

flection, (3) counter flow, (4) rough walls and even at (5) vortex devices and 

spray inducing devices (Vischer & Hager, 1995). Inflow to an energy dissipation 

system behaves like a turbulent jet whose momentum is reduced or annihilated 

through a mixing process The energy dissipators of interest in this thesis are. the 
dissipators either using hydraulic structures such as drop structures and plunge 

pools or using jet diffusion. The free nappe jet of an overflow on a plunge pool is 
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effectively subject to an expansion and a deceleration like a submerged jet pass- 
ing through an orifice. 

This section will therefore briefly report on the theoretical and experimental 

aspects of submerged jet behaviour in an infinite medium and then on the behav- 

iour of plunging jet. 

2-5.1 Submergedjet behaviour in an infinite medium 

Turbulent submerged jets diffusing in a stagnant finite or semi-finite medium 

with similar properties or/and impinging on a solid plunge pool have been exten- 

sively investigated. Only the following three particular cases of submerged jets 

will be considered in this section because of their interest to describe and under- 

stand the flow behaviour downstream orifices or vertical slots devices: 

a) The plane turbulent free jet 

b) The plane turbulent wall jet 

c) The three dimensional jet 

2-5.1.1 The plane turbulentfree jet 

The following paragraph will concentrate on the submerged diffusion of a plane 
jet of water through a stagnant body of water. A schematic representation of the 

plane turbulent free jet is shown in figure 2-21 as proposed by Rajaratnam 

(1976). 

The jet, with uniform velocity profiles, diffuses in the initially quiescent fluid 

creating turbulence. According to Albertson et al. (1948), because of the impor- 

tant discontinuity between the discharging jet and the surrounding fluid, a shear 

layer is set up producing a lateral mixing process of the two mediums: the jet and 

the surrounding fluid. As a result, the jet is gradually decelerated or retarded and 

the surrounding fluid is gradually accelerated or entrained which means that the 

width of the jet gradually increases in magnitude while the lateral extent of the 

potential core gradually decreases. The potential core is the region around the 
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axis of the jet and near the nozzle where the velocity is constant and equal to the 

velocity at the nozzle exit. 

It is clear from figure 2-21 that the diffusion pattern can be divided in two dis- 

tinct zones: (1) the region of flow establishment and (2) the region of established 
flow. The area of flow establishment stretches from the nozzle to the end of the 

potential core. The zone of established flow is beyond the end of potential core 

and is characterised by the decay of the central velocity at a steadily rate and the 

propagation of the jet in the transverse direction. However this representation of 

jet diffusion pattern is a simplification of the reality as the zone of transition be- 

tween these two regions has been neglected. It is also important to note that the 

boundaries of the diffusion region are only nominal designation as it is impossi- 

ble to locate the lateral limit of the mixing process because of its statistical na- 

ture. 

a. Equation of motion: 

The Reynolds equations are a fundamental expression of the conservation of 

momentum in fluid flow. They were developed by Reynolds (1894) who substi- 

tuted to the instantaneous velocity a turbulent mean velocity u and fluctuating ve- 
locity Win the Navier-Stokes equations. The result is given below for the three- 
dimensional coordinate system: 
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For a plane turbulent jet, the mean flow is two-dimensional and steady. There- 

fore, the Reynolds equations can be written (Rajaratnam, 1976) as: 
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au au 1d a2U a(U92 
_V72) 

U-+V- =-p (2-23) 
ax ayp dX ay2 ax 

The larninar and turbulent shear stresses are defined as: 

r, =Pau and r, = -pu'v' (2-24) 
ay 

where It is the coefficient of dynamic viscosity and p is the mass density of the 

fluid. 

As the turbulence shear stress is much larger than the laminar shear stress in a 
free turbulent jet and as in equation 2-23 the last term is much smaller than the 

other terms, it is reasonable to neglect the laminar shear stress and the last term of 

equation 2-23. According to Forthmann (1936), the variation of the pressure gra- 
dient in the axial direction of a horizontal diffusing jet is negligible; the Reynolds 

equation for the plane turbulent free jet is then: 

au au 
=1 

alt 
ax ''ep ay 

(2-25) 

The continuity equation for a two-dimensional turbulent jet is also written as: 

Du Dv 
5x- + ýy- (2-26) 

Equations 2-25 and 2-26 are the equations of motion for a turbulent plane jet. 

These equations are valid both in the zone of flow establishment and in the zone 

of established flow. For a more complete derivation of theses equations see 
Schlichting (1968) and Rajaratnarn (1976). 

b. In the zone of established flow 

It is clear that since there is no external force acting on the plane turbulent jef dis- 

charging into an initially quiescent environment that the momentum of the jet 
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must be constant for all normal sections of a given flow pattern. The integral of 
the momentum equation 2-25 from y=0 to y= oo can be written as: 

d f- 
pU2d =0 dx 0y 

(2-27) 

which means exactly that the rate of change of the momentum flux is zero in the 

axial direction X and the momentum flux M. of a plane jet issuing from an orifice 

of height 2b. with a uniform velocity is therefore obtained by integrating 2-27: 

mf pU2dy 
0 

(2-28) 

The earliest experimental results on plane turbulent jets appear to be those of 
Forthmann (1934). Further experiments were also conducted by Albertson 

, 
et al 

(1948) and Zijnen et al (1958). The experimental results of Forthmann regarding 

mean velocity distributions at various cross-sections in the region of established 
flow are reproduced in figure 2-22. ,I 

Forthmann found that if the ordinates in figure 2-22 are made dimensionless 
by dividing them by the appropriate velocity and length scale then the velocity 
distribution at different cross sections has the same geometrical shape as shown 
in figure 2-23. U. is the maximum velocity and b is the val ue of y where u is 

equal to half the maximum velocity at every cross-section. 

In accordance with the findings by, Forthmann that the velocity distribution in 

the zone of established zone is similar and using equation 2-28, a relationship can 

be developed for the jet diffusion velocity and length scales as follows: 

u lu,, =f (y1b) 
(2-29) 

where ylb= q 

u�, -V and b- X' (2-30) 

By substituting 2-29 and 2-30 in 2-28, we obtained: 
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d 
pbu'f f 2(q) =0 dx 'o 

As the definite integral in 2-31 is a constant then it can be conclude that bu. 2 

is independent of X, which means that: 

2p+q =0 (2-32) 

To evaluate these two unknown exponents, a second equation is needed. Ac- 

cording to Rajaratnam (1976), there are four possible methods to develop a solu- 

tion. These methods consist of (1) the similarity analysis of equations of motions, 
(2) the integral energy equation, (3) the entrainment hypothesis and (4) the inte- 

gral moment of momentum equation. Only the shortest method will be detailed 

below, namely the entrainment hypothesis introduced by Morton et al (1956) in 

connection with the analysis of plumes. For further details refers to Rajaratnam 

(1976). 

At any section of the jet, the rate of flow per unit length can be written as: 

2f udy 
0 

(2-33) 

As the jet entrains surrounding fluid, at any cross-section I, the ratio Q/Qi is 

greater than unity and increases quickly with X. Therefore, the variation of the 
forward flow rate per unit length in the axial direction can be expressed as a func- 

tion of v, the velocity of entrainment as seen in equation 2-34: 

ýQ- 
=2df udy =2v, dx dx 0 

(2-34) 

From dimensional considerations, the entrainment velocity can be seen as a 

linear function of the maximum velocity by a, the entrainment coefficient: 

d judy 
= v, = au,, (2-35) 

dx 0 
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Therefore q=I and p=- 1/2 and for the plane turbulent jet the velocity distri- 
bution can be described by the two following expressions: 

Um cc (2-37) 

(2-38) 

Using the principles of dimensional analysis, useful expressions for the' veloc- 
ity and the length scale can be obtained. It has previously been shown that the 

maximum velocity at a cross-section can be expressed as a function of the mo- 
menturn flux , the fluid density and its axial location: 

U. = g(mol P, X) - 7, (2-39) 

Using the Buckingham a-theorem neglecting the molecular viscosity (as the 
Reynolds number is large for free jet), and since 2b. pUO 2 the equation 2-39 

can be reduced to: 

u. / UO = C, / ýx- -Ib,, (2-40) 

where C, is a constant. Similarly the length scale can be expressed as a function 

of the flux momentum, the fluid density and the axial location X and therefore be 

reduced to the following equation: 

blx=C2 (2.41) 

where C2 is also a constant. Furthermore, it can be demonstrated that the forward 
flow at any cross-section can be expressed as: 

Q/Q = C,, Fxl-b. (2-42) 
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where C3 is a constant. The unknown constants Cl. C2 and C3 have been deter- 

mined from experimental measurements done by Forthmann (1934), Reichart 

(1942)and Albertson et al (1948). Summarising all the experimental results, RaJa- 

ratnam produced the following convenient results for plane free jets: 

C, = 3.50 
C2 = 0*10 

C3 = 0.44 
(243) 

So far the equations of motion provide two equations: the Reynolds equation 
(2-25) and the continuity equation (2-26) and three unknowns (u, v, and T). It is 

therefore necessary to provide a third equation to solve the equations of motion 

and obtain the velocity distribution. 

There are two major possible approaches to the problem, respectively known 

as the Tollmien (1926) solution and the Goertler (1942) solution. Both solutions 
are based on the expressions of the turbulent shear stress by Prandtl. Tollmicn 

used the Prandd mixing length formula (2-44) while Gocrtler used the second 

equation of Prandtl (2-45). 

7= pl 2 
au , 

(2-44) (7, ) 

Du .- -- e 
(2-45) 

where I is the mixing length and e is the coefficient of kinematic eddy viscosity. 
Other models of turbulence can be used to predict the velocity distribution for 

turbulent jets. For more information on the various models used, the reader is re- 
ferred to Launder and Spalding (1972). 

The solution produced by Tollmien is shown in figure 2-24 while the solution 
found by Goertler is shown in figure 2-25. It was found that near the axis of the 

jet, Goertler solution is superior to Tollmien solution whereas in the outer regions 
Tollmien curves fit much better with the experimental data available. 
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c. In the zone of flow establishment 

In the zone of flow establishment between the nozzle to the end of the potential 

core, an exchange of momentum takes place between a portion of the jet and the 

stagnant fluid: the stagnant fluid is accelerated while the jet is decelerated. The 

mixing layer or free shear layer represents the layer of fluid affected by this ex- 

change of momentum. The velocity distribution within this layer has been studied 
by Liepman and Laufer (1947). They showed the similarity of velocity distribu- 

tion in plane shear layers. Using the correct shear-stress model, it also possible to 

develop a relation for the mixing region growth and to predict the mean velocity 
distribution (Rajaratnam, 1976). 

The equations of motion in the zone of flow establishment are the same than in 

the zone of established flow [Eq 2-25 and 2-26]. If we assume: 

ulUo =f 07) (246) 

; 
U2": 9(17) (2-47) 

/P 

0 

By substituting 2-46 and 2-47 in 2-25 and 2-26, this leads to: 

b= C2x and y. = C2. x (2-48) and (2-49) 

where C2 and C2* are two constants and y* is the value of y where v=0. For more 
details, the reader is refer-red to Rajaratnam (1976). 

As for the. zone of established flow, there are two solutions to solve the equations 

of motions in the free shear layer: Tollmien solution and Goertler solution based 

on the two different expressions of the turbulent shear stress [Eq 2-44 & 2-45]., 

Liepmann and Laufer (1947) found that Tollmien and Goertler solutions are in 

good accordance with their experimental observations. The shear layer is in- 

cluded between the lines 01 = 0.981 and 02 = -2.040, therefore the thickness of 
the shear layer is: 

b= ax(ol - 
02) = 0.263x (2-50) 
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It can be also note that as the shear layer is included between the lines (DI = 
0.981 and 02 ý -2.040, then the angles of the shear layer according to the axial di- 

rection of the jet are al=4.8* and a2-=9.50. 

The length of the potential core x. is defined as the distance from the nozzle to 

the point where the mixing layer cross the axe of the jet. Therefore, if 2bo is the 

height of the jet at the nozzle: 

X0 = 
bo 

= 11.91bo (2-51) 
tan a, 

2-5.1.2 77ie plane turbulent walljets 

In the case of plane turbulent wall jet two different layers develop on each side of 

the turbulent jet when it diffuses in a semi finite medium with similar properties. 

On the side of the fluid as seen in figure 2-27, a shear layer develops in a similar 

way than for a plane turbulent free jet but on the side of the flume bed (or wall), a 

boundary layer develops. 

The diffusion pattern is still divided in two regions: the region of flow estab- 
lishment located between the nozzle and the end of the potential core and the 

zone of established flow beyond the end of the potential core. The potential core 

region ends when the boundary layer and the shear layer meet. 

Forthmann (1934) found that in the zone of established flow the velocity dis- 

tributions are similar at all the cross sections. 

a. Equations of motion 

Proceeding in the same way than in section 2-5.1.1 for the plane turbulent free 

jet, the equation of motion for a plane turbulent jet can be obtained from the Rey- 

nolds Equations [2-20,2-21 &2 22] and the continuity equation [2-26] and be 

written as follow: 

Du Dv 1 dp D2U 1 ar, 
- 

u+v= ---+V-+-- (2-52) 
ax ayp dx ay 2p ay 
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au Dv 

y 
5x- +70 (2-53) 

b. Established flow region 

In accordance with the findings of Forthmann and in the same optic than for the 

precedent situation, a relationship can be developed for the jet diffusion velocity 

and the length scale as follow: 

ulu. =f (y1b) 
- (2-54) 

where b is the value of y where u=0.5u. and Wo'y is negative. 

2 -ý 9(17) (2-55) 
ZV, OUM 

By substituting 2-55 and 2-54 in 2-53, the equation of motion can first be re- 
duce. Then by using similarity laws and the integral momentum equation it can 
be found that for a plane turbulent wall jet: 

u,,, -11,, fx-, b- x and ro -Ilx 

where T. is the wall shear stress, u. is the maximum velocity at each cross- 

section and b is the value of y where u=0.5u.. If we consider that u., b and To 

can be expressed as function of the flux momentum from the nozzle, M., the fluid 

density, p and the axial location, X, by following dimensional consideration, it is 

possible to show that: 

U. /VMO/PX =C I or u. IUO=Cl 
1 

(2-56) 
., 
fx- -1bo 

blx = C2' or b= C2 X' (2-57) 

To bo 
. rO- I(M 

01 X) C3 or CF C3 (2-58) ýUo /2 x 
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where Cl. C2 and C3 are constants and CF is the skin-friction coefficient. Accord- 
ing to Rajaratnarn. (1976), these coefficients can be obtained from experiments 

conducted for example by Forthmarm (1934). Taking into account all the data 

available, Rajaratnam and Subramanya (1967) came up with the following results 
for the plane wall jet: 

C, = 3.50 
C2 = 0.068 

0.20 C3 = 
(Uobo /v)1/12 

(2-59) 

By comparing the results obtained for a turbulent free jet or a turbulent wall 
jet, it can be found that the decay of the velocity scale are similar for both situa- 
tions but the growth of the wall jet in comparison with the free jet is 0.68 time 

smaller. 

c. Flow establishment zone 

To determine the length of the potential core, it is important to consider the in- 

ward growth of the mixing region as well as the inward growth of the boundary 

layer. It has been seen that on the fluid side, the shear stress layer spreads inwards 

at an angle of 4.8*. For the boundary layer, the assumption will be made that the 
distance from the wall to the maximum velocity level follows the inpower law. 

The length of the potential core is therefore given by the following equation: 

0.0875 x' + 0.37(10 )415 -1=1 (2-60) 
bo bo TUobo / V)m 

2-5.1.3 Three dimensionaIjet 

In the two precedent paragraphs, the behaviour of plane turbulent free or wall jets 

has been discussed. However the situations met in this research correspond more 
to three-dimensional jets as the aspect ratio B/h for the orifices tested is equal to 2 

(for the 20 x 10 cm orifice) and I (for the 10 x 10 cm orifice). 
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There are two types of three-dimensional jets: the slender jets and the bluff 

jets. The distinction between the two is based on the nature of the decay of the 

centre line velocity. A sketch of the variation of u [U. with x/h is shown in fig- 

ure 2-29. 

For slender jets, the decay' of the centre line velocity can be divided in three 

regions. The first region correspond to the potential core area, thus the velocity is 

constant. In the second region, the centre line velocity decays at a rate similar as 

that of plane jet and in the third region, it decays at a rate similar to axisymmetric 
jets. For bluff jets, the decay of the centre line velocity is only divided into two 

regions, which correspond to the first and third region of a slender jet. If the as- 

pect ratio B/h is greater than 5, the jet is called a slender jet and if the aspect ratio 
is smaller than 5, the jet is a bluff jet. 

a. Bluff jets 

Bluff jets and in particular jets with an aspect ratio equal to I have been studied 
by YevdJevich (1966), Trentacoste and Sforza (1966,1967) and Pani (1972). Pani 

(1972) found that the velocity distribution in the Y and Z directions is the same 

for square orifices. Therefore, if u. 0 is the centre line velocity, u. is the turbulent 

mean velocity in the X direction on the central plane (z = 0) and u is the velocity 
in the x- direction on any non central plane, then 

u lu =f(ylby) and ulu = g(zlb, ) 
1 

(2-61) and (2-62) 

And the growth of the length scales by and b,, are linear and similar for square 

nozzle: 

by/ h=0.097x/ h and b, /h=0.097x/ h (2- 63) and (2-64) 

Equation 2-67 is valid for an aspect ratio up to 10 but equation 2-68 is valid 

only if the nozzle is square (Rajaratnam and Subramanya, 1967), for rectangular 

nozzle, it is difficult to predict the variation of the length scale b,.. 
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Using the motion equations, it is possible to demonstrate that for the three- 
dimensional bluff jet: 

umo - I/x by oc X and b. -x (2-65) 

Through the use of dimensional considerations and the pi-theorem, it can be 

shown that: 

U. O/uo = 
CVA 

(2-66) 
x 

where A is the cross-sectional area of the nozzle and C is a constant. 

b. Bluff wall jets 

Bluff wall jets have been studied by Sforza and Herbst (1967) and Rajaratnam 

and Pani (1974). Like for the bluff free jets, the behaviour of the velocity distri- 

bution can be divided into two regions: the potential core region and the radial 

wall -type decay region. 

Rajaratnarn and Pani (1974) found that the velocity distribution in the xy and xz 

planes could be expressed as: 

u., Iu,,,,, =f(ylby) and ulu,. =g(zlb, ) (2-67) and (2-68) 

By proceeding in the same way than previously, it is possible to show that: 

U. 0 oc I/x by cc X and b,, -x (2-69) 

And finally dimensional considerations will also show that: 

TO,,, - I/x (2-70) 

Using their experimental results, Rajaratnam, and Pani (1974) were able to 

demonstrate that the growth of the length scales by and b, is linear but b, growths 
faster than by: 
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L 
=0.90+0.045-x hh 

L' 
= 0.20-x - 1.25 (2-72) 

BB 

where B is the width of the nozzle and h is the height of the nozzle. They were 

also able to show that in the centre plane of a bluff wall jets, for xNA>50, the 

skin friction factor is equal to 0.0065. 

For more information on the turbulent jets, the reader is referred to Rajaratnam 

(1976) as well as to the authors cited in the text. The purpose of this last section 

was simply to demonstrate that the behaviour of a jet passing through an ori- 

fice/vertical slot and discharging in a quiescent pool could be simply described. 

1. In all the cases of interest for this research, the diffusion pattern can be 

divided into two regions known as the flow establishment region and 

the established flow region. 

2. Along the jet centreline, the velocity stays constant and equal to the 

initial velocity at the orifice up to the end of the potential core region 

and then decays following a simple equation. 

3. The growth of the length scale(s) is (are) a linear function of the longi- 

tudinal location x. 

4. The angles of the shear layer and the length of the potential core can be 

simply calculated. 

2-5.2 Behaviour of a free falling jet in the atmosphere 

In this section, only the particular. case of drop and impact [plunge pool] struc- 

tures will be considered. In a first part, the hydraulic characteristics of a free fal- 

ling jet will be simply described and in a second part, the impact phenomenon of 

the jet in the plunge pool will be explained. 
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a. Hydraulic characteristics of a free-falling jet 

The physical mechanisms describing water jets plunging through the atmosphere 

are complex. They are also important to understand the hydraulic characteristics 

of a jet as it impacts with the free water surface of a plunge pool. In this section 

only the case of a jet passing over a sharp-crested weir with submerged tailwater 
flow will be considered. 

It has already been shown that the conventional equation that quantifies the 
discharge of an overflow is: 

Q -= cd Qideal 

2 /2 Qukal =3b 
ýKg-4 (2-73) 

An attempt was made by Scimeni (1930) and Lencastre (1961) to describe the 
shape of the free falling free jet. Lencastre (1961) studied using models the spill 

of overflows for different profiles but he found that the differences between 

model and prototype generated non-depreciable errors. Scimeni studied with 

great detail the shape of a free falling jet without lateral contraction and came up 

with the solution shown in figure 2-31. 

In a more simple way, it is possible to determine, the nappc trajectory of an 

aerated nappc by means of the equations of motion if the following assumptions 

are made: (1) the flow direction at the brink of the weir is horizontal, (2) the hori- 

zontal acceleration is zero and (3) the vertical acceleration is opposite to the grav- 
ity acceleration. The trajectory equations of the nappe centreline is therefore: 

x= V()t 

y= PS+ 
do 

_1 gt 22 

(2-74) & (2-75) 

where V. and y. are the flow velocity and the flow depth at the notch and Ps is 

the height of the crest. From these equations of motion, it is then possible to de- 

termine the length of the drop L, the nappe thickness di and the velocity of the jet 

at impact of the jet with the pool as well as the angle of the falling nappe (Chan- 
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son, 1994) as function of yo, the flow depth at the notch, yc,, the critical flow 
depth, Ps, the height of the crest and h2 the water surface elevation behind the 

over failing water: 

32S 
f PS PS )'* S- fl 

+2 
fs- 

(2-76) 
PS PS Ffy0s- 

v YO 
di Ps+ Y' 

-h2 
+2 

(2-77) d, YO Ycr 

2 Ps +y '-k 

2 
(2-78) 

Y Yo 

)f 

o Yr 

tanO (2-79) 

Assuming that the flow depth at the notch is a linear function of thecritical 

flow such as yo = 0.715 y,, " (Rouse, 1936), then the length of the drop L, the 

nappe thickness di and the velocity of the jet at impact of the jet with the pool Vi 

and the angle of the falling nappe with the horizontal can be expressed as func- 

tion of the flow Q,,, the height of the crest Ps and the water surface elevation h2, 

b. Impact mechanisms 

Xu Duo-Ming et al (1983) and Beltaos & Rajaratnam. (1973) have distinguished 

three zones of impact flow as shown in figure 2-32: (1) the free turbulence zone 
in the approaching jet or diffusion zone, (2) the zone of impact or zone de deflec- 

tion and (3) the wall jet zone. 

1. Zone 1: free jet 
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In this zone, the flow has analogue characteristics than the one of a free jet in 

the atmosphere, although the fluid, in this case, spreads in a medium with the 

same properties. The pyramid of diffusion displays a kind of widening line, 

with an angle greater than the one than obtained in the air. In this zone, due to 
the action of suction of the vortices undulations form on each sides of the jet. 

2. Zone 2: zone of impact with the bottom of the flume 

The streamlines of the flow are deflected due to the influence of the bottom, 

the speed decreases and relatively elevated gradients of pressure next to the 
bottom occur. The deflection of the jet constituted by a mixture of water and 
air dragged of the atmosphere, when hitting on the bed, produces a high level 

of turbulence, creating important pressure fluctuations next to the bottom. 

3. Zone 3: the wall jet zone 

In this zone a submerged rebound usually takes place and the velocity distribu- 

tion in the main part of the jet has characteristics similar to those of a wall jet. 

The turbulence free zone (1) can be treated independently of the influence of 
the bottom. In the specialised literature, the jet when impacting with the quiescent 
water of the pool can be analysed from two points of view: as a turbulent jet or as 
an aired turbulent jet. In the particular case that concerns us, the aeration is not 
negligible; nevertheless, it is difficult to be modelled, since it depends on the 
Weber and Reynolds numbers. 

Aeration in hydraulic structures is effectively a very complex process and not 

yet amenable to numeral solution. Ervine (1976) produces an equation for rectan- 

gular jets becoming circular, as it is the case in this study. A simplified expres- 

sion of air/water ratio P is given in equation 2-80 where k is equal to 0.2 for 

smooth turbulent jets, and k equal 0.3-0.4 for very rough turbulent jets. L is the 

jet fall through the atmosphere and d the jet diameter. 

k FLld(l 
i 

L-V, ) (2-80) 
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A further study by Ervine (1998) produced a generalised equation, which fit 

several physical model studies. q. is the rate of air entrainment per unit jet width 

at the plunge point (m3/sm), and Vi is the jet velocity at plunges point (m2/s). 

Equation 2-81 needs to be multiplied by the perimeter of the jet in contact with 

air to obtain the total flow rate. , 

0.00002(Vi _ 1)3 + 0.0003(V, _ 1)2 + 0.0074(Vi - 1) - 0.0058 

The rate of air entrainment is a function of the velocity of the jet at impact 

with the downstream water surface, and consequently is a function of the head 

above the crest of the weir, h 
. 
This equation is valid up to 15 m/s for the jet ve- 

locity and for a jet thickness greater than 20-30 mm. The air concentration or 

void ration can be fixed from the ratio 0 of air/flow to water/flow (= qa/qw): 

ca= 
fi 

fl+l (2-82) 
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2-6 Conclusion 

Fish passage facilities are devices used to facilitate the migration of fish past 
dams or any other obstructions along the river corridor. They have a long history 

and have been used in most areas of the world: Europe, North America, Australia 

and Asia. Various types of fish pass have been developed over the'years to an- 

swer different needs correlated to the nature or location of the obstruction as well 

as to the targeted species. The main designs have been described in this review as 

well as their advantagesand their weaknesses. Further hydraulic modelling stud- 

ies of more complex designs still need to be conducted, but there is a particular 

need to conduct controlled experiments with fish. These experiments will provide 

information to quantify preferences for appropriate hydraulic conditions in the 

pass and at the entrance to the pass. An understanding of the capabilities and be- 

haviour of targeted spdcies for this kind of rrsearch, and therefore collaboration 

with biological scientists is necessary, as highlighted in this chapter. 

Research conducted in this project focused in particular on the optimisation of 
fish pass for Atlantic salmon (Salmo salar L. ). Therefore, the next chapter gives 

some insight into the life cycle, the habitat requirements, the swimming capabili- 

ties and the behaviour of Atlantic salmon. 
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CHAPTER 3: 

BIOLOGY OF ATLANTIC SALMON (SALMO 
SAL4R L. ) 

3-1 Introduction 

This chapter introduces aspects of the biology that influence the design of fish 

passage facilities. It is evident from the previous chapter that fish passes are 

complex hydraulic structures, the designs of which intrinsically depend on the 

behaviour and the swimming and leaping abilities of the targeted species. Thus 

some knowledge of biology is required to promote the efficiency of these bioen- 

gineering systems. This chapter will briefly describe the life cycle of Atlantic 

salmon as well as their habitat requirements, swimming abilities and energetics. 

Atlantic salmon occur on the eastern and western coasts of the Atlantic Ocean 

in Europe (UK, Scandinavia, Ireland, France, Portugal, Spain and even Arctic 

Russia) and in North America (Canada and USA). There is only one species of 
Atlantic salmon (Salmo salar) aiid it should not be confused with the Pacific 

salmon (Oncorhynchus) which refers to 6 different species: pink, chum, chinook, 

coho, sockeye and masou. Atlantic salmon are anadromous fishes, which migrate 
from the sea into fresh waters to spawn. When returning from sea, they range be- 

tween circa I kg and 29 kg. Though fished commercially in certain areas, they 
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are now exploited chiefly as sport fish. In 1995 salmon caught by rod fishing in 

Scotland had a net economic value of E350 million. 

Since the 1960s, the number of salmon has declined (Parrish'et al. - 1998). This 

decline might be in part due to the development of hydroelectric plant along 

spawning and nursing rivers, over-fishing (Struthers, 1996) or acidification of the 

water in the spawning rivers (Laine et al, 1993). The upstream movement of 

spawning salmon can effectively be delayed or blocked by chemical or physical 

obstructions. In this thesis, chemical obstructions are disregarded and only the 

physical obstructions will be considered. 

Physical obstructions are associated most of the time with waterfalls, rapids, 

weirs and dams. These obstructions can be classified as total: impassable to all 
fish at any time, partial: impassable to some fish at all time or temporary: impass- 

able to all fish some of time. Fish passes are devices built to over come these ob- 

structions. However, if the passes are badly adapted to the site, the flow condi- 

tions in the river or the targeted species, they can also become obstructions. 

3-2 Life Cycle 

Atlantic salmon is one of the groups of species that migrates between fresh water 

and sea at various periods of time in its life cycle and may be classified as an am- 

phibiotic potarnotoque migratory. It lives in general in fresh water as a juvenile, 

migrates to sea where they grow rapidly and returns to fresh water to spawn. 
However some "land-locked" salmon spend their complete life history in fresh- 

water. They may be geographically isolated and are genetically distinct from 

anadromous stocks (Berg, 1998). 

The life cycle of anadromous Atlantic salmon as described by Youngson and 
Hay (1996) can also be divided into eight different periods corresponding to eight 
different morphologic and physiologic changes of the animal. These are, eggs, 

alevins, fry, parr, smolt, salmon at sea, returning adult and breeding, pair as 

shown in figure 3-1. 
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Many fish spawn in upland'areas and therefore have to, move through long 

stretches of rivers during their migrations. 

After hatching (Egglishaw and Shackley, 1977; Mills, 1991), dispersing and 
taking up station in the river, the salmon (now called "parr") feed on invertebrates 

from the water column'(Egglishaw,, 1967) and for much of the time occupy local- 

ised areas of substrate (Gibson, 1978; Saunders and Gee, 1964). Salmon may also 
forage in the substrate (Stradmayer and Thorpe, 1987). The larger parr may also 

eat fry and ova (Egglishaw, 1967). 

Salmon parr are also poikilotherm animals. Their vital activities and growth 

rate are triggered and controlled by temperature (Crisp, 1996, Elliot, 198 1). 

Parr are able to hold station in relatively high flow by -"adopting a hydro- 

dynamically corTect position" (Kalleberg, 1958) and tend to stay close to the 

streambed. This habit of holding station in contact with the substrate in fast water 

can be explained by, the fact that water velocities decrease logarithmically to- 

wards the stream bottom (Hynes, 1970; Smith, 1975). In general parr select their 

feeding station for a positive ratio: energy gained over energy expended although 

sheltering from predators is also important (Fausch, 1984; Gibson, 1993). 

Even at this stage, the fish have a strong homing urge, and many of them will 

return to their local area when displaced downstream. During spring, older juve- 

nile parr make upstream movements or downstream (Huntsman, 1945) move- 

ments in search of new territories to colonise (Armstrong et a], 1997). A second 

peak of activity also takes place in autumn. At this time, a large movement of 

parr occurs (Calderwood, 1906), the majority being precocious males in search of 

adult females (Buck and Youngson, 1982). 

11 , Small stream-dwelling salmon or parr move upstream when displaced down- 

stream (Huntingford et al, 1999) with those individual most strongly attached to a 

site being more likely to return home. For example, Saunders and Gee (1964)'ob- 

served that parr displaced up or down stream were observed at their original sites 

within 14 to 39 days. This capacity to return home has also been demonstrated for 
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brown trout (Salmo trutta L) (Halvorsen and Stabell, 1990; Armstrong and Her- 

bert, 1997). 

When the salmon have grown to around more than 9cm (Elson, 1975a and b), 

which may take from one to as many as eight years (Metcalfe and Thorpe, 1990; 

Mills, 1991; Gibson, 1993) depending on the food availability and the water tem- 

perature, those of them that are destined to migrate change into the marine form 

(Hoar, 1976) and are called smolts. In Scotland (Youngson and Hay, 1996), the 

fresh water growth lasts at least one year and in general two or three years. 

Smolts leave rivers in the spring. 

Salmon remain and feed at sea for a variable number of years before returning 

to their native river (Mills, 1991). Salmon stay at least one winter at sea (in this 

case, they are called grilse). They can stay up to four winters before leaving for 

home water (Hutchings and Jones, 1998). Their return is prompted by the first 

stages of sexual development. 

The returning adults may enter rivers at any time of year, but the run timing 

varies among rivers. The timing is also likely to depend on the temperature 

(Webb and McLay, 1996; Heggberget, 1988). Early running salmon or spring 

salmon start their journey in fresh water in May while some salmon will return to 

fresh water only in late autumn/early winter (Mills, 1991; Shearer, 1992). Most of 

the fish have a strong homing urge and return to their natal area of river to spawn. 

Because of the migratory habit of the fish, access through rivers is very impor- 

tant. Of key importance are the swimming abilities of fish, and in particular, how 

these relate to size and temperature. 

3-3 Atlantic Salmon abilities 

The objectives of this section is to provide information on the swimming speeds, 

swimming distances and leaping capabilities of juvenile and adult Atlantic 
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salmon in order to evaluate the passability of fish passage facilities and the dif- 
ferent degrees of difficulties salmon encounter to go through them. 

3-3.1 Three levels of swimming speed 

The design of fish passage facility mainly depends on the swimming abilities of 

the fish. Fish have three levels of speed (Beach, 1984; Bell, 1973; Webb, 1975; 

Beamish, 1978), which depend on the type of muscles used: (I) the cruising speed 

or sustained activity level, (2) the sprint speed or burst activity level and (3) the 

sustained speed or prolonged activity level as shown in Table 3-1. 

Table 3-1: Nominal upper limits of swimming speeds for adult Atlantic salmon (in Powers and 
Orsborn, 1985) 

Cruising speed Darting speed Burst speed 

Salmo salar L 1.22 m/s 3.7 m/s 7.00 m/s 

a. The cruising speed 

The cruising speed corresponds to a speed that the fish will be able to main- 

tain for a long period of time. At this speed, the fish exhibit aerobic activity 

and uses mostly red muscle. The nominal upper limit of cruising speed of 

adult Atlantic salmon has been estimated to be typically around 2-3m/s (Blax- 

ter, 1969). 

b. The darting speed 

The darting speed corresponds to a single and intense effort; The fish will not 

be able to maintain it for more than 15-20 seconds. The fish is using its white 

muscles with energy derived from anaerobic processes, which results ýin fa- 

tigue. The nominal upper limit of burst speed of Atlantic salmon has been es- 

timated from leap height of 3.5 m and is around 6-8 m/s (Bell, 1973). 

c. The sustained speed 

The sustained speed corresponds to a speed the fish will be able to maintain 

for only few minutes before feeling tiredness. The nominal upper limit of 

sustained speed of adult Atlantic salmon is typically around 4-5 m/s. 
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salmon in order to evaluate the passability of fish passage facilities and the dif- 

ferent degrees of difficulties salmon encounter to go through them. 

3-3.1 Three levels of swimming speed 

The design of fish passage facility mainly depends on the swimming abilities of 

the fish. Fish have three levels of speed (Beach, 1984; Bell, 1973; Webb, 1975; 

Beamish, 1978), which depend on the type of muscles used: (I) the cruising speed 

or sustained activity level, (2) the sprint speed or burst activity level and (3) the 

sustained speed or prolonged activity level as shown in Table 3-1. 

Table 3-1: Nominal upper limits of swimming speeds for adult Atlantic salmon (in Powers and 
Orsborn, 1985) 

Cruising speed Sustained speed Burst speed 

Salmo salar L 1.22 m/s 3.7 m/s 7.00 m/s 

a. The cruising speed 

The cruising speed corresponds to a speed that the fish will be able to main- 

tain for a long period of time. At this speed, the fish exhibit aerobic activity 

and uses mostly red muscle. The nominal upper limit of cruising speed of 

adult Atlantic salmon has been estimated to be typically around 2-3m/s (Blax- 

ter, 1969). 

b. The burst or spring speed 

The darting speed corresponds to a single and intense effort. The fish will not 

be able to maintain it for more than 15-20 seconds. The fish is using its white 

muscles with energy derived from anaerobic processes, which results in fa- 

tigue. The nominal upper limit of burst speed of Atlantic salmon has been es- 

timated from leap height of 3.5 rn and is around 6-8 m/s (Bell, 1973). 

c. The sustained speed 

The sustained speed corresponds to a speed the fish will be able to maintain 

for only few minutes before feeling tiredness. The nominal upper limit of 

sustained speed of adult Atlantic salmon is typically around 4-5 m/s. 
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According to Bell (1973), the speed, at which a fish swims, depends on the 
context. It employs cruising speed for routine activities, foraging, holding or 

schooling. It uses sustained speed to go through difficult areas such as high ve- 
locities zones and it uses burst speed only for escape purpose, feeding or to nego- 

tiate high water velocities. 

The speed at which a fish swims depends also on its condition. The fish does 

not effectively have the same capabilities if it is just fresh out of salt water or if it 
is very close to the spawning ground and has used most of its energy reserves. 
Powers and Orsbom (1985) identified three coefficients (CF) of fish condition to 

take into account the different conditions of the fish during its spawning journey. 

These coefficients are shown in table 3-2. For example at a waterfall, the speed of 

a fish will be: 

VF ý-- CFVF8 

where VFB is the burst speed of the fish and VF is the actual speed of the fish. 

Table 3-2: Coefficient of fish condition (from Powers and Osborn, 1985 
Fish condition Coefficient, CF 
Bright: fresh out of salt water 1.00 
Good: in the river for a short time 0.75 
Poor; in the river for a long time 0.50 

The swimming abilities of a fish depend mainly on its length and on the tem- 

perature of the water. The swimming speed is actually closely related to the tail 
beat frequency of the fish and the distance done during each body wave corre- 

sponds approximately to 0.7 (between 0.6 and 0.8) of the fish length (Wardle, 

1975). 

Through a series of experimental studies, Wardle (1975) found an empirical 
formula relating the maximum swimming speed to the muscle twitch contraction 

time and Zhou (1982) obtained thý empirical formula relating the muscle twitch 

contraction time to the length of the fish and the temperature of the water. 

U=0.7 LI2t 
(3-2) 

t=0.170W. 
4288 

+ 0.0028 log, T-0.0425L?. 4288 log, T-0.0077 
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where U is the maximum swimming speed, L is the length of the fish and T is the 

muscle temperature. 0.7 is a coefficient defining the distance moved through the 

water for each body wave. Figure 3-2 represents the maximum speed against fish 
length over a temperature range of 2 to 250C for salmonids; (Beach, 1984). 

3-3.2 Swimming speed and Endurance 

For each swimming speed is associated an endurance. It corresponds to the period 

of time a fish will be able to face a fixed water velocity. Endurance depends on 
the stock of glycogen in the muscles. The fish starts to use this stock as soon as it 

swims at a speed higher than the cruising speed. The rate of diminution of this 
store depends on the length of the fish, its morphology and the water temperature. 
If the store of glycogen is completely depleted, the fish will need a relatively long 

period of rest and oxygen to rebuild it (Wardle, 1978). Zhou (1982) derivated 

also the endurance time versus the fish length and the temperature as shown in 

cquation 3-4. 

t. =Y - ") 
(jp p c 

where 
E= 1790 * 10.836L 2- 964 

P=0.9751 e -0.00522T *U2.9 *, UI. 15 
c 

P, = 4.44 * 10.836e-9" 

(3-3) 

The endurance time t. (s) is a function of the total energy store E (J) divided 

by the difference between the potential chemical power P, (W) and the power 
from oxygen uptake P,, (W). The endurance time depends finally on the length of 
the fish (L), its swimming speed (U) and the temperature of the water (T). (Figure 

3-3) 

3-3.3 Maximal distance covered byfish 

Knowing the mean endurance time and swimming speed of a fish (using empiri- 

cal or experimental data) at a given water velocitY and temperature, it is possible 
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to determine the mean swimming distance, the fish will be able to cover. This 
distance can simply be given by the formula: 

D= (Vf - V. )t (3-4) 

where D (m) is the swimn-dng distance completed by fish swimming at the speed 
Vf (m/s) against a flow of mean velocity Vw (m/s). 

Ziemer (1961) and Evans & Johnston (1980) provided a semi -empirical equa- 
tion to express the relation between the water velocity and the maximal swim- 

ming distance for salmon and trout. However this semi-empirical formula used 
by Ziemer ignores the influence of the water temperature on the swimming ca- 

pacity of the fish. 

Using only empirical relations, Lifinier (1992) proposed the maximum 
swimming distance versus water velocity and temperature for salmonids of length 
0.20 m or 0.35 m. 

Colavecchia et al (1998) did also experiments in an Ichthyo-hydraulics flume 

to measure the swimming ability of 78 adult Atlantic salmon. For mean water 
temperatures of 9.30C to 19.20C, mean water velocities ranged from 1.6 to 3.2 

m/s, the average burst speeds ranged between 2.1 and 4.5 m/s with mean swim- 

ming distances between 11.7 and 17.6 m, while the mean endurance time ranged 
between 9.0 and 33.5 s. 

3-3.4 Leaping abilities 

Atlantic salmon and other salmonid species are able to jump in order to clear ob- 

stacles such as waterfalls. The success of the leap depends on several factors in- 

cluding geographical and hydraulic conditions at the bottom of the obstacle. 
These factors are the height of the fall, the presence of a standing wave, and the 

depth of the pool at the base of the fall. According to Stuart (1964), the force of 
impact of the falling water is the stimulus that will cause a move forward to leap 

over the weir. The standing wave or hydraulic jump created by the falling water 
is also closely related to the success of the leap. Stuart observed that the initiation 
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of the leap commences very near the water surface just downstream of the stand- 
ing wave. In fact, the motion of a salmon leaping over a waterfall can be associ- 
ated with a projectile trajectory. Neglecting the resistance of the air, equations for 

projectile motion are as follow: 

x= (VO Cos O)t 

y= (Vo sin o)t-vgt /2 
(3-5) 

where V. is the initial velocity of the fish, 0 is the angle of leap from the water 

surface for the fish, x and y are the longitudinal and vertical distances travelled 

by the fish and t is the time of travel. The trajectory of the leaping fish is then a 

parabolic. If we make the assumption that at the highest point of the fish's leap, 

its vertical velocity is zero, then: 

t=I Vo sin 0 
9 

hence 

Xmax =IV. 2 cos 0 sin 0 (3-6) 
9 

and 

Ymax =I V02 sin 0 sin 0 
2g 

X,, a,, and Y,,, a., are the maximal horizontal and vertical distances traveled by the 

fish with an initial velocity V.. The maximum height of the fish's leap depends 

therefore on the water temperature and its length. 

However these equations (3-7) provide only conservative values as the additive 

effects of the fish length or the standing wave are neglected. Aaserude (1984) ef- 

fectively noted that the effective leaping height above the water surface is Ymax 

plus the fish's length L as the fish uses its propulsive power until its tail leaves 

the water. Stuart (1962) noted also that fish use the upward velocity compopent 

or standing wave present at the foot of a waterfall to leap. 
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3-4 Interaction between water and Atlantic salmon 

In this section, the physical property of water and the hydrostatic and hydrody- 

nan-& interactions between salmon and water are introduced. Emphasis is put on 
density and viscosity. Density has an important role in the static and dynamic in- 

teraction between the fish and the water it swims through. Viscosity is the main 

source of drag during swimming and therefore determines the flow pattern in the 
boundary layer close to the fish. 

There is an interaction between salmon and the water it lives in. The morphol- 

ogy, physiology or even behaviour of salmon are governed by the physical laws 

of (1) conservation of mass, (2) energy and (3) momentum. It will be shown fur- 

ther in this section that Archimedes' law; Newton principles and Bernoulli equa- 
tion describe the main forces and momentum acting on a fish swimming through 

a body of water. 

3-4.1 Property of water 

Fresh water is considered as almost incompressible with a density of 1000 kgM-3 

and a viscosity of 0.00 11 Nsm-2 for a water temperature of 15'C and an atmos- 

pheric pressure of I Atm. Viscosity and density of water decrease while the tem- 

perature increases and increase with the salinity of the water. The ratio of dy- 

namic viscosity over density is called the kinematic viscosity. It decreases as 

temperature increases. 

3-4.2 Reynolds and Froude numbers 

Two dimensionless parameters: the Reynolds number (Re) and the Froude Num- 

ber (Fr) are important in the hydrodynamics of, swimming fish. The Reynolds 

number is the ratio of inertial forces over viscous forces: it expresses the relative 

importance of inertial forces over viscous forces in a dimensionless way. The 

Froude number is the ratio of inertial forces over gravity force. 
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Re = Up. YJU 
= UL1v 

Fr = 
Y(gL)0-5 (3-7) 

where U is the fish speed (m/s), L is the fish length (m), p,, is the water density 

(k g/M3), g is the viscosity (kg/ms), v is the kinematic viscosity (m2/s) and g is the 

gravitational acceleration (=9.81 M/S2). 

All swimmers (fish, dolphin, whales ... ) with ý Reynolds number greater than 
104 are called nekton (Videler, 1993): they travel independently of the water mo- 
tion and the main forces acting on them are the horizontal thrust and drag forces. 

The majority of fish swimming in fresh or saline water have a Reynolds number 
between 105 (herring) and W (tuna). It is important to notice that for a fish 

swimming at the same speed, the Reynolds ratio decreases, and hence the viscous 
forces increase as the temperature decreases. 

The Froude number is particularly useful when fish swim near the water sur- 
face as they might create additional drag by generating waves (Katopodis, 1998). 

3-4.3 Forces acting on thefish 

The forces, which might act on a swimming salmon, are: gravity forces, pressure 
forces, viscosity, virtual mass forces, surface tension or even water elasticity (Vi- 

deler, 1993; Webb, P. W. and D. Weihs, 1983). Most of the time, the two last 

components are negligible in comparison with the four first components. Inertia 

forces are caused by acceleration of a mass of fluid and the resistance of the fluid 

to shearing motion causes viscosity. Viscosity is the main drag force. For salmon 

swimming in a river, the gravity forces are balanced by buoyancy. 

Figure 3-5 depicts the various fundamental forces acting on a swimming fish. 

W is the fish's weight, B is the buoyant force, D is the drag force and P is the 

propulsive force generated by the fish. 

a. Archimedes law: 
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According to Archimedes law, the buoyancy B equals the weight of the displaced 

mass of water. This is shown in equation 3-9 where B is the buoyant force acting 

on the fish, V is the volume of the fish, g is the acceleration and p,, is the water 
density. The position of the centre of buoyancy is determined by the volume dis- 

tribution along the body. 

B= VO., (3-8) 

Equation 3-9 is a particular case of the fundamental law of fluid mechanics 

shown in equation 3-10. This law states "at any point in the fluid the buoyant 
force per unit volume of fluid displaced is equal but opposite in direction to the 

vector gradient of the pressure, Vp". Equation 3-9 applies only if the streamlines 
are straight, parallel and horizontal and if the water surface is horizontal. 

B= (-Vp)(V) (3-9) 

The weight of the fish is a function of the average density of the fish pf, its 

volume and the acceleration g due to gravity as shown in equation 3-11. The cen- 

tre of mass is relative to the densities of the different part of the fish. 

W= Vpf g (3-10) 

For the situation shown in figure 3-5, if the density of the fish is equal to the 

density of the water, the buoyant force and the weight Of the fish are equal and 

opposite, and hence cancel each other. Therefore the only forces acting on the 

fish, in this particular case, are the drag force and the thrust or propulsive force. 

b. Bernoulli equation: 

For incompressible fluid, the principle of energy conservation can be written as: 

+ 0.5pU 2+ 2pgz = Cst (3.11) 

where U is the velocity, p,, is the water density and Cst is a constant. If the poten- 
tial or elevation head is constant, then the Bernoulli equation can be rewritten as: 
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p+0.5pýU 2= Cst (3-12) 

The drag force described in the serrd-empirical equation 3-14 is a function of 

the surface area A, a drag coefficient Cd as well as the dynamic pressure 0.5PWU2 

expressed in equation 3-13. Behlke (1991) assumed A to be equal to bL2 where L 

is the fish length and ba dimensionless coefficient. 

D= (0.5p. U2 )ACd 3-13 

Based on the work done by Rosen (1959) and Aleyev (1977), Videler (1993) 

extrapolated the impact of a swimming fish on the water around it The effects of 

the fish on the water are depicted in figure 3-6. 

The layer of water very close to the fish travels at the same speed as' the fish - 
because of the viscosity. This layer of water is called the boundary layer and its" 

thickness corresponds to the distance between the fish and the last particles af- 
fected by the viscosity. Water beyond this layer is not dragged. The gradient of 

velocity created in this way by the difference of particle speeds causes a skin fric- 

tion drag between the particles of water. This drag is proportional to the surface 

area of the fish A. A difference of pressure also occurs along the body of the fish. 

This is the result of the congestion created by the water in front of the upper part 

of the fish when this water has to give way to the moving fish. This pressure drag 

is proportional to the dynamic pressure given in equation 3-14. 

The drag coefficient Cd depends on the geometry of the fish body and on its 

Reynolds number (Eq 3-8). Using the work done by Brett (1964) on young sock- 

eye salmon, Ziemer and Behike (1966) developed an empirical relationship given 

in equation 3-15 below. 

Cd = 3.3/ RO. 417 
e (3-14) 

Webb (1975) recommended another empirical equation for the drag cI oeffi- 

cient. In the following equation, k is a dimensionless coefficient varying from 3 

to 5. 
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/RO. 2 Cd= 0.072k 
e (3-15) 

If equations 3-8,3-15 and 3-16 are combined, the profile drag is expressed as: 

D=0.036bkpVO. 2 L! -'U'-g (3-16) 

where L is the fish length, U is the velocity of the fish with respect to the water, 

p, is water density, v is the kinematic viscosity of the water and b and k are two 

dimensionless coefficients depending on the fish. 

C. Newtons law: 

The second law of Newton, in the absence of any external forces can be ex- 

pressed as 'The rate at which the velocity of a fish changes is equal to the resul- 
tant of all forces on the fish divided by its body mass"(Webb, 1975) and is given 
in equation 3-17. M is the mass of the fish and a(t) is the acceleration of the fish. 

Fit) = ma(t) 

However when a fish accelerates, it carries some of the surrounding fluid with it. 

This surrounding fluid with a mass Ma is accelerated with the fish. Therefore 

equation 3-17 becomes: 

F,. = (M + M�)a (3-18) 

where M, #M,, is the virtual mass of the fish, a is the acceleration of the fish and 
F,. is the virtual mass force experimented by a fish when it accelerates. Webb 

(1975) assumed M,, to be equal to 0.2M. For a steady flow, and if considering a 
I-dimensional motion, the acceleration a can be expressed in the following finite 

element form: 

a=U 
Au 

(3-19) 
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where U is the mean velocity of the fish with respect to the water between two 

points, d is the distance apart this two points and AU is the difference of velocity 
between the two points. 

At waterfalls during the leaping of the fish or at vertical slots where water ac- 

celerates, this virtual mass force acts in fact against the forward progress of the 

fish and should not therefore be neglected. 

d. Propulsive force or Thrust 

In accordance with the second law of Newton, the propulsive force P is equal and 

opposite to the resultant of the forces previously described: Weight, Buoyancy, 
Drag and Virtual Mass. 

P=B+D+W+F,,. (3-20) 

The propulsive force P is therefore a function of L, the length, U the speed and 

a the acceleration of the fish, p the density, v the kinematic viscosity of the water, 

and g the gravitational acceleration. 

The power delivered by the fish to its surrounding while it swims is function 

of its speeds with respect to the water and the propulsive force (Eq 3-22) and the 

energy spent by the fish to pass a structure is expressed in equation 3-23. 

Pwr = PU 

E=f Pwrdt (3-22) 
0 

To use as little energy as possible, a fish should move as fast as possible. To 

reduce also their consumption of energy fish have to try to reduce their propul- 

sive force by reducing their speed (Videler, 1993). 

Behlke (1987,1988,1991) and Behkle et al (1993) gave detailed explanations 

of energy and power requirements for a fish swimming through a lake, a steep 

channel (or chute) and a culvert. It demonstrated the importance of non- 

Archimedean forces as well as the virtual mass forces at a fish passage structure. 
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The principles and forces described in this section will be further discussed 

and used in Chapter 7. 

3-5 Conclusion 

In the previous sections of this chapter, the life cycle of Atlantic salmon has been 

briefly described; the habitat requirements of the juveniles (parr) and of the 

spawning adults (salmon) have also been briefly introduced. It has been demon- 

strated that swimming and leaping abilities of salmon depend mainly on the water 

temperature and their size. 

The physical laws of mass, energy and momentum conservation govern the 

motion of salmon through water. Therefore, in this chapter, the difference forces 

acting on a fish moving have been identified and described. They are the weight, 
the drag, the buoyancy, the virtual mass and the propulsive forces. 
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CHAPTER 4: 

ExPERIMENTAL FACILITIES 

4-1 Introduction 

This chapter describes the experimental set-up for two physical model tests con- 
ducted, one at Almondbank, Perth, testing parr, and the other one at Glasgow 

University measuring hydraulic phenomena. Both models test a range of flow 

conditions and a range of devices including weirs, vertical slots, orifices and 
combinations of the three precedent devices. 

At an early stage of the project, the possibility of obtaining both field scale 
hydraulic measurements and data on the behaviour of spawning salmon at the 
fish pass of a hydroelectric dam was considered. A valuable approach to studying 

movements of salmon through fish passes is effectively to track remotely the be- 

haviour of large numbers of wild fish in natural situations (Smith & al, 1994; 

Gowans & al, 1999). 

However, the behaviour of salmon in the wild is influenced by so many factors 

that research based only on field surveys alone may not establish clearly the be- 
havioural mechanisms that enable approaching fish to locate passes efficiently. 
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Furthermore, field studies generally do not permit an experimental analysis of 
how modifying aspects of fish pass designs influences the behaviour of fish. 

In this work it was been decided to use model studies at least initially, com- 

pleted by field studies in the later stages. A complementary method to field stud- 
ies is the use of scaled-down model passes coupled with observations of juvenile 

salmon (Stuart, 1962). We used such a system to compare the hydraulic charac- 

teristics of a number of types of fish pass including weirs, vertical slots, sub- 

merged orifices and other combinations. 

The work described in this chapter concerns the design, construction, calibra- 
tion, instrumentation and running of two scale down models of a portion of a 
river downstream of a dam, weir or any other obstruction to fish migratiowas 
shown below in figure 4-1. 

Two identical flumes were built, one at Almondbank, the rearing station unit 
of the Freshwater Fisheries Laboratory and the other in the hydraulic laboratory 

of Glasgow University. The flume at Almondbank was used to observe behaviour 

of the fish and the flume at Glasgow was used to make detailed measurement of 
the hydraulics such as flow patterns, velocity and turbulence of the approach area 
over a range of water flow. 

4-2 General consideration of the models 

Four basic types of openings were tested: weirs, orifices, vertical slots and com- 
binations of the three over four biological series of tests. Over the two summers 

periods of 1999 and 2000, a total of 33 hydraulic cases have been tested. These 

33 situations are linked to 12 structures as seen in figure 4-2 and table 4-1. 

Two types of weirs were tested: a contracted rectangular weir and a partially 

contracted weir. Both designs had a 0.20 m wide and 0.30 m height crest. Two 

different water surface elevations downstream the weir were tested: 0.20 m and 
0.30 m. 
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Orifices investigations were restricted to three rectangular designs as shown in 

figure 4-2. The first design had an opening of 0.10 m high by 0.20 m wide. The 

second design had a smaller opening with a width of 0.10 in and a height of 0.10 

m. Each may take on two different locations either in the middle or at the side of 
the flume. The orifices may also take three different elevations in the water col- 

umn: at the bottom of the flume, at 0.05 in and 0.10 m from the bottom of the 
flume. 

Two additional particular designs were also tested. The 0.10 by 0.10 m orifice 

located at the bottom of the flume on the side was associated (1) with a weir or 
(2) with another 0.05 by 0.50 in orifice blocked by a grid as shown in figure 4-2. 

Two vertical slot designs were tested. Both were located on the side of the 

flume. The width of the slot was 0.05 or 0.10 in wide as shown in figure 4-2. All 

designs were generally tested for two typical discharges: 0.0 12 and 0.02 in 3 s-I - 

For brevity, each test run was coded as follow: WS12- 0.2 where W denotes 

weir, S the side of the flume, 12 the flow in litres per seconds and 0.2, the water 

depth in metres downstream of the weir. For other cases, Ob denotes orifice at the 

bottom, 0 denotes orifice and V denotes the vertical slots. 5 and 10 denote the 

width of the vertical slot 0.05 and 0.10 in, F and T denote the location of the ori- 

fice at 5 and 10 centimetres from the bottom respectively, 0.3 denotes the water 

depth downstream of the weir and 20 the flow in litres per second. For the ori- 

fices, 0.01 and 0.02 denote the area of the orifice. 

Table 4-1: Designs tested 

Code Details Nber of hydraulic 

situations tested 

WS Weir on the side 2 
WM Weir in the middle 3 
ObSO. 02 Orifice on the side: 0.20 x 0.10 rn 2 
ObSo. oi Orifice on the side : 0.10 x 0.10 m 2 
ObMO. 02 Orifice in the middle: 0.20 x 0.10 rn 2 
ObMo. oi Orifice in the middle : 0.10 x 0.10 m I 
OFMO-02 Orifice at 0.05 m from the bottom in the middle: 0.20 x 0.10 m 2 
OTMO 02 Orifice at 0.10 m from the bottom in the middle: 0.20 x 0.10 m 2 
V5 Vertical slot 0.05 in wide 2 
V10 Vertical slot 0.10 m wide 2 
WObo 02 Orifice at the bottom : 0.20 x 0.10 m associated with a weir 2 
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A special codification was adopted for the last series with the double orifices 

shown in figure 4-2. That it to say, each test run was coded as follow: AR12 

where A denotes the flow ratio between the two orifices, e. g. 1: 1, R denotes the 

introduction of the parr on the right side and 12 the flow in litre per seconds. For 

other cases, B denotes the flow ratio 1: 5, L the introduction of the parr on the left 

side and 20 the flow in litre per seconds. 

Table 4-2: Designs tested 

Code Details Number of hydraulic 
situations tested 

AR Double orifices with ratio 1: 1, parr introduced on the right side 2 
AL Double orifices with ratio 1: 1, parr introduced on the left side 2 
BR Double orifices with ratio 1: 5. parr introduced on the right side 2 
BL Double orifices with ratio 1: 5, parr introduced on the left side 2 

4-3 Experimental apparatus at Almondbank 

4-3.1 Physical Model 

The physical model at Almondbank designed by the author consisted of a flume 

1,22 m wide, 6m long and 0.8 m high provided with a continuous through-flow 

of water from the River Almond at a maximum discharge of 0.045 m3 s". 7he 

flume was constructed of plywood and steel. A tilting gate at the end of the flume 

enabled control of the water level downstream of the dam. A slot gate upstream 

of the weir enabled regulation and control of the flow going through the weir/ ori- 
ficel vertical slot/ combination opening. This is shown in figure 4-3. 

The physical model is a simplified representation of a portion of a river down- 

stream of a dam, weir or any other obstruction to fish migration. A remov- 

ablelvertical crosswall 1.22 m wide with an opening 0.20 m by 0.10 m divides the 

flume into two pools. 

A general view of the physical model at Almondbank is shown in figure 4-4 

and two photos taken during the reconstruction of the flume in spring 2000 are 

shown in figures 4-5 and 4-6. 
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4-3.2 Test series 

The biological experiments were divided in five series over spring/summer 1999 

and spring/summer 2000. Table 4-3 shows the division of the 5 series over the 

years 1999 and 200. 

In series 1, a weir, an orifice at the bottom of the flume; orifices at higher ele- 

vations (0.05 rn or 0.10 rn from bottom of the flume) were compared. Each open- 
ing was tested both in the middle and at the side. There were thus six different 

designs and each was tested at two different discharges 0.012 and 0.020 m3 s- I 

This experimental set up gave 12 different situations as shown in table 4-3. 

In series 2, a weir and two orifices at the bottom of the flume were considered. 

The openings were tested only in the middle and for a sole discharge of 0.012 

m3 s-1. These three scenarios completed the previous group of 12 as shown in ta- 

ble 4-3. 

In series 3, a weir, an orifice at the bottom of the flume, an orifice associated 

with a weir, and two vertical slots were compared. The openings were tested only 

at the side for two discharges 0.012 m3 s- I and 0.020 m3 s-1. Thus in this series, 

there were 10 different situations as shown in table 4-3. 

In the last series of experiments, only one design was considered. It integrated 

two orifices: one representing the entrance to the fish pass and the other one, 

blocked by a grid, representing the water coming from the powerhouse or the 

spillway. It was tested at two different discharges: 0.012 m3 s'l and 0.020 m3 s-1 , 
for two different flow ratios noted A (1: 1) and B (1: 5) between the orifices and 

for two locations of introduction of the parr, right or left side of the flume. For 

the flow ratio 1: 1, the flows are the same through the two orifices. For the ratio 

1: 5, the flow from the 0.10 x 0.10 m orifice is 5 times smaller than the flow from 

the 0.10 x 0.50 m orifice. In the previous series, the parr had only been intro- 

duced on the right side of the flume, looking upstream. It gave 8 different scenar- 

ios as shown in table 4-3. 
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Table 4-3: Division of situations in series 
Code Details Nber of parr 

Series 1: July - September 1999 240 
WSIZ-0.2 Weir on the side at low flow - wsel = 20cm 20 
WS20-0.2 Weir on the side at high flow - wsel = 20cm 20 
WM12-0.2 Weir in the middle at low flow - wsel 20cm - 20 
IýVM20-0.2 Weir in the middle at high flow - wsel 20cm 20 
ObS12-0.02 2 Orifice at the bottom on the side at low flow - area orifice = 0.02 in 20 
ObS2o-o. o2 Orifice at the bottom on the side at high flow - area orifice = 0.02 m2 20 
ObM12-0.02 Orifice at the bottom in the middle at low flow- area orifice = 0.02 in 2 20 
ObM20. o. 02 Orifice at the bottom in he middle at high flow- area orifice = 0.02 in 2 20 
OFM12-0.02 Orifice at 5 cm from the bottom at low flow - area orifice = 0.02 M2 20 
OFM2". 02 Orifice at 5 cm from the bottom at high flow- area orifice = 0.02 in 2 20 
OTM12-0.02 Orifice at 10 cm from the bottom at low flow - area orifice 0.02 in 2 20 
OTM20-0.02 Orifice at 10 cm from the bottom at high flow - area orifice 0.02 in 2 20 

Series II: June 2000 60 
WMt2-0.3 Weir in the middle at low flow - wsel = 30cm - 20 
ObM12-0.02 Orifice at the bottom in the middle at low flow- area orifice = 0.02 in 2 20 
ObMI2-001 Orifice at the bottom in the middle at low flow- area orifice = 0.0 1 in 2 20 

Series III: August 2000 320 
WS12-0.2 Weir on the side at low flow - wsel = 20cm 20 
WS20-0.2 Weir on the side at high flow - wsel = 20cm 20 
ObS, 2. o. ol Orifice at the bottom on the side at low flow - area orifice 0.01 in 2 40 
ObS2". ol Orifice at the bottom on the side at high flow - area orifice 0.01 M2 40 
WObI2-0.01 Orifice at the bottom associated with a weir at low flow -a0.01 in 2 40 
WOb2". oj Orifice at the bottom associated with a weir at high flow -a=0.01 m2 40 
V5SI2 Vertical slot 5 cm wide on the side at low flow 40 
V5S20 Vertical slot 5 cm wide on the side at high flow 40 
VIOS12 Vertical slot 10 cm wide on the side at low flow 20 
VI OS20 Vertical slot 10 cm wide on the side at high flow 20 

Series IV: September 2000 160 
AR12 Double orifices with ratio 1: 1, parr introduced on the right side at low flow 20 
AR20 Double orifices with ratio 1: 1, parr introduced on the right side at high flow 20 
AL12 Double orifices with ratio 1: 1. parr introduced on the left side at low flow 20 
AL2o Double orifices with ratio 1: 1, parr introduced on the left side at high flow 20 
BR12 Double orifices with ratio 1: 5, parr introduced on the right side at low flow 20 
BR20 Double orifices with ratio 1: 5, parr introduced on the right side at high flow 20 
131,12 Double orifices with ratio 1: 5, parr introduced on the left side at low flow 20 
BL2o Double orifices with ratio 1: 5, parr introduced on the left side at high flow 20 

4-3.3 Protocol of tests 

Seven hundred and eighty hatchery-reared salmon parr (length range: 8-14 cm) 

were used during the. investigation (240 between July 1999 - September 1999 

and 540 between June 2000 - September 2000). The fish were held in a large tank 
(2m diameter) supplied with a constant flow, of aerated water from the liver. Wa7 

ter from the holding tank was pumped into the flow entering the flume to provide 

a possible olfactory stimulus to facilitate homing behaviour. Each fish was han- 
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dled only once and placed in another tank subsequently. Fish were fed to satia- 

tion, once daily. 

For each design of fish pass entrance, 20 or 40 fish were tested individually. 

Each fish was left in the flume at least 40 minutes before being removed if it did 

not go through the device (weir, vertical slot, orifice .... ). The protocol was to as- 

semble the type of pass entrance to be tested. Then a fish was captured and re- 
leased as quickly as possible at the downstream end of the flume adjacent to the 

viewing window. The location of parr introduction is shown in figure 4-7. 

For each series, the different types of fish pass tested were alternated sequen- 

tially as the trials progressed to avoid any seasonal variations influencing the re- 

sults. 

4-3.4 Direct observation and video recording 

The fish were observed continually from time of introduction to the flume and re- 

cords were made of changes in position with time. Video recordings using a net- 

work of cameras in the upstream half of the flume supplemented the direct obser- 

vations. These cameras focused particularly on the behaviour of the fish near the 

pass entrance. 

Eight small waterproof cameras were placed in the upstream zone of observa- 

tion, inside or outside the flume as shown in figure 4-8. These cameras were con- 

nected to an eight channels duplex multiplexer, itself connected to a videocassette 

recorder and a monitor. This is shown in figure 4-9. A digital camera, placed 

above the flume, was also occasionally used to record precisely the position of 

the fish as a function of the time. 

4-3.5 Influence of temperature on tests ,, 

The first series of experiments were done between July and September 1999. 

During this period, the temperature of the water in the flume varied between 

11.30C and 19.20C, the mean temperature being 14.90C as shown in figure Fig 4- 

10. 
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The second series was run over two weeks in June 2000 [12/6 to 24/06]. The 

temperature of the water varied between 12.80C and 17.50C [mean = 15.34*C] as 

shown in figure 4-11. The third series was conducted in August 2000 [01/08 to 
31/08]. The temperature of the water over the month varied between 12.60C and 
180C [mean = 15.470C]. The last series of experiments was done in September 

2000 [01/09 to 22/09]. The temperature of the river during this month was lower. 

It varied onlY between 9.30C and 13.50C [mean = 11.570C]. The averaged tem- 

perature of the water over the three months between June and September 2000 is 

14.60C. 

Temperature of water affects swimming performance of salmon (Beach, 

1984). Typically, the maximum swimming speed increases with the temperature 

(Fig 4-12) whereas the time of endurance at the maximum speed decreases with 
increasing water temperature. An eight cm parr has a maximum swimming speed 
between 1.2 and 1.8 m/s for the range of water temperature at which the tests had 

been conducted. The maximum speed of a fourteen centimetre long parr varies 
between 1.5 m/s and 2.5 m/s. Comparison of the different designs is therefore 

complicated by the fact that the maximum speed of a parr might increase or de- 

crease by 1.0 m/s with the water temperature. 

4-4 Experimental Apparatus at Glasgow 

The experimental apparatus for hydraulic measurements was constructed at the 
University of Glasgow and is shown in figure 4-13. Manometers used in flow 

measurement are omitted for clarity. Photographs of the general layout are also 
shown in figures 4-14 and 4-15. 

The physical model consists basically of a recirculating flow system with a 

main flume. Connected to the channel flume are two connected tanks, which sup- 

ply flow back to the pump for recirculation. The physical model has been build 

from an existing system, which provided the two steel galvanized tanks, the 

pump and a part of the pipe network 
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4-4.1 Design and construction 

4-4.1.1 Theflume 

The dimensions of the main flume were chosen in order to represent a scaled 
down river downstream of a dam, weir or any other obstruction proportionally to 

the swimming abilities and size of small stream dwelling salmon (parr) in com- 

parison with those of adult spawning salmon. The model was designed to be a 

replica of the flume at Almondbank. 

The total length and width of the flume were 4.78 m and 1.22 m respectively. 
The height of the flume was chosen in order to provide sufficient head loss be- 

tween the main flume and the sump tank at high discharge. The chosen height 

was 1.1 in. 

The flume was constructed from plywood, including steel reinforcing bars en- 

cased on the side of the flume. Extra strength was afforded to the channel by add- 
ing four steel bars across the channel. A removable/vertical cross wall 1.22 m 

wide with an opening 0.20 rn by 0.10 rn divides the flume into two pools. 

44.1.2 Galvanised steel Tank 

The two galvanised steel tanks were 1.86 m long, 1.22 m wide and 1.0 rn high. 

The tanks were connected to the pump through a pipe 1.00 m long. A 150 mrn 

butterfly valve was incorporated on the other end to isolate the main flume from 

the pump during period of maintenance as shown in figure 4-13. Two others 150 

mm butterfly valves were incorporated between the galvanised tanks and the 

downstream end of the main flume as shown on figure 4-16. 

4-4.1.3 Pump: 

The pump had the ability to discharge up to 0.060 m3 s-I through the system but 

its use will be restricted to a maximum discharge of 0.025 m3 s". The pump is a 

MYSON MSK 150-4210 centrifugal pump (Fig 4-17). 
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4-4.1.4 Tailgate weir. 

A tailgate was placed at the end of the flume to act as a control section for the 

channel flow. A brass plate 1.22 mx0.40 rn x 0.005 m thick was hinged to the 
inside of the downstream end of the flume. Rubber seals prevented any signifi- 

cant leakage between the brass plate and the flume sidewalls. A screwed rod ar- 

rangement was attached to the brass plate and by this mechanism, the gate could 
be raised or lowered and the water level controlled. Water depths downstream of 

weir/orifice/slot device were maintained at the same level as the Almondbank 

flume. 

4-4.2 Instrumentation and Calibration 

4-4.2.1 Introduction 

Each of the 25 test runs involved accurate measurement and recording of the fol- 

lowing parameters: (1) water discharge rate, (2) head loss between the two pools 

through the weir/orifice/slot device and (3) velocity and turbulence measurement. 
The instrumentation used to record the above parameters and their calibrations 

are described below. 

4-4.2.2 Flow rate measurement 

The apparatus was a recirculating flow system. The flow rate measurement was 

achieved using a calibrated orifice plate with pressure tappings at a distance of D 

and D/2 upstream and downstream from the orifice plate, with D the internal di- 

ameter of the pipe. The orifice plate was inserted into the pipeline between the 

main flume and the tank acting as a contraction to the flow and producing an en- 

ergy loss as the flow passes through the throat of the orifice plate. This energy 

loss could be measured on a manometer by measuring the pressure between the 

pressure tappings upstream and d6wnstream of the orifice plate. The discharge 

through the orifice was given by: 

1.2384-h 
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where Q is the discharge in (Us) and h is the head difference at the manometer in 

MM. ýIIf, II 

4-4.2.3 Head loss and water surface measurements 

The water surface elevation downstream of the weir was controlled by the posi- 
tion of a tailgate. Lines at elevations 200,300 and 400 mm (the elevation zero is 

at the bottom of the flume) were drawn on the sidewall of the flume. All water 

surface measurements were done using a digital pointer gauge. The head loss 

from upstream pool to downstream pool was measured by comparing the losses 

at the centre of each pool. 

4-4.2.4 Velocity and turbulence readings 

Velocity and turbulence measurements were measured over an area of 1.22 m 

wide by 1.50 m long located immediately downstream the weir/orifice/slot device 

at the plane of the jet centre line for the orifice designs, and at 1/3 and 2/3 of the 

water depth for, weir notch and vertical slot designs. Supplementary measure- 

ments were also done for some situations in a horizontal plane at 0.01 m from the 

bottom., 
,--I 

The instrument used for this purpose was a Sontek Acoustic Doppler Veloci- 

meter as shown in figure 4-18., The ADV uses remote sensing techniques to si- 

multaneously measure three velocity components (x, y, z) of flowing water using 

a single sampling volume positioned approximately 0.06 rn below the transit 

transducer located at the centre of the probe. The operation of the ADV i's based 

on the Doppler principle. - 

A short acoustic pulse of 25 Hz is transmitted along the vertical axis through 

an acoustic transmitter and three acoustic receivers receive an echo from the wa- 

ter. This echo is amplified and analysed in the conditioning module and the proc- 

essing board. The difference of frequency between the transmitted pulse and, the 

received echo is proportional to the velocity in the water. 

74 



Chapter 4: Experimental Facilities 

The scattering strength of the echo is function of the concentration and size of 
the particles present and in suspension in the water. A low concentration of sus- 

pended particles in the water causes low "signal to noise ratio" (SNR). A possi- 
bility to improve too low SNR, is to seed the flume with almost neutrally buoyant 

particles. In this study, hollow sphere with a size around 10 gm were used. 

The data recorded through the ADV are a number of internal configuration pa- 

rameter as well as velocity data, SNR data, correlation data, time and standard 
deviation data of the three velocity components. Using software called WindAdv, 

specific data are extracted from ADV data binary files to generate tabular files. 

Two different measurement grids were used, one for the weir/orifice/vertical 

slot/combination opening on the side and other for the weir/orifice in the middle. 

The measurement grids are shown in figure 4-19 and 4-20. They were chosen to 

be closely spaced near to the orifice, vertical slot or weir with larger spacing fur- 

ther away from this region. 

4-4.3 Experimental procedure 

A total of 25 test runs were carried out during the present investigation and the 

experimental procedure outlined below was adopted for each run. 

1. The removable wood board was inserted into the flume corresponding to 

the chosen design (weir/orifice/slot/combination). 

2. The two connected tanks were filled with water as well as the main flume. 

3. The three-gate valves were opened and the pump was switched on and a 

discharge was selected by adjusting the gate valve accordingly. The dis- 

charge was evaluated from the orifice plate and the manometer and gener- 

ally set at a lower flow rate of 0.012 m3 s-I or a higher one of 0.020 m3 s'I . 

4. The water surface elevation downstream the removable weir was selected 

using the tailgate. 
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5. The head loss differences between the upstream and downstream pool 

was measured using the pointer gauge. 

6. The Acoustic Doppler Velocimeter on the instrument carriage was used to 

measure velocity and turbulence over a grid, described in paragraph (4.5). 

At each chosen point on the grid, instantaneous measurements of velocity 

and turbulence were taken over time period between I and 3 minutes. 
This was function of the degree of correlation. If the correlation was 

around 90% the measurements were taken for I minute. For a lower cor- 

relation, the recording lasted 3 minutes. 

7. After completion of the test run, the pump was switched off, the valves 

gates were closed and the main flume was emptied to allow a change of 

orifice/weir/ slot device. 

8. The velocity and turbulence data were then processed using software 

called WinAdv to obtain the time average of three components of velocity 

(longitudinal, lateral and vertical) and the three components of turbulence 

corresponding, at each point of the chosen measurement grid. 

9. At the end of each test run the recorded data would include the following 

parameters: 

a) The chosen design (weir/ orifice/ slot/ combination). 

b) Total discharge 

c) Head loss between higher and lower pools, Ah. 

d) The water surface elevation in the main flume. 

e) Three-velocity components at each chosen point in the flume, Vx, 

Vy and Vz. 

f) Three turbulence components at each chosen point in the flume, 

RMS (vx), RMS (vy) and RMS (vz). 
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The overall testing programme is summarised with a flow chart shown in fig- 

ure 4-2 1. 

4-5 Conclusion 

Two almost identically flumes were designed to represent a scaled down portion 

of a river downstream a dam or a weir. The flume at Almondbank was used to 

observe behaviour of parr Ouvenile salmon) and the flume at Glasgow was used 

to make detailed measurements of the hydraulics. In this chapter, the different 

apparatus and measuring techniques developed for the present study were de- 

scribed in detail. Chapter 5 presents the experimental results of the behaviour of 

parr at weir/orifice/vertical slot devices and chapter 6 presents the hydraulic 

measurements at Glasgow flume. 
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CHAPTER 5: 

EXPERIMENTAL RESULTS OF THE ' "' 
BEHAVIOUR OF PARR AT WEIR /ORIFICE/ 

VERTICAL SLOT DEVICES 

5-1 Introduction 

This chapter describes the experimental results of the behaviour of parr Ouvenile 

salmon) at various devices including weirs, orifices and slots over a range of 

flow conditions. The tests were conducted at the FRS laboratory in Almondbank, 

Perth. 

When artificially displaced, stream-dwelling salmonid fishes can return to the 

point where they were captured (Garcia de Leanniz, 1988; Halvorsen & Stabell, 

1990; Armstrong & Herbert, 1997; Huntingford et al, 1999). This ability to home 

probably influences the structures of fish populations in space and time, perhaps. 

tending to reduce the disruption of factors such as spates and predators. 

The ability of fish to home will also be influenced by the physical structure of 

their habitat. Waterfalls and fast-flowing water may constitute complete barriers 

to upstream movement. Homing of fish may also be impeded by slower flows, 

which may result in high-energy costs of locomotion, a delay in homing and in- 
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creased vulnerability to predation. It seems reasonable to suppose that the deci- 

sion of whether or not to home may be influenced by the costs and benefits of the 
behaviour, which can be expected to depend on the habitat. A further considera- 
tion is the availability of requisite stimuli to release homing behaviour. Odours 

play a role in homing by salmonid fishes (Mills, 1989). Also, local water flow 

characteristics may be important. 

Small stream-dwelling salmon (commonly termed "parr") move upstream 

when displaced downstream (Huntingford & al. 1999) Like anadromous adults, 

salmon parr move upstream, both spontaneously and following downstream dis- 

placement, and have been used already as models to explore the response of 

salmon to water flows in scaled-down fish passes (Stuart, 1962). 

In the present study, this behaviour was used to encourage salmon parr to at- 

tempt to locate and move through fish pass entrances. The intention of this re- 

search is to characterise the behaviour of small salmon to develop clear testable 

hypotheses about how large salmon may respond to water flow. Stuart (1962) 

commented that after detailed observations he believed the migrations of his 

small salmon to be "similar in most respects to those of mature fish, except for 

the ultimate spawning behaviour". 

Stuart (1962) reported that juvenile Atlantic salmon (commonly termed 

"parr") moved upstream in response to water falling over a weir. Stuart noted, 

they did not move readily through submerged water jets because when the flow 

was sufficient to attract them, they could not swim fast enough to surmount it. 

These observations have implications for understanding variation in the homing 

behaviour of salmon parr and have prompted this research to look again, but in a 

more structured experimental fashion, at the issue of whether displaced Atlantic 

salmon parr move most readily through submerged orifice jets or failing water 

weirs flows or slots flow or combinations of all three. 

Delay of the normal migration schedule might have disastrous effects on the 

spawning success of salmon. It can effectively prevent them from reaching their 

spawning grounds in time. Hence, efficiency of fish pass entrance covers not 
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only the percentage of fish to clearing but also the delay of migration induced by 

the obstacle. Therefore the failure or success of each tested fish was recorded as 

well as its time of passage through the device. 

5-2 Experimental Results 

The experiments were conducted over a two year period during the spring and 

summer seasons of 1999 and 2000. Five series of tests were conducted over this 

period. The first series of tests was conducted between July and September 1999 

and concentrated on the difference between the behaviour of parr approaching 

weirs and orifices as well as on the influence of the location of the orifice on the 

parr's behaviour. The second series, conducted in June 2000, completed the re- 

search done both on the comparison between weirs and orifices and between 

various orifices. In the third series, conducted in August 2000, orifices were then 

compared with vertical slots. In the 4th series of tests, the parr were confronted 

with two orifices on each side of the flume; one of them being blocked by a 

coarse grid representing the outflow from a power station. 

These experiments permit the observation and comparison of displaced parr 
confronted with various designs such as weirs, orifices and verticals slots. They 

also supply valuable information on the influence of small design alterations on 

the behaviour of parr. 

The comparison of the proportion of success and path taken by parr between 

situations were done with a statistical chi-square or Fisher's exact test analysis. 
The influence of factors such as the type of passage, the location of the passage, 

the flow rate, the opening area for the orifices, the water surface elevation for the 

weir, the location of introduction were correlated to the time of passage. Statisti- 

cal analyses were performed in NffNITAB and tests were considered significant 

at an alpha level of 0.05. A reminder of the tests conducted is given in table 5-1 

and figure 5-1 overleaf. 

Table 5-1. - details of experiments done over the two summers period 
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Code Details Nber 
of parr 

Series I: done between July and September 1999 240 
WS12-0.2 Weir on the side at low flow - wsel = 20cm 20 
WS20-0.2 Weir on the side at high flow - wsel = 20cm 20 
WM12-0.2 Weir in the middle at low flow - wsel 20cm - 20 
WM20-0.2 Weir in the middle at high flow - wsel 20cm 20 
ObS12-0.02 Orifice at the bottom on the side at low flow - area orifice = 0.02 in 2 20 
ObS2". 02 Orifice at the bottom on the side at high flow - area orifice = 0.02 m2 20 
ObM12-0.02 Orifice at the bottom in the middle at low flow- area orifice = 0.02 in 2 20 
ObM2". 02 Orifice at the bottom in he middle at high flow- area orifice = 0.02 in 2 20 
OFM12-0.02 Orifice at 5 cm from the bottom at low flow - area orifice = 0.02 in 2 20 
OFM20-0.02 Orifice at 5 cm from the bottom at high flow- area orifice = 0.02 in 2 20 
OTM12-0-02 2 Orifice at 10 cm from the bottom at low flow - area orifice 0.02 in 20 
OTM20-0.02 Orifice at 10 cm from the bottom at high flow - area orifice 0.02 in 2 20 
Series 11: done in June 2000 60 
WM12-0.3 Weir in the middle at low flow - wsel = 30cm - 20 
ObM12-0.02 2 Orifice at the bottom in the middle at low flow- area orifice 0.02 in 20 
ObM, 2. o. 01 Orifice at the bottom in the middle at low flow- area orifice 0.01 m2 20 
Series III: done in August 2000 320 
WS12-0.2 Weir on the side at low flow - wsel = 20cm 20 
WS20-0.2 Weir on the side at high flow - wsel = 20cm 20 
ObS, 2.0.01 

2 , Orifice at the bottom on the side at low flow - area orifice = 0.01 m 40 
ObS20.0.01 2 Orifice at the bottom on the side at high flow - area orifice = 0.01 m 40 
WObI2-0 01 

2 Orifice at the bottom associated with a weir at low flow -a=0.01 in 40 
. WOb2o. o. oi 

2 Orifice at the bottom associated with a weir at high flow -a=0.0 1 in 40 
V5Sj2 Vertical slot 5 cm wide on the side at low flow 40 
V5S20 Vertical slot 5 cm wide on the side at high flow 40 
VIOS12 Vertical slot 10 cin wide on the side at low flow 20 
VIOS20 Vertical slot 10 cm wide on the side at high Dow 20 
Series IV: done in September 2000 160 
AR12 Double orifices with ratio 1: 1, parr introduced on the right side at low flow 20 
AR20 Double orifices with ratio 1: 1, parr introduced on the right side at high flow 20 
AL12 Double orifices with ratio 1: 1, parr introduced on the left side at low flow 20 
AL2o Double orifices with ratio 1: 1, parr introduced on the left side at high flow 20 
BR12 Double orifices with ratio 1: 5, parr introduced on the right side at low flow 20 
BR2o Double orifices with ratio 1: 5, parr introduced on the right side at high flow 20 
BLIz Double orifices with ratio 1: 5, parr introduced on the left side at low flow 20 
BL20 Double orifices with ratio 1: 5, parr introduced on the left side at high flow 20 

5-3 Comparison of the different type of designs 

5-3.1 Comparison of the behaviour offish passage at orifices and weirs 

The comparison of the behaviour of fish at falling water and submerged orifices 

was conducted in two stages. A flist series of experiments was conducted in July 

1999 to compare one bottom orifice with one rectangular weir. The two designs 

types were located at the side or in the middle of the flume (Figure 5-2) and were 

tested for two discharges, namely 0.012 and 0.020 m3/s. 
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The second comparison of the behaviour of parr approaching weirs and ori- 
fices was done in June 2000. The intention of the second series of test was to con- 
firm the observations obtained during the previous series. The passage through 

the orifice was made more difficult by decreasing the size of the opening and the 

passage over the weir was eased by increasing the water surface elevation from 

0.20 m to 0.30 m. The three designs (figure 5-3) were tested for a sole discharge 

of 0.012 m3/s and 20 parr were individually tested for each situation. 

A- Series I. - 

The success in fish passage between the orifices and weirs are shown in table 5- 

2a if the devices are in the middle and in table 5-2b if the devices are at the side. 

The difference of success between orifices and weirs is significant (Fisher's ex- 

act test, in all the cases p<0.001). Orifices at the bottom passed most fish (be- 

tween 70 - 95% success) at both discharges tested. Weirs were totally unsuccess- 

ful at a discharge of 0.012 m3A and passed only a single fish at the discharge of 

0.020 m3/s. 

Table 5-2a: Successful varr in function of situation (the device in the middle 
Code Success Success rate 
WM12-0.2 0 0% 

14'rM20-0.2 1 5% 
ObM, 2-0.02 19 95% 
ObM20-0 

02 17 85% 

Table 5-2b: Successful varr in function of situation (the device in the middle 
Code Success Success rate 
WS12-0.2 0 0% 

WS20-0.2 1 5% 
ObS, 2-o. o2 14 70% 
ObS20-0 

02 17 85% 

B- Series II 

The weir design was again unsuccessful. No fish managed to swim through the 

weir even though there was no drop in level from the weir crest to the water sur- 

face level downstream as shown in figure 5-3. The 0.20 x 0.10 m orifice passed 

16 out of 20 parr and the 0.10 x 0.10 m orifice passed 8 parr. 
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The weir design was less efficient than the orifice designs for the tested condi- 

tions. This result is in accordance with the results of the previous series: fish 

moved more readily through orifices even when the velocities downstream of the 

opening reached up to 1.60 m/s (Fisher's exact test: WM12-0.3 versus ObM12-0.02, P 

< 0-001; WM12-0.3 versus ObM12-0.01, p=0.0033). 

Table 5- 3: Numbers of success and failure ner situation 
Success % Success 

WM12-0.3 0 0% 

ObM12-002 16 80% 
ObM12-0 01 8 40% 

For the two series, parr moved readily through the orifices located at the middle 

or at the side with an opening of 0.01 or 0.02 m2 but they were reluctant to jump 

or swim over the weir. 

5-3.2 Comparison of the behaviour ofparr approaching orifices and vertical 

slots i 

The comparison of parr behaviour approaching a vertical slot and an orifice was 

done in August 2000. The 0.10 by 0.10 m orifice located at 0.05 m from the tight 

side of the flume was compared with a 0.05 m wide vertical slot located at 0.10 

m from the right side of the flume as shown in figure 5-4. These two designs 

were also tested under two different flows, namely 0.0 12 and 0.020 m3/s. 

I Forty parr were individually tested for each situation. The orifice passed 

72.5% of the parr at 0.012 m3/s but only 7.5% at 0.020 m3/s (p<0.001). The ver- 

tical slot passed 50 % of the parr at 0.012 m3/s and 22.5 % at O. O2Om3/s (p 
I 

0.0072). The results are shown in table 5-4. 

Table 5-4: Number of successful varr for each situation 
Code Success uccess 
ObS 12-0.01 29 72.5% 
ObS2o. o. 01 3 7.5% 
V512 20 50% 
V520 9 22.5% 

There were significantly differences between the 0.10 by 0.10 m orifice and 

the 0.05 m wide vertical slot at 0.012 m/s (Fisher, p=0.033) but not at 0.020 

83 



Chapter 5: Experimental Results of the Behaviour of Parr at WeirlOfificelSlot Devices 

m 3/S (Fisher, p=0.115). The efficiency of this orifice and this vertical slot 
changed significantly within the flow rate (ObS: p<0.001; V5: p=0.0072). 

Due to an insufficient number of successful parr for the bottom orifice at 0.020 

m3 /s, this situation has been disregarded in the analysis of the length of time for 

the fish to negotiate the orifice/vertical slot. For the observed situations, half of 
the successful parr passed through the orifice or the vertical slot in less than 

ninety seconds. The time of passage through the slot can be seen as a function of 
the flow rate (0.012 or 0.020 m3 /s) and the design (Bottom orifice or 0.05 m wide 

vertical slot). 

A Proportion of the successful parr introduced in the flume have some time 

resting before going through the opening. These resting times might be divided in 

two categories: (1) the delay between the introduction of the parr in the flume and 

its first movements and (2) the time spent at rest after their first or second explo- 

ration of the flume. 

Some parr did not start to move as soon as introduced in the flume but spent 

some time in the comer where they were introduced. For the orifice at the side, 4 

out of the 29 successful parr spent between I and 17 in the right comer of the 
flume before moving. For the vertical slot design, 5 out of 20 successful parr did 

not move at the beginning for a period of 2 to 5 minutes at low flow. At high 

flow, all the successful parr moved as soon as introduced. 

The fish might also have some time resting after their first exploration of the 

flume. These periods of rest might allow the parr to recover from intense swim- 

ming activities. A simple regression analysis shows that the time spent at rest in- 

crease with the time spent in the flume (Fig 5-6). 

Table 5-5: Results of regression analysis: influence of the time spent in the flume on the resting 
time (p < 0.001) 

Situation F R' Regression equation 
ObS12-0.01 388.72 0.935 Rest =- 13.9 + 0.867 time 
V5, z 88.17 0.830 Rest =- 16.7 + 0.643 time 
V52o 24.46 0.777 Rest =- 17.1 + 0.755 time 
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The parr went through the 0.10 by 0.10 m orifice more readily than through 

the vertical slot at 0.012 M3 A but there were no significant differences on the 

time of success. For a higher flow, such as 0.020 m3/s, the vertical slot is more 
efficient than the 0.10 by 0.10 m orifice. Both designs have their efficiency re- 
duced with increasing flow. 

5-3.3 Comparison of the behaviour of salmon approaching orifices alone and 

orifices combined with a weir 

In this section, an orifice alone and an orifice combined with a weir as shown in 

figure 5-7 are investigated. For both designs, parr have to pass through a 0.10 by 

0.10 m wide orifice located on the right side of the flume. Parr were introduced in 

the jet centre line of the orifice. The objectives of the "orifice associated with a 

weir design are first to offer a second way to pass the obstacle by jumping over 

the weir and secondly to have lower velocities downstream the 0.10 by 0.10 

opening than the "orifice" design as a part of the flow passes over the weir. 

At 0.012 m3/s, the bottom orifice alone had the highest percentage of success 

with 72.5 % of success against 62.5 % for the orifice combined with a weir. On 

the other hand, for a discharge of 0.020 m 3/S, the orifice's efficiency was as low 

as 7.5% while the efficiency of the orifice with the weir was still as high as 
52.5% as shown in table 5-6. 

The efficiency of the bottom orifice alone (ObS) changes with the flow rate 

(Fisher test, p<0.001) while the flow, for the range tested, had no impact on the 

efficiency of thý orifice combined with the weir (Fisher test, p =0.50). There was 

therefore a particular difference in success for the two designs for a discharge of 

0.020 m 3/S (Fisher test, p<0.001) but not for the lower flow (Fisher test, p =0.47). 

Table 5- 6 Pror)ortion of successful t)arr for each situation 
Code Success % Success 
ObS 12-0.01 29 72.5% 
ObS2o. o. ol 3 7.5% 
WObl2-001 25 62.5% 
WOb2o-o. oi 21 52.5% 
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Due to an insufficient number of successful parr for the bottom orifice design 

at 0.020 m3/s, this situation has been disregarded in the analYsis of the length of 

time for a fish to negotiate orifices 

The orifice and the weir/orifice combination create very attractive hydraulic 

conditions for the parr. The first parr swam through the orifice in five seconds or 

less, and half the successful parr succeeded within the first minute of introduc- 

tion. The weir/orifice combination at 0.020 m3/s passed more fish in the first 

twenty seconds than the 2 other set ups, presently 17 parr against 10 for the ori- 
M3/S fice alone at 0.0 12 m3/s and 12 for the weir/orifice combination at 0.0 12 

The introduction of a weir combined with the 0.10 by 0.10 m orifice improved 

the overall efficiency of the orifice over the range of flow tested by reducing the 

velocities downstream the opening just enough to keep it attractive. The influ- 

ence of velocity on the efficiency of dish at passing through devices will be fur- 

ther discussed in Chapter 7. 

5-4 Influence of orifice elevation 

During the first series of test conducted between July and September 1999, the 

influence of the orifice elevation in the water column was investigated. Three lo- 

cations were tested. The orifice was placed (1) at the bottom of the flume, (2) at 

0.05 m and (3) 0.10 m from the bottom of the flume as shown in figure 5-9. ý 

The bottom orifice passed most fish at both discharges tested while the raised 

orifices passed only between 25 and 65%. The efficiency of the orifice did not 

change with the flow range tested (Fisher test, p>0.05), but the orifice effi- 

ciency varied with its elevation for a discharge of 0.012 rn 3/S (chi square test, 

chisq = 20.870, df = 2, p=0.000), as well as for a discharge of 0.020 m 3/S (chi 

square test, chisq = 8.750, df = 2, p=0.013). These results are shown in table 5-7. 

The bottom orifice passed 75% of successful. parr within the three first min- 

utes. To reach the same success rate, in the case of the orifices at 0.05 and 0.10 m 
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from bottom, 23 and 21 minutes were needed respectively. This is shown in fig- 

ure 5-10. 

Table 5- 7: Successful r)arr in function of situation 
Ccde Success % Success 
ObM12-0.02 19 95% 

ObM20-0 02 17 85% 
OFM12-0.02 13 65% 

FM20-0.02 8 
'40% OTM12-0.02 5 25% 

OTM20-0 
02 

11 55% 

The time needed to succeed does not appear to be correlated to the flow for the 

three different designs for the range of flow tested. However parr need less time 

to go through an orifice at the bottom of the flume than an orifice raised at 0.05 

or 0.10 in, but the time taken by the parr does not increase significantly when 

comparing 0.05 m and 0.10 m elevations. 

5-5 Influence of orifice size 

The size of the orifice had an important effect on the hydraulic conditions cre- 

ated downstream the obstacle. In this section, the effect of the size of the open- 

ing, which in turn affected the velocity on parr behaviour, is analysed. Two sizes 

were tested: 0.10 x 0.10 m and 0.20 x 0.10 m as shown in figure 5-11. The re- 

sults are shown in table 5-8. 

The efficiency of the two orifices was significantly different (Fisher test, p= 

0.022). Orifice efficiency is directly correlated to the velocities existing in their 

vicinity. For an orifice of 0.02 M2, the velocities at the vena contracta have been 

2 
measured to be around 0.80 m/s while for an orifice of 0.01 m, the velocities 

reached 1.60 m/s. The number of parr passing through the orifice decreased as the 

velocities in the vicinity of the orifice increased. 

Table 5-8: Numbers of success and failuri per situation 
Success % Success 

ObM 1 2-o o2 16 80% 
ObM 12-0 01 8 40% 

For the orifice with an area of 0.02 m2 (ObMI2 -0,02), 
25 % of the successful 

parr went through the opening in less than 18 second, 50% in less than 34 sec- 
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onds but it took around 19 minutes to pass 75% of the successful fish as shown 
in figure 5-12. For the orifice with an area of 0.01 m2 (ObMI2 - 0.01). the success- 
ful fish needed much more time to go through the opening: only 2 passed in the 
five first minutes, 4 in the 10 first minutes and 6 in the 18 first minutes as shown 
in figure 5-12. 

5-6 Influence of orifice location 

The location of a fish pass in relation to the obstruction is critical. The compari- 

son of the parr behaviour in relation to the location of a 0.20 x 0.10m orifice 

therefore was conducted during the first series of experiments in July-September 

1999. Two locations were tested. The orifice was placed at the bottom at the side 

and in the middle of the flume as shown in figure 5-13. 

The success rate varied between 70 and 85% when the orifice was located on 
the side and between 85 and 95% when the orifice was the middle (Table 5-9). 

Table 5- 9: Successful Darr in function of situation 
Code Success Success rate 
ObS 12-0.02 SIDE 14 70% 
ObS20-0.02 SIDE 17 85% 
ObM, 2-0.02 MIDDLE 19 95% 
ObM20-0 02 MIDDLE 17 85% 

Orifices efficiency did not change significantly with the flow range tested 

(Fisher tests, p>0.05). The effects of the location did not also varied with the 

flow. For a discharge of 0.012 in 3/s 
, the difference of success between the bottom 

orifice at the middle and the bottom orifice at the side was not significant (Fisher 

test, p =0.092) and at 0.020 m 3/S (Fisher test, p =1). 

The bottom orifice in the middle passed three quarter of successful parr within 

the three first minutes. This is shown in figure 5-14. To reach the same success 

rate, in the case of the bottom orifice on the side, 17 minutes were needed 

respectively. The location of the orifice at the bottom of the flume in the middle 

offered better results in the time taken for passage compared with the orifice 'at 

the side. This was in consistent with the higher rate of success for the bottom 

orifice in the middle. The time needed to succeed does not appear to be cor- 
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in the middle. The time needed to succeed does not appear to be correlated to the 
flow for the orifices for the range of flow tested. 

5-7 Influence of vertical slot width 

In this section, two vertical slots are compared. Both designs were located at 0.10 

m from the right side of the flume, but their widths differed. The first one was 
0.05 m wide and the second one 0.10 m. The two vertical slots are shown in fig- 

ure 5-15. 

Vertical slot efficiency changes significantly with the width of the opening [5 

or 10 cm] at high flow but not at low flow (Fisher, p=0.04 and 0.58 respec- 

tively) (Table 5-10). At 0.020 m3/s, the wide vertical slot Vio had a higher suc- 

cess rate than the narrow vertical Slot V5. There was also a significant difference 

between the low and high flow situations for the narrow slot V5 (Fisher test, p= 

0.02) that did not occur for the wide slot VIO (p = 0.53). For the narrow vertical 

slot, the success rate dropped from 50% to 22.5 % while the flow increases from 

0.012 to 0.020 m/s. 

Table 5- 10: successful parr in function of situation 
Success % Success 

V512 20 50% 
V520 9 22.5% 
VIO12 12 60% 
V 1020 9 45% 

Figure 5-16 shows the time needed to pass each vertical slot. Parr need in gen- 

eral more time to go through the wider slot. More than 9 and 23 minutes are 

needed to allow respectively the passage of 50 and 75 % of the successful parr for 

the wide vertical slot Vto design against 90 seconds and 12 minutes for the nar- 

row vertical slot V5. 

V512 appears to offer the best'situation by passing the greatest proportion of 

parr (50 %) in the shortest period of time (75 % in 12 min) while the fish only 

went through the wider slot (VIO12) after spending at least 100 seconds in the 

flume. 
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5-8 Double orifice design 

In this series only one type of design was tested. The removable vertical board, 

which divided the flume into two pools, incorporated two openings. The first 

opening was an orifice 0.10 wide by 0.10 m high, on the right side and at the bot- 

tom of the flume. The second opening was also an orifice, but it was 0.50 m wide 

by 0.05 m deep and located on the left side at 0.05 m from the bottom. The sec- 

ond opening was blocked by a coarse grid, which allowed flow but not fish pas- 

sage. To succeed, the parr had to find the small orifice in spite of the diversion 

created by the flow coming through the 0.5 x 0.05 orifice. The 0.5 mx0.05 m 

orifice was designed to simulate flow from a power station. 

The purpose of this series of experiments was to compare the influence of (1) 

the flow ratio at the openings and (2) the location of introduction of the parr on 

the percentage of parr going through the 0.10 m by 0.10 rn orifice. 

5-8.1 Proportion offishfinding the small orifice 

For each situation, 20 parr were individually introduced in the flume. Between 

35 and 95% of the fish found and went through the small orifice representing the 

entrance to a fish pass. 

Table 5-11: Number of successful varr for each situation 
Code Success Success rate 
AR12 19 95% 
AR20 12 60% 
AL12 8 40% 
AL2o 7 35% 
BR12 11 55% 
BR20 12 60% 

BL12 14 70% 
BL20 16 80% 

At low flow, the situation "equal orifice flows and tight side introduction" 

AR12, offered significantly the best situation for parr to find and go through the 

orifice with 95% success. On the other hand, there were no significant differences 

between AL12, BR12 and BL12. the success rate varying between 40 and 70% as 

shown in table 5-11 and 5-12 
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At high flow, the success of the parr depended significantly on the flow ratio 
between the two orifices if the parr were not introduced in the jet centreline of the 
0.10 by 0.10 m orifice. For situation BL20, the success rate was indeed as high as 
80% against only 40% for AL20. However there were no significant differences 
between situations where parr were introduced along the axis of the jet centreline 
or/and the velocities were highest at the small orifice. Situations AR20 and BR20 
had the same success rate and situations AL20 and AR20 had a non-significant dif- 

ference of success, as shown in table 5-12. 

The flow rate seemed to have no influence on the efficiency of the different 

situations AL, BR and BL with the exception of the case AR where parr were in- 

troduced along the axis of the jet coming from the small orifice and the highest 

velocities come from the small orifice. 

Table 5-12: p-value for Fisher tests on situations having at least two elements in common in the 
following three: ratio, location & flow rate 

AR12 AR2o AL12 AL2o BR12 BR20 B 12 BL2o 
AR12 x 
AR20 0.02 x 
AL12 0.0004 X x 
AL2o x 0.2 1 x 
BR12 0.008 x x x x 
BR2o x I x x Ix 

BL12 x x 0.11 x 0.51 xx 
BL2o x x x 0.0044 X 0.30 0.72 x 

5-8.2 Length of timeforfish tofind and go through the orifice 

For all double orifice situations, the minimum time taken by parr to succeed 

was between 3 and 5 seconds if parr were introduced in the right side of the 

flume and between 5 and 15 seconds if parr were introduced in the left side. 

Similarly, f6r every situation with the exception of case BL20,25% of the success 

fish passed through the orifice in less than 20 seconds. For the 50% of successful 

parr through the orifice (median),, however, the differences between each situa- 

tion was much more important and spread over a range of 6 seconds to 10 min- 

utes. For 75 % of the successful parr through the opening, the time varies be- 

tween 90 seconds and 27 minutes. 
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The time taken by the parr to find and go through the opening was con-elated 
to three factors: flow ratio between the two orifices, (A or B), the location of in- 

troduction of parr in the flume (on the right or left comer) and the total flow rate 
(12 or 201/s). Thus there were 8 possible combinations. The effect of these factors 

on the time of passage were analysed as well as their interaction. The situations 

were compared two by two with the compared situations having at least two 

common variables as shown in table 5-13. 

Table 5-13: One-wav analvsis of variance for the IoRarithm of the time taken by parr to succeed. 
Compared situations Difference F p-value 

_ AR12 - AR20 Flow 4.59 0.041- 
ALI 2- ALM Flow 0.08 0.778 
BR12 - BR2o Flow - 0.07 0.796 
BL12 - BL20 Flow 1.38 0.249 
AR12 - AL12 Location 6.35 0.019 
BR12 - BL12 Location 0.35 0.567 
AR20 - AL20 Location 0.48 0.500 
BR2o - BL20 Location 0.36 0.553 

AR12 - BR12 Ratio 5.47 0.027 

AL12 - BL12 Ratio 0.15 0.704 

AR2o - BR20 Ratio 0.05 0.824 

AL2o - BL2o Ratio 0.46 0.503 

At 0.012 m3/s, AR12 offered significantly the best situation for the parr to go 

through the opening in the shortest period of time in comparison with AL12 and 
BR12- Parr had therefore a better chance of going through the opening quickly if 

they were introduced in the right side of the flume and also if the velocities at the 

entrance of the 10 x 10 cm orifice were higher than at the 5x 50 cm orifice. If 

these two conditions were not'met, there were no significant differences in the 

time taken by the parr to succeed. There were indeed no differences between 

AL12, BR12 and BL12. At high flow, there were no differences between AR20 & 

AL209 AR20 & BR209 BR20 & BL2() and AL20 & BL20 (One way analysis of vari- 

ance on the log (time): p> 0.05). 

Like for the success rate, there was no significant influence of the two flows 

0.012 and 0.020 m3/s on the time taken by the parr to succeed with the exception 

of situation AR (One way analysis of variance, on log (time): f=4.59, p 

0.041). For this situation, parr were introduced on the right side of the flume, and 
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the velocity at the orifice increased from 0.815 m/s at a discharge of 0.012 m3/s to 
1.08 m/s at a discharge of 0.020 m3/s. 

5-8.3 Influence of the 5x 50 cm orifice on the success of the parr passing 
through the IOWO cm orifice. 

The fish that travelled upstream along the window (right) side ignored the 5x 50 

cm orifice, with the exception of one fish for situation AR20. (Introduced on the 

right side of the flume, this fish started to move up along the window but at 40 

cm of the small orifice, it diverted toward the left side of the flume and tried to 

go through the blocked orifice. ) Most of the parr, 'Which tried to go through this 
orifice, originated from the left side of the flume. However all the parr, coming 
from the left side of the flume, did not try to pass through the 0.5 by 0.05 in ori- 
fice as shown in table 5-14. Between 25 and 100 % of the parr coming from the 
left side of the flume tried to pass through the blocked orifice. 

When parr arrived in the vicinity of the 0.5 x 0.005 m orifice, the decision to 

attempt or not to go through the orifice was influenced by the flow rate (0.012 or 
0.020 m3/s), by the flow ratio between the two openings as well as their previous 
experience in the flume (e. g.: what they know of the flow conditions in the flume 
in function of where they have been introduced). 

Table 5-14: Comparison of the number of parr trying to pass through the blocked orifice with the 
number of parr cominiz from the left side of the flume. 

Situation Nber of parr approaching from 
the left side of the flume 

Nber of parr trying to go 
through blocked orifice 

AR12 5 5(100%) 
AL12 8. 5(62.5%) 
BR12 12 12(100%) 
BL12 12 10(83.3%) 
AR2o 8 2(25%) 
AL2o 15 8(66.7%) 
BR2o 12 7(58.3%) 
BL20 10 7(70%) 

The success of a parr to find the 0.10 by 0.10 m orifice in spite of the diver- 

sion created by the flow coming through another orifice highly depended on the 

relative position of the parr in relation with the opening as well on the flow ratio 
between the two orifices. 
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5-9 Discussion 

Salmon parr readily moved upstream through submerged orifices and vertical 

slot but were reluctant to jump over the weir. 

The results of this study are totally at odds with the observation of Stuart 

(1962). Stuart observed parr moving readily over waterfalls but not through sub- 

merged jets. One difference in the two experimental designs is that in the present 

study a supply of water from the stock tank was provided, which may have given 

the requisite cues to release normal homing behaviour. Fish were observed soon 

after they were released whereas it appears from Stuart's report that his fish were 

held in the apparatus for many days. The rapid upstream movement observed is 

similar to that seen in a field study of brown trout displaced downstream (Arm- 

strong & Herbert, 1997). It is possible that Stuart was observing a response 

exhibited by fish stranded for long periods in small pools, rather than less inhib- 

ited homing behaviour. 

By comparison with movement through jets, jumping at failing water (at 

weirs) is likely to be risky, due to the possibilities of damage and of attracting 

predators and is likely to be expensive in energy terms. In section 7-4 of the fol- 

lowing chapter, an attempt will be made to evaluate the energy cost associated 

with the different devices tested (orifice/slot/weir) and to check if the behaviour 

of salmon parr in the flume was consistent with the general observation that fish 

exhibit energy-saving strategies during migration (Weihs, 1973,1974). 

The size of the orifice has an important effect on the efficiency of the device. 

Stuart (1962) noted that the attraction of the fish to underwater increased propor- 

tionally with the velocity. The opening needs therefore to be calculated to create 

attractive velocities within the abiliýies of the targeted fish but not too high so the 

fish have difficulty passing. The window of suitable velocity is therefore the 

most important parameter in any design. Like for the orifice design, the effi- 

ciency of the vertical slot depends on the width of the opening and on the flow 

range at which it will be operated. Further discussion on the correlation existing 
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between the velocity in the vicinity of the orifices and vertical slots tested and 
their efficiency will be carried out in section 7-2. 

The behaviour of the parr in the flume was consistent with the observation that 

parr tend to stay near the bottom of the flume (cf section 3-2.3) (Kallerberg, 

1958; ). This may have decreased their abilities to detect jets above the bottom 

and may account for the fact that the distance of the orifices from the base of the 
flume influenced the success rate and the time it took the fish to move through 

them. This observation will also be discussed further in section 7-2. 

5-10 Conclusion 

Salmon parT prefer swimming through orifices or vertical slots rather than jump- 
ing or swimming over weirs. With the exception of the weir designs, the great 
proportion of the successful parr went through the orifice/vertical slot within the 

first few minutes of introduction. 

Area, elevation in the water column above the flume bed, and location across 
the flume laterally influence the efficiency of orifices. The area of an opening 

should be designed to create velocities, for the range of flow it will be operated 

at, high enough to attract and low enough not to discourage the parr (Series H& 

111). 

Combining an orifice with a weir seems to be an efficient idea to reduce the 

velocity at the orifice's entrance (Series III). However this weir will need to be 

designed to operate only for the higher flow. It is also preferable to position ori- 
fices near the bottom of the flume (Series I), as parr tend to stay near the bottom. 

The location of the orifice across the flume seems also to influence the success of 

parr especially if there are others jets in the flume (series IV). 

Vertical slots appear to be an acceptable solution to helping fish pass over an 

obstacle. Vertical slots need to be designed wide enough to provide velocities 

within the right range (Series 111). However the time it takes the parr to swim 

through the vertical slot increases with the width of the slots (Series III). 
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CHAPTER 6 

HYDRAuLic MEASUREMENTS AT 

GLASGow FLUME 

6-1 Introduction 

As discussed in chapter 4, an identical flume was constructed at the University of 
Glasgow and used purely for detailed hydraulic measurements of head loss, water 
level, velocity and turbulence data. 

I 

A total of 25 tests runs were carried out for the different designs and the 

experimental procedure adopted for each test run has been described in Chapter 

4. An Acoustic Doppler Velocimeter (ADV) was used to measure three 

components of velocity and turbulence at various elevations in an area 1.22 m 

wide by 1.50 rn long located immediately downstream of the tested design. 

Typical grids are shown in figures. 6-1 and 6-2. 

For each test, all of the relevant data was stored on computer and each test run 
had an associated Excel data file store on computer disk. Three computer 

programs were written in Matlab, which would present horizontal velocity 

profiles at various depths in the water column and also vertical velocity profiles 
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at various distances from the tested design as well as contours of mean velocity 

and turbulence intensity. 

The turbulence data obtained with the ADV was the root-mean square (RMS) 

values of the turbulent velocity fluctuations u' in the (x) direction, v' in the lateral 

(y) direction and w' in the vertical direction. The turbulence intensity is the ratio 

of the mean value of all three components u', V and w' to the mean flow velocity 
Uo at the weir/orifice /slot device. Thus the three-dimensional relative turbulence 

intensity is: 

j(U2 
+ V7 + W7) 

T 
/31 

(6-1) 
UO 

6-2 Flow conditions for the Weirs 

6-2.1 General considerations for the Weirs 

A weir is an overflow structure built perpendicular to an open channel axis. It has 

a unique depth of water in the upstream pool (or upstream head) for a given shape 

and a given discharge. There are a great variety of weirs. However, only two 
different types of weirs were tested: the fully contracted rectangular weir and the 

partially contracted weir. For both designs, the width of the crest b was 0.20 m 

and the crest height above flume base Ps was 0.30 m. 

The discharge over a weir shown in equation 6-2 has been explained in 

chapter 2. Q is the discharge, (M3/S), Qideal is the ideal discharge (M 3 /S)v Cd is the 

discharge coefficient, b is the width of the weir crest (m), and h, is the head 

measured above the weir crest (m). 

Q =-- Cd Qtdeal 

Q, deal =2b, \F2g-hý 
/2 

(6-2) 

3 
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The coefficient of discharge Cd for a fully contracted weir given in equation 6- 
3 is a function of hi, the head measured above the weir crest (m) and Ps, the 
height of crest above approach invert (m). 

Cd = 0.602 - 0.083(hl / Ps) (6-3) 

For the designs tested, b and Ps are constant values. b is equal to 0.20 m and 
Ps to 0.30 m. Thus, the discharge over the weirs can be expressed as a function of 

only the head over the weir crest as shown in equation 6-4: 

0.590 0.602 - 0.083 4 /2 (64) 

The hydraulic characteristics of flow over a weir dictate flow conditions in the 

downstream pool. These are the velocity of the jet at impact with the water Vi, 

the diameter of the jet and the angle of the jet 0, the air concentration 0 and the 

turbulence. Using the Bernoulli equation along one streamline and assuming (1) 

no energy losses at the weir and (2) a small velocity of approach, equation 6-5 is 

obtained. h, is the head measured above the weir crest (m), VO is the velocity of 

approach (m2/s), Z is the distance between the bottom crest of the weir and the 

water surface downstream of impact (m), Vi is the velocity of jet at impact (m2/s). 

Z is a constant for all the experiments, and was equal to zero or 0.10 m. 

H, =Hi 

()_+0=0+VI2 
_Z 

2 
hl + 

ho- 
2g 2g 

V, = V! gTZ + -hl) 

(6-5) 

The velocities at impact for the different situations tested are shown in table 6-1 

below: 
Table 6-1: Head above the crest of the weir for a given discharge for the situation tested 

Flow (m3/s) h, c; lculated (m) Vi (m/s) for Z=0.1 m Vi (nVs) for Z=0m 
0.012 0.1071 2.01 1.45 
0.020 0.1522 2.22 1.72 

For a rectangular notch weir, solid jets either converge to a circular cross 

section or diverge to a flat rectangular shape. Novak (1980) gives the criterion 
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below for a jet to diverge: if h1/b is greater than 1.288, the jet is divergent and if 
hA is lower than 1.288, the jet is convergent. Thus for a width equal to 0.20 m, 
the jet will diverge if h, is greater than or equal to 0.2576 m. h, is only a function 

of the Q,. the water discharge (m 3 /s) and the width of the weir b (equation 6-6). In 

addition the author suggests that at the height h at which it is convergent, the jet 
should be circular 

0.36QO. g h= 431b 
w 

In the previous experiments, the head measured above the crest of the weir is 

always less than 0.25 m, so the jet becomes circular. The depth of the jet at 
impact is then directly obtained from the fundamental equations of the flow with 
q the discharge per unit width, Di the depth of the jei and Vi the velocity at the 
point of impact as shown in the following equation: 

Di =q V, 

To determine, the angle at which the plunging jet of water penetrates the 
downstream water surface, the water discharging over the weir is considered to 
be a body falling freely with an initial horizontal velocity V,, = V,, and a vertical 

(6-6) 

(6-7) 

velocity Vy .., to 0. The equations of motion then give: 

X=o 

X VC, and 

X VIlt + XO 

y --ý -9 

y= -gt+0 
y =-1/2gt2 +O+yo 

(6-8) 

From these equations of motion, it is then possible to determine the length of 

the drop L, the angle of the falling nappe (Chanson, 1994) as a, function of y., the 

flow depth at the notch, y,, the critical flow depth, Ps, the height of the crest and 
h2, the water surface elevation behind the over falling water: 

Ls PS*.. r1+2LS 
S2 Ls 

(6-9) 

PS PS 
ryo 

v YO 
L 

LS 
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Ps+ Yo 
-k tanO=, 2*; Y-'*-2 

FYI', 

Y". 
(6-10) 

Assuming that the flow depth at the notch is a linear function of the critical 
flow such as yo = 0.715 y,,, (Rouse, 1936) and considering Ps and h2 as constant 

and equal to 0.30 m and 0.20 m [or 0.30 ml respectively, then the length of the 
drop and the angle of the jet at impact can be expressed as function of the critical 

velocity V,, and the critical depth Yr and therefore as a function of the sole 

discharge Q,. V, and y, are given in equations 6-11 and 6-12. 

y cr 
q2 

)1/3 

9 

V" q 

y, b 

The hydraulic conditions existing at the impact of the falling free jet with the 

water surface level downstream for the various situations tested are shown in the 

following table [6-2]. 

Table 6-2: ImDact flow conditions for the different situations tested 
Flow (m/s) h2 (M) L (m) Vi (ni/s) Di (m) 0 in degree 

0.012 0.20 1.01 2.01 0.03 68 
0.30 1.01 1.45 0.04 27 

0.020 0.20 1.21 2.22 0.05 62 
0.30 1.21 1.72 0.06 27 

The rate of air entrainment per unit width at the plunge point for the situation 

where the distance between the bottom crest of the weir and the water surface 

downstream of impact is equal to 0.10 m has been calculated using a generalised 

equation produced by Ervine (1998) [Eq 2-85]. The air concentration can then be 

determined as a function of the ratio 0 [Eq 2-86]. The air concentration for 0.0 12 

and 0.020 m3/s has been calculated to be around 5-6%. 
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6-2.2 Results 

6-2.2.1 Flow conditions for the weir at the side of the flume 

a. Weirat the side, flow 121/s. z=0.1 m (WS 12-0.2) 

Velocity profiles for the weir at the side for a discharge of 0.012 m3/s and a 
downstream water depth of 0.20 m are shown in figure 6-6 for elevation of 0.067 

and 0.12 m above the flume bed. 

In the zone of impact, a very low degree of correlation was obtained while 
using the ADV to measure the velocities and turbulence. At this location, the 
degree of correlation was lower than 10 % despite the use of buoyancy free 

particles. Information obtained in the zone of impact of the falling water with the 
downstream pool might therefore be incorrect. 

The submerged jet spreads radially but not symmetrically at the plunge pool 

stagnation point. The plunging jet mainly follows a longitudinal path along the 
left hand side of the flume. A strong recirculation occurs on the right hand side of 
the flume toward the upstream right comer of the flume. I-1ighest velocities are 
0.30 m downstream the weir and are around 0.40 n-ds. Contours of mean velocity 

are shown in figure 6-7. There are two zones of high velocity measured to be 

around 0.35 mls in the axis of the weir. The first zone, 0.30 m downstream the 

weir corresponds to the jet plunging into the pool and the second zone, starting 
0.90 m downstream the weir corresponds to the jet reflecting off the bottom of 
the pool. 

Contours of turbulence intensity are shown in figure 6-8 for z=0.067 in and z 

= 0.125 m. Turbulence intensity contours reveal a circular spread of turbulence 
from the zone of impact. Turbulence decreases rapidly radially and goes from 

50% to 10% in less than 0.10 m. 

Figure 6-9 shows the'velocity vectors over two vertical slides [x = 0.05 and 
0.1 m]. It clearly shows that the flow pattern is three-dimensional as the plunging 
jet strikes the flume bed and is deflected back up. 
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b. Weir at the side. flow 201/s. z=0.1 M. (WS20-0.2) 

Velocity profiles for the weir at the side for a discharge of 0.020 m3/s and a 
downstream water depth of 0.20 m are shown in figure 6-10 for elevation of 
0.067 m and 0.125 m above the bed. 

Contours of mean velocity for the side weir at 0.020 m3A are shown in figure 
6-11. Maximum mean velocities reach 0.50 m/s in the axis of the jet. 

Contours of turbulence intensity are shown in figure 6-12. Turbulence in most 
parts of the flume was lower than 5%. High turbulence concentrates in the zone 
of missing data and is presumed to be as high as 50 % (Ervine et al, 1999). 

Similarly to the case WS12-0.2-0.2, a strong clockwise recirculation occurs. In 

figure 6-13, it appears clearly that over vertical slices at 0.05,0.10 and 0.20 m 
downstream, velocities are meanly lateral and not vertical. 

c. Weir at the side. flow 121/s, Z --: 
0M (WS12-0.3) 

For this situation, measurements have been taken at two elevations corresponding 
to 1/3 and 2/3 of the water depth downstream the weir, thus 0.10 and 0.20 m 
above the flume bed. 

Mean velocity profiles are given in figure 6-14. Like most of the previous 
profiles for the weir on the side, a strong clockwise recirculation phenomenon 

occurs. The comparison of the velocity profiles at 0.10 and 0.20 m also shows 
that the velocity in most parts of the flume is higher at 1/3 than at 2/3 depth above 
the bottom of the bed. 

Contours of mean velocities at these elevations are shown in figure 6-15. 

Mean velocities vary between 0.40 m/s and 0.05 m/s at elevation 0.10 m from the 

bottom of the flume and between 1.40 and 0.20 m/s at elevation 0.20 m from the 

bottom of the flume. High velocities concentrate 0.20 m downstream in the jet 

centre line. The concentration of high velocities is higher at 0.20 m from the 

bottom of the flume. This concentration decreases in inverse proportion with the 

elevation at which measurements have been taken. 
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Contours of turbulence intensity are shown in figure 6-16. At 0.10 m from the 

bottom of the flume, the maximum turbulence intensity reaches 37%, which 

corresponds to a longitudinal RMS value of 0.50 m/s for a mean longitudinal 

velocity at this point of 0.24 m/s. At 0.20 m from the bottom of the flume, the 

maximum turbulence intensity is 41%. In most of the flume, intensity of 

turbulence is lower than 5%. Turbulence concentrates inside a circle of center (x= 

0.15, y-- 0.3) with a diameter of 0.10 m in the horizontal plane at 0.10 m from the 

bottom. In the horizontal plan at 0.20 m from the bottom, turbulence concentrates 

also in a circle of diameter 0.10 rn but its center is only 0.20 m downstream the 

weir. 

Velocity profiles over vertical slides 0.05 m and 0.10 m downstream the weir 

are shown in figure 6-17. On this figure, the lateral diversion of the jet toward the 

left side of the flume is obvious. 

d., Weir at the side, flow 20 I/s. Z --,: 
0M (WS 20 - 0.3) 

The mean velocity pattern in the horizontal plans at 0.10 and 0.20 m from the 

bottom are shown in figure 6-18. These mean velocity patterns are similar to 

those of the 0.012'm3/s case at the same elevations. Maximum velocities reach 
0.50 m/s and spread along the jet centre line at an elevation of 0.10 m from the 

bottom. The high velocities are higher (they reach 1.40 m/s, 0.30 m downstream 

the weir) at an elevation of 0.20 rn from the bottom of the flume and concentrate 

inside a circle of centre (x = 0.30, y=0.15) and of diameter of 0.15 m. 

Velocity profiles at 0.10 and 0.20 rn from the bottom are shown in figure 6-18. 

The comparison of figures 6-14 and 6-18 shows a slight difference in the 

orientation of the main jet. At 0.020 m 3/S' the main jet is slightly orientated 

towards the left. This phenomenon increases the clockwise recirculation. 

Turbulence intensity contours are shown in figure'6-20. Turbulence occurs 

more particularly near the surface of the water. At 0.20 m from the bottom, 

turbulence intensity reaches 45%, which corresponds to a RMS (Vx) of 0.86 m/s 

for a longitudinal velocity of 0.34 m/s. 
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Turbulence is concentrated in a small part of the flume at 0.20 m from the 
bottom. The turbulence decreases and spreads radially as the elevation in the 
flume decreases. Hence the highest turbulence at 0.10 m from the bottom is as 
low as 8%. 

Velocity vector profiles over vertical slides at 0.05 m and 0.10 in from the 
bottom in figure 6.21 reveal the same phenomenon than in figure 6-21. Vertical 

velocities are positive for any point of longitudinal location lower than 0.25 m 

and negative for any point of longitudinal location x greater than 0.25 m. This 

figure also shows a lateral motion of the water near to the barrier. 

6-2.2.2 Flow conditions for the weir in the middle 

a. Weir in the middle. flow 121/s. z=0.1 M (MM12-0.2) 

The mean velocity flow pattern at elevation z=0.067 m is given in figure 6-22a. 

The main jet goes in the longitudinal direction. The jet diffuses radially and gives 
birth to two lateral recirculations on the right and left sides of the flume. Highest 

velocities at elevation z=0.067 m occur at a distance of 0.30 m downstream the 

weir similarly to situation WS12-0.2- 

The mean velocity contour is given in figure 6-22b. As for WS12-0.2. there are 

two main zones of high velocities. The first one is due to the entrance of the 

impinging jet in the pool. The second one is due to the rebound of the jet from the 

bottom of the pool. Maximum longitudinal, lateral and vertical velocities are 

around 0.35 m/s, 020 m/s and 0.20 m/s respectively. 

Contours of turbulence intensity are given in figure 6-22c. Mgh turbulence is 

concentrated within a circle of diameter 0.30 rn and centred at a distance of 0.30 

m downstream the weir. The intensity reaches 50% and decreases to 20% in less 

than 0.20 m. This corresponds to RMS longitudinal, lateral and vertical velocities 

of 1.50 m/s, 1.45 m/s and 0.30 m/s. 

b. Weir in the middle. flow 201/s. z=0.1 M (MM20- 0.2) ' 
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The velocity profile for the weir in the middle for a discharge of 0.020 m3/s, a 

water surface elevation of 0.20 m, at an elevation of 0.067 m above the flume bed 

is given in figure 6-23a. 

This profile is similar to the one of situation MM12-0.2, but the velocities are 
higher. The flow in the 0.20 m wide central band is in the same direction as the 

total overflow. On both sides of the pool, there are recirculation patterns towards 

the upstream comers. Recirculation velocities are particularly high on the left 

hand side of the flume and reach 0.20-0.25 m/s. Contours of mean velocity are 

shown in figure 6-23b. 

Contours of turbulence intensity are shown in figure 6-23c. There are three 

zones of high turbulence (intensity around 45%). Two are within the zone of the 

impact of the falling water with the water surface of the pool. The other one 

corresponds to the rebound of the impinging jet with the bottom of the pool. 

6-3 Flow conditions for Orifices 

6-3.1 General considerations for Orifices 

Eight different designs of submerged rectangular orifices were tested as shown in 

table 6-3. The orifices were either 0.10 m wide by 0.10 m high or 0.20 m wide by 

0.10 m high. They were positioned at three different vertical positions at 0.00 m, 

0.05 m or 0.10 m from the bottom of the flume and at two lateral positions on the 

side or in the middle of the flume. An orifice 0.10 m wide by 0.10 m high was 

also successively associated with a 0.60 m wide weir and with another orifice 

0.50 m wide by 0.05 m high. 

Table 6-3: orifices designs tested 

Code Details 
Nber of hydraulic 

situations 
ObSO. 02 
ObSoo, 

Orifice on the side: 0.20 x 0.10 m 
Orifice on the side : 0.10 x 0.10 in 

2 
2 

ObMa. 02 
ObM00, 

Orifice in the middle: 0.20 x 0.10 in 
Orifice in the middle: O. 10 x 0.10 in 

2 
I 

OFMO. 02 
OTMOO2 

Orifice at 0.05m from the bottom in the middle: 0.20 x 0.10 in 
Orifice at 0.10 in from the bottom in the middle: 0.20 x 0.10 in 

2 
2 

WObo 02 Orifice at the bottom : 0.20 x 0.10 in associated with a weir 2 
DO Doubles orifices with ratio 1: 1 or 1: 5 4 
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The discharge of a standard submerged rectangular orifice is expressed in 

equation 6-13 with Q the discharge (M 3 /S)9 Cd the coefficient of discharge, A the 
area of the orifice (m2/s), g the acceleration caused by gravity (m2/s), hi the 
upstream head (m) and h2 the downstream head (m). 

Q=Cd A r2-g- -(k-- --k-) (6-13) 

The coefficient of discharge, Cd is the product of a coefficient of contraction, a 
coefficient of velocity caused by friction loss and a coefficient to account for 

exclusion of approach velocity head from equation 6-13. In practice, the shape of 
the edge of the orifice also affects the coefficient Cd. The head loss equation is 

given as a function of the velocity at the orifice and a coefficient K as shown in 

equation 6-14 or alternatively as a function of the velocity at the vena contracta 

as shown in equation 6-15. 

2 

k-h2=K 2 (6-14) 
2g 

Vv2 
c h2 c (6-15) 

2g 

Vo is the velocity at orifice (m2/s), Vvc is the velocity at the vena contracta 
(m2/s), g is the acceleration caused by gravity (m2/s), h, is the upstream head (m) 

and h2 is the downstream head (m)., 

The coefficient Cd has been determined experimentally for the bottom orifices 

with a cross section of 0.01 m2 and 0.02 M2 as shown in figure 6-3. Cd is equal to 

0.69 and 0.71 respectively for the 0.01 and 0.02 m2 orifices. It is also possible to 

determine the velocity at the vena contracta and the coefficient K for the different 

situations if the difference (hj- h2) is measured as shown in table 6-4. 
1 

Table 64: coefficients for the orifice design 

Design hj-h2 Cd K vo V, 
Bottom orifice 0.0 1 m2 - 12Us 0.1528 0.69 2.08 1.20 1.73 
Bottom orifice 0.0 1 m2 - 201/s 0.4244 0.69 2.08 2.00 2.88 
Bottom orifice 0.02m2 - 12Us 0.0360 0.71 1.962 0.60 0.84 
Bottom orifice 0.02m2 - 20Us 0.1001 0.71 1.964 1.00 1.40 
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It has been explained in Chapter 2, that for pool-orifice-weir passes, the flow 

over the weirs and through the orifice can be cumulated to obtain the total flow 
over the fish pass. Therefore using equation 2-14,6-2,6-3 and 6-13, it possible to 

predict the discharge at a pool-weir-orifice pass in relation to h, the upstream 
head and h2 the downstream head: 

0.691(2g h2) + cd 
2 

0.6 2, f2-g 0.3) 3/2 
3 

Cd = 0.602 - 0.083( 
k -0.3 

0.3 
(6-17) 

Figure 64 is a plot of the flow through the device "0.10 by a. 10 m orifice 

associated with a 0.62 m wide weir" against the head loss between the upstream 

and downstream part of the flume. From this figure, it is clear that if the upstream 
head is lower than 0.30 in, the device behaves like a sole orifice. Figure 6-4 

shows also that for a given discharge greater than 0.010 m3 /s, the head difference 

between the upstream and downstream part of the pool is higher for the bottom 

orifice alone than for the bottom orifice associated with a weir. 

6-3.2 Results 

6-3.2.1 Flow conditions for the bottom orifice at the side 

a. Orifice at the side. with an area of 0.01 m2 flow of 12 I/s (ObS 12 - 0.01) 

Mean velocity patterns, velocity contours and turbulence intensity contours 

were obtained in the horizontal plane at 0.05 m from the bottom (Fig 6-24a). The 

maximum velocity at the vena contracta was measured to be around 1.60 rn/s. 
The maximum velocity at the cross section has been calculated to be around 1.20 

m1s. 

The incoming jet goes towards the end of the flume (Fig 6-24b). Velocities 

higher than 0.60 m/s concentrate inside a band 0.10 m wide between y=0.05 and 
0.10 m. A large recirculation pattern is also revealed in the flume with mean 
velocity in the recirculation around between 0.20 and 0.40 m/s. 
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Contours of turbulence intensity are shown in figure 6-24c. The turbulence 
intensity reaches 20%, 0.10 m and 0.50 m downstream of the square orifice. This 

corresponds to longitudinal RMS turbulence velocities of the order of 0.3 to 0.4 

m/s. ffigh turbulence intensities are in the same zone as high velocities. In the 

remaining part of the flume, turbulence intensity is around 4 to 6%. 

Orifice at the side. with an area of 0.02 M2. floW Of 12 Ils (ObS 12 - 0.02) 

For this situation, hydraulic conditions were measured at four different 

elevations: 0.01 m, 0.05 m, 0.10 m and 0.14 rn from the flume bed in order to get 

a 3-D representation of the flow. 

The mean velocity patterns for these different elevations are shown in figure 

6-25. The maximum velocity at the vena contracta (x = 0.20 m, y=0.15 m and z 

= 0.05m) is around 0.97 m/s. At the four different elevations, high velocities 

concentrate in a longitudinal band 0.2 m wide at the side of the flume and a 

clockwise recirculation occurs on the opposite side. In the vicinity of the opening, 
the area of high horizontal velocities decreases as the elevation increases. 

Contours of turbulence intensity for the design OS12-0.2-0.02 are shown in figure 

6-27. Turbulence is more radially spread than for the design ObSI2-o. ol and its 

intensity is higher. Maximum intensity is around 25 to 30%, which corresponds 

to RMS longitudinal velocities of 0.30 m/s. Lateral and vertical RMS velocities 

reach only 0.15 m/s. 

Velocity vectors over two vertical slides (at x=0.05 and 0.10 m) are shown in 

figure 6-28. It is clear from these two vertical slides that the jet issuing from the 

orifice can be considered as two-dimensional. 

2 Orifice at the side. with an area of 0.02 m. flow of 20 I/s (ObS20 
-0.02) 

The mean velocity pattern in the plane of the jet centre line for ObS20-0.02 is 

shown in figure 6-29a. It reveals a similar pattern to ObS12-0.02 at an elevation of 
0.05 m. The velocity at the vena contracta. has been measured to be around 1.37 

m/s, 0.20 m downstream the orifice. Contours of mean velocity are shown in 
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figure 6-29b. Velocities higher than 0.80 nVs concentrate in a zone near to the 

opening that is 0.50 m long by 0.25 m wide. 

Contours of turbulence intensity are shown in figure 6-29c. Turbulence 

intensity reaches values as high as 50% in the jet centre line, 0.05 m downstream 

the orifice. In the zone of high velocity, RMS longitudinal velocities vary 
between 0.20 and 0.4 m/s. Lateral and vertical velocities are quite low in this area 
(less than 0.20 m1s) but turbulence fluctuations laterally and vertically are of 

similar value to the longitudinal velocities. 

6-3.2.2 Flow conditions for the bottom orifice in the middle 

a. Orifice in the middle. area 0.01 m 
2. floW 12 US (ObMI2-0.01) 

For this situation the orifice is in the middle and has a cross-sectional area of 
O. Olm 2. The water depth downstream of the cross wall is 0.20 m. 

The velocity profile for the case ObM12 - 0.01 is shown in figure 6-30a. It has the 

same characteristics as the velocity profile obtained for the orifice at the middle 
for a cross section of 0.02 m2. There is a longitudinal band 0.10 m wide of high 

velocity in the axis of the jet centre line and a large anticlockwise recirculation 

pattern occurs. Maximum velocities are much higher than for ObM12 - 0.02 and 

reach 1.57 n-ds, 0.05 m downstream the opening as shown in figure 6-30b. A 

second small recirculation in the right hand comer of the flume has been 

identified. 

Contours of turbulence intensity are shown in figure 6-30c. Maximum 

turbulence occurs 0.30 m downstream the orifice. The maximum turbulence 

intensity is around 30% and concentrates in a very small area, which corresponds 

to a turbulent longitudinal velocity of 0.30 nits. 

b. Orifice in the rrýddle. area 0.02 m 
2. tjoW 12Ys ObM12-0.02) 

For this situation the orifice is in the n-dddle and has a cross-sectional area of 0.02 

m2. The water surface elevation downstream is 0.20 m. 
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The velocity profile for the case ObM12 - 0.02 is shown in figure 6-3 Ia. It has 

similar characteristics to the velocity profile for the orifice on the side. There is a 
longitudinal band 0.20 m wide of high velocity in the axis of the jet centre line 

and a large recirculation pattern occurs. The flow pattern is asymmetric. An 

anticlockwise recirculation pattern occurs with the inflow jet moving slowly 
toward the right hand side of the flume. Maximum velocities are slightly lower 

for the orifice in the middle than for the orifice on the side [fig 6-31b]. The 

velocity at the vena contracta has been measured to be around 0.80 m/s rather 

than 0.98 rn/s. 

Contours of turbulence intensity are shown in figure 6-31c. Maximum 

turbulence occurs 0.10 in downstream the orifice. The maýimum turbulence 

intensity is around 30%, which corresponds to a turbulent longitudinal velocity of 
0.30 m/s. Turbulence spreads slightly toward the right. It also spreads more 

radially for the orifice on the middle than for the orifice on the side. 

c. Orifice in the middle. area 0.02 m 2. flow- 20 I/s (ObM2o- 0.02) 

The mean velocity profile for the orifice at the middle for a discharge of 0.020 

m3A and for a water depth downstream of 0.20 in is shown in figure 6-32a. 

The maximum velocity at the orifice was calculated to be around 1.00 m/s. At 

the vena'contracta, the velocity is around 1.30 m/s. This is 0.40 m/s lower than 

for the orifice at the side for the same discharge and water surface elevation. The 

mean velocity profile for a discharge of 0.020 m3/s is similar to mean velocity 

profiles for a discharge of 0.012 m3/s. 

Inside the band of high velocities, the velocities vary between 1.40 and 0.8 m/s 
(0.50 rn downstream the opening). Velocities in the zone of recirculation (left 

hand side of the flume) increase in the longitudinal direction. The mean velocity 

at a distance x=1.50 m, y=0.1ý0 m, z=0.05 rn is around 0.43 m/s while the 

mean velocity at a location [x = 0.30 m, y=0.10 m, z=0.05 m] is around 0.03 

nVs (Fig 6-32b). 
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Contours of turbulence intensity are shown in figure 6-32c. There is a zone of 
high turbulence in the vicinity of the opening. The maximum turbulence intensity 
is around 35%. This is lower than for the orifice on the side for the same 
discharge and elevation. 

6-3.2.3 Orifice in the middle at 5 cm off the flume bottom 

a. Orifice at 5 cm off the bottom of the flume. flow 12 I/s (OF12 -0.02) 

The flow pattern for the orifice at 0.05 m from the bottom of the flume for a 
discharge of 0.012 m3/s and a water surface elevation of 0.20 m is shown in 
figure 6-33a. 

The velocity pattern at 0.10 m from the bottom for the orifice at 0.05 m above 
the flume bed is similar to the velocity pattern at 0.05 m from the bottom for the 
bottom orifice in the middle. The maximum velocity at the vena contracta is 0.80 

m/s and quickly reduces to 0.20 m/s at a distance of 0.50 m downstream the 

opening. The jet rapidly diverges towards the left hand side of the flume. 
Contours of mean velocity are shown in figure 6-33b. 

Contours of turbulence intensity are shown in figure 6-33c. The maximum 
turbulence intensity occurs 0.20 to 0.30 m downstream the orifice in the axis of 
the jet and reaches 25%. This is 5% higher than for the orifice at the bottom for 

the same conditions. Turbulence intensity is otherwise less than 10% in most of 
the flume. 

b. Orifice at 5 cm off the flume bottom. flow 20 I/S (OF20-0.02) 

The flow pattern for the orifice at 0.05 m from the bottom for a discharge of 
0.020 m3/s and a water surface elevation of 0.20 m is shown in figure 6-34a. The 

maximum velocity at the vena contracta is around 1.35 m/s. It decreases rapidly 
to 0.05 m/s at a distance of 0.50 m downstream the flume in the axis of the jet. 

Contrary to all the other situations for the orifice in the middle, the main 
recirculation is clockwise. A small recirculation on the left side of the flume has 

also been identified. 

III 



Chapter 6., Hydraulic Measurements at Glasgow Flume 

Mean velocity contours are shown in figure 6-34b. The mean velocity 
decreases radialy from 1.35 n-L/s to 0.20 m/s. Mean velocities for a discharge of 
0.020 m3A are higher than for a discharge of 0.012 M3 A but decrease more 
quickly. 

Contours of turbulence intensity are shown in figure 6-34c. The maximum 
turbulence intensity is around 25%. It is not higher than for a discharge of 0.012 

in 3 Is, but the zone of high turbulence is slightly wider. 

6-3.2.4 Orifice in the middle at 10 cm off the flume bottom 

a. Orifice 10 cm off the flume bottom, flow 12 I/s (OT12-0.02) 

The flow pattern for the orifice at 0.10 in from the bottom for a discharge of 
0.012 m3A and a water depth of 0.20 m is shown in figure 6-35a. The 0.20 m 
wide jet goes straight in the direction of the end of the flume. Recirculation 

occurs along the left hand side of the flume. Recirculation patterns are different 
from those with for the orifice at the bottom. The maximum velocity at the vena 

contracta has been measured to be 0.80 m/s. It decreases quickly to 0.20 m/s at a 
distance of 1.50 m downstream as shown in figure 6-35b. Mean velocities shown 
in figure 6-35b decrease more quickly laterally than longitudinally. The vertical 
velocities are very small in comparison with the longitudinal mean velocities. 
They are around 0.02 m/s at the orifice. 

Contours of turbulence intensity are shown in figure 6-35c. Turbulence is low 

near the orifice. It varies between 15 and 20%. The RMS longitudinal velocities 

are around 0.30 m/s. The RMS lateral and vertical velocities never exceed 
0.15m/s. 

b. Orifice 10cm off the bottom flume. flow 20 I/s (OT20-0.02) 

Flow patterns for the orifice at 0.10 m from the bottom for a discharge of 
0.020 m3/s for a surface elevation of 0.20 m are shown in figure 6-36a. These are 
similar to all the other flow patterns for orifices and in particular to the orifice at 
0.010 m off the flume bottom for a discharge of 0.012 m 3/S. Maximum velocity at 
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the vena contracta was 1.20 nVs, which is lower than for the orifice at 0.05 m 
from the bottom [Fig 6-36b]. 

Contours of turbulence intensity are shown in figure 6-36c. Maximum 

turbulence occurs in the vicinity of the orifice. The intensity reaches 45%, 0.05 m 
downstream the flume in the axis of the jet. 

6-3.2.5 Orifice at the side associated with a weir 

a. Orifice at the side associated with a weir. flow 12 I/s (WobS12-0.01) 

Mean velocity patterns, velocity contours and turbulence intensity contours were 

obtained in two horizontal planes at 0.01 and 0.05 m from the bottom. The flow 

patterns at 0.01 and 0.05 m from the bottom of the flume for the orifice at the side 

associated with a weir and a water surface elevation of 0.20 m are shown in 

figure 6-37. The velocity is around 1.20 m/s at the cross section and has been 

measured as around 1.50 m/s at the vena contracta. 

Contours of velocity are shown in figure 6-38. Velocities higher than 0.40 M/s 

concentrate inside a band 0.20 m wide and a large but weak recirculation occurs 
in the mean part of the flume. The recirculation velocities are lower than 0.20 

m/s. 

Contours of turbulence intensity arc shown in figures 6-39. The turbulence 

intensity reaches up to 20-25% in the axis of the orifice at both elevations [0.01 

and 0.05 m] between 0.10 and 0.40 m downstream the orifice. 

Velocity vectors over two vertical slides are also shown in figure 6-40. This 

figure shows clearly that in the vicinity of the orifice the flow is mainly two- 

dimensional. 

For a discharge of 0.012 m3/s, the flow conditions existing in the flume and in 

particular near the bed for a 0.10 x 0.10 rn side orifice associated with a 0.60 m 

wide weir are similar to the flow conditions created by a similar orifice on its 

own at a discharge of 0.012 m 3/s even if the velocity at the vena contracta is 0.10 
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m/s smaller when the orifice is associated with a weir. This is mainly due to the 

fact that the head of water above the weir crest is only around 0.01 m; therefore 
most of the flow still passed through the orifice and the small proportion of flow 

passing over the weir has only a weak impact on the water surface. 

b. Orifice at the side associated with a weir. flow 20 Ys (WObS20-0.01) 

As for the previous situation, flow patterns,, velocity contours and turbulence 
intensity contours were obtained in two horizontal planes at 0.01 and 0.05 rn from 

the flume bed and the water surface elevation downstream the orifice is 0.20 m 
but the discharge was increased to 0.020 m3/s 

The velocity patterns at 0.01 and 0.05 rn are shown in figure 6-41. They reveal 

a very similar pattern to the previous situation and to the situation "ObSI2-0.01". 

The velocity at the vena contracta. has been measured to be around 1.60 m/s. 

Velocity vectors over two vertical slides in figure 6-44 show also a two- 

dimensional flow pattern in the vicinity of the orifice. 

Contours of mean velocity are shown in figure 6-42. High velocities 

concentrate within a 0.20 m wide band either side of the orifice centerline. A 

recirculation patterns occurs in most parts of the flume but the recirculation 

velocities are lower than 0.10-0.20 ni/s. 

Contours of turbulence intensity are shown in figure 6-43. They are again very 

similar to the contours of turbulence intensity for the previous situation but the 

turbulence intensity is slightly higher at 0.05 rn above the bed of the flume than at 
0.0 1 M. 

As in the previous situation, the hydraulic conditions in the pool, and in 

particular in the vicinity of the orifice, created by a 0.10 m by 0.10 m orifice at 

the side associated with a weir for a flow of 0.020 rn 3A are similar to those 

created by a similar orifice on its own for a discharge of 0.012 rn 3/S 
. For both 

situations, the velocity at the vena contracta is around 1.60 m1s. This means that 

in the case of the orifice associated with a weir, a flow of 0.012 M3/S passes 

through the orifice while a flow of 0.008 in 3/S passes over the 0.60 m wide weir. 
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The head above the weir crest is then equal to 0.04 m. However the flow passing 
over the weir do not seem to have a significant influence on the main flow 

pattern, at least near the bed of the flume. 

6-3.2.6 Double orifice 

Like for the previous "orifice" situations, flow patterns, velocity contours and 

turbulence intensity contours are obtained in two horizontal planes at 0.01 and 
0.05 in from the bottom. The water surface elevation downstream of the orifice is 

maintained constant and equal to 0.20 rn at the two discharges tested: 0.012 and 
0.020 m3/s and the two flow ratios tested: 1: 1 and 1: 5. 

a. Double orifice for ratio 1: 1 at 12 I/s (DO12-1: 1) 

For this situation, the flow passes both through the 0.10 m by 0.10 m orifice and 
the 0.05 m by 0.5 m orifice. The velocity ratio between the two orificcs is 1/1, 

which means that the flow passing through the two orifices are both around 0.06 

m'/s. 

Figure 6-45, which represents the velocity vectors at 0.01 and 0.05 m from the 
bed of the flume clearly shows that the discharge of the two side jets into the pool 

created a recirculation area in the center of the pool. In fact the jet issuing from 

the 0.10 by 0.10 m orifice generates a clockwise recirculation while the jet 

issuing from the 0.05 by 0.5m orifice generates an anticlockwise recirculation. - 

The mean velocity contours in the planes z=0.01 m and z=0.05 rn are shown 
in figure 646. This figure clearly shows that there are two zones of relatively 
high velocities separated by a zone of low velocities (v< 0.10 m/s). The zones of 

high velocity are located in the jet centerlines of both orifices. The velocity 

reaches up to 0.80 nVs at the square orifice and 0.65 nVs at the rectangular 

orifice. 

Figure 6-47 shows the contours of turbulence intensity recreated by the two 

orifices in the planes z=0.01 m and z=0.05 m. It can be noted that the 

turbulence intensity does not vary at the two elevations tested and that it reaches 
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14%, 0.10 m downstream the square orifice while it reaches up to 20 %, just 

downstream the rectangular orifice. High turbulence intensities concentrate in the 

same zone as high velocities and remain around 8% in the remaining part of the 
flume. 

Figure 648 represents the velocity vectors over three vertical slides (y = 0.10, 

0.15 or 0.70 m). This figure clearly shows that the energy of the jet issuing from 

the 0.5 by 0.05 m orifice dissipates more quickly than the energy of the jet 

issuing from the 0.10 by 0.10 m orifice. 

b. Double orifice for ratio 1: 1 at 20 Vs (D020-1: 1) 

The mean velocity profiles for the double orifice for a velocity ratio 1/1 a 
discharge of 0.020 m3A and a water depth of 0.20 m are shown in figure 6-49. 

They are similar to the velocity profiles obtained at 0.012 m3/s but the overall 

velocities are higher. At the vena contracta of the square orifice and at the 

rectangular orifice, the velocity has been measured around 1.00 mIs [Fig 6-50]. 

As for the preceding situation, there are two side regions of relatively high 

velocity separated by a relatively low velocity region (v <0.10/0.20 m1s). 

Figure 6-49 also clearly shows that this region of relatively low velocity 

corresponds to a recirculation zone generated by both high velocities regions. 

The contours of turbulence intensity are shown in figures 6-51. They are 

almost identical to the contours of turbulence intensity obtained for a 0.012 m3/s 

discharge. Maximum turbulence occurs again downstream both orifices and the 

maximum turbulence intensity reaches up to 12 % at the square orifice and 18 % 

at the rectangular orifice, which correspond to turbulent longitudinal velocity of 

0.20 m/s and 0.30 nVs respectively. 

Figure 6-52 represents the velocity vectors over three vertical slides [y = 

0.10,0.15 and 0.70 m] and is very similar to figure 6-48. 

c. Double orifice for ratio 1: 5 at 12 I/S (DO 

116 



Chapter 6. - Hydraulic Measurements at Glasgow Flume 

For this situation, the flow passes both through the 0.10 m by 0.10 m orifice and 
the 0.05 m by 0.5 m orifice as for the two preceding situations but in this case the 
flow ratio between the two orifices is 1: 5 which means that the flows passing 
through the small and large orifices are around 0.002 m3A and 0.01 M3 A as the 

total discharge is 0.012 m3/s. 

Velocity vector profiles at 0.01 and 0.05 m from the flume bed are shown 
in figure 6-53. These velocity vector profiles are similar to those obtained for the 
flow ratio 1: 1 between the two orifices [Fig 6-45]. It is however obvious that the 

jet issuing from the 0.05 by 0.5 m orifice has much higher velocities that the jet 
issuing from the 0.10 by 0.10 m orifice. 

The mean velocity contours in the planes z=0.01 m and 0.05 m are shown 
in figure 6-54. These velocity contours also show that the velocity of the flow 

passing through the large orifice is much higher than the velocity of the flow 

passing through the 0.10 m by 0.10 m orifice. The maximum velocity of the flow 

in the vicinity of the 0.10 by 0.10 m orifice is around 0.20 nVs while it reaches 

0.75 m/s downstream the 0.05 by 0.5 m orifice. - 

Figure 6-55 shows the contours of turbulence intensity. The turbulence 

intensity in most parts of the flume varies between 10 and 20 % at both elevations 

[z = 0.01 or 0.05 ml. High turbulence intensity concentrates in the vicinity of the 

large orifice. It reaches 60%, 0.10 m downstream the 0.05 by 0.5 m orifice while 

it reaches only 30% in the vicinity of the small rectangular orifice. 

Figure 6-56 represents the velocity vectors profiles over three vertical slides [y 

0.10,0.15 and 0.70 m]. This figure clearly shows that, the jet passing through 

the 0.10 by 0.10 rn orifice is confronted with the recirculating flow generated by 

the large orifice, 0.7/0.8 in downstream the orifice. These conflicting flows 

conceal each other. 

d. Double orifice for ratio 1: 5 at 20 I/s (DO12 1: 5) 

For this situation, the flow passes both through the 0.10 m by 0.10 m orifice and 

the 0.05 m by 0.5 m as for the three preceding situations but in this case the flow 
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ratio between the two orifices is 1: 5 which means that the flows passing through 

the small and large orifices are around 0.0035 m3/s and 0.0165 M3 A as the total 

discharge is 0.020 m3/s. 

Figure 6-57 clearly shows that at 0.01 and 0.05 m from the bed of the flume, 

the discharge of the two side jets into the pool created a recirculation in the center 

of the pool as for the same design with the ratio 1: 1. However as the flow passing 

through the large orifice is 5 times stronger than the flow passing through the 

0.10 m by 0.10 m orifice, the recirculating flow generated by the large orifice 

seems to meet the jet issuing from the rectangular orifice and cancel its effect. 

The maximum velocity for the square orifice is around 0.35 m/s and 1.1 m/s for 

the rectangular orifice. 

The mean velocity contours in the planes z=0.01 in and 0.05 m are shown in 

figure 6-58. These velocity contours clearly show that the velocity of the flow 

passing through the large orifice is much higher than the velocity of the flow 

passing through the 0.10 m by 0.10 m orifice. 

Figure 6-59 shows the contours of turbulence intensity. The turbulence 

intensity varies between 10 and 20 % at both elevations [z = 0.01 or 0.05 in]. 

High turbulence intensities concentrate in the vicinity of the large orifice. The 

turbulence intensity reaches 50%, 0.10 m downstream the 0.05 by 0.5 m orifice 

while it reaches only 20% in the vicinity of the small rectangular orifice. 

Figure 6-60 represents the velocity vectors over three vertical slides [y = 0.10, 

0.15 or 0.20 m]. This figure is very similar to figure 6-56. The recirculating flow 

generated by the large orifice meets with the jet issuing from the 0.10 m by 0.10 

rn orifice and these conflicting flows conceal each other. 

6-4 Flow conditions for Vertical slots 

6-4.1 General considerations for vertical slots 
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Two different designs of vertical slot were tested. The vertical slots were either 
0.05 m or 0.10 m'wide. They were positioned at 0.10 rn from the side of the 
flume. 

The discharge of a standard vertical slot is expressed in equation 6-18 .Q is 

the discharge (m3/s), Cd is the coefficient of discharge, bo is the width of the slot 
(m), y is the depth of the flow between the slot and the water surface on the 

upstream side (m), g is the acceleration caused by gravity (m2/s), hi is the 

upstream head (m) and h2 is the downstream head (m). 

Q=Cd(bo y ýF2 g -(4- h2) (6-18) 

The coefficient of discharge Cd has been determined experimental for the two 

vertical slots as shown in figure. 6-5. Cd is equal to 0.59 for the 0.05 in wide 

vertical slot and 0.63 for the 0.10 m wide vertical slot. 

The maximum velocity at the slot is approximately equal to 4 (2gAh). The 

maximum velocities for the two designs for the two discharges 0.012 and 0.020 

m3A are shown in table 6-5. The maximum velocity varies between 0.80 m/s for 

the 0.10 wide vertical slot for a discharge of 0.012 m3/s and 1.82 m/s for the 0.05 

m/s wide vertical slot for a discharge of 0.020 m3/s. The maximum velocity at the 

0.10 m wide slot is 40% smaller than the maximum velocity at the 0.05 m wide 

slot. 

Table 6- 5: Maximum velocity at the slot for the 4 different situations 

Situation Ah (m) Maximum velocity (m/s) 
0.05 m wide vertical slot, 121/s 0.0904 1.335 
0.05 m wide vertical slot, 201/s 0.1690 1.8209 
0.10 m wide vertical slot, 121/s 0.0334 0.810 
0.10 m wide vertical slot, 201/s 0.0712 1.182 

6-4.2 Results 

6-4.2.1 Flow conditions for the 0.05 m wide vertical slot 

a. Vertical slot, 0.05 m wide. flow of 121/s (V512) 
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Mean velocity patterns, velocity contours and turbulence intensity contours 

were obtained in three horizontal planes at 0.01 m, 0.067 rn and 0.125 m above 
the flume bed for the 0.05 rn wide vertical slot for a discharge of 0.012 m3/s and a 
downstream water depth of 0.20 m. The maximum velocity at the slot has been 

calculated to be around 1.35 m/s. 

Velocity profiles are shown in figure 6-61 and mean velocity contours are 

shown in figure 6-62. The incoming jet goes towards the end the flume. For the 

three different elevations, high velocity concentrates inside a band 0.20 m wide 

included between y=0.05 and 0.25 m. However the highest velocity occurs at 

0.067 m above the flume bed. A large and weak recirculation pattern is also 

revealed in the flume. Mean velocities in the recirculation are below 0.10 n-ds. 

Contours of turbulence intensity are shown in figure 6-63. The turbulence 

intensity reaches 50% in the vicinity of the slot, in particular at 0.125 m above the 

flume bed, but decreases very quickly longitudinally and laterally. Turbulence 

intensity is below 5% for most of the flume in the whole water column. 

Velocity vectors over three vertical slides [at y=0.10,0.125 and 0.15 m] are 

shown in figure 6-64. Along the jet centreline [y = 0.125m], the vertical 

component of the velocitY seems to be negligible. 

b. Vertical slot. 0.05 m wide. flow of 201/s (V520) 

For this situation, the vertical slot is 0.05 m wide, the discharge is equal to 

0.020 m3/s, and the water surface elevation downstream is 0.20 m. 

The velocity profiles for the 0.020 m3/s are shown in figure 6-65. They have 

the same characteristics as the velocity profiles for the previous situation for a 

0.012 m3/s discharge but the recirculation pattern is more important. There is also 

a longitudinal band 0.20 in wide of'velocities greater than 0.40 m/s. 

The mean velocity contours are shown in figure 6-66. These contours are 

again similar to those obtained for the lower discharge of 0.012 m 3/s but the 

maximum velocities are higher. 
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Contours of turbulence intensity are shown in figure 6-67. Turbulence in most 
parts of the flume is lower than 10%. High turbulence concentrates in the vicinity 
of the slot and reach up to 75%. The greatest difference between the 0.012 and 
0.020 rn. 3A situations is the fact that turbulence intensity in the vicinity of the 

slots is more marked at 0.020 m3/s. 

The velocity vectors over three vertical slides [y = 0.10,0.125 and 0.15m] are 

shown in figure 6-68. The comparison of this figure with figure 6-64 clearly 

shows that for a discharge of 0.020 m3/s, the vertical component [Vz1 is more 
important than for a discharge of 0.012 m3/s. 

6-4.2.2 Flow conditions for the 0.10 m wide vertical slot 

c. Vertical slot. 0.10 m wide. flow of 121/s. (V512) 

Velocity profiles at 0.01,0.067 and 0.125 m above the flume bed are shown in 

figure 6-69. These velocity profiles are similar to those obtained for the 0.05 m 

wide slot. However in the vicinity of the vertical slot, the velocity vectors are not 

parallel but at angle around 30-45' with the axis of the slot. 

The mean velocity patterns in the horizontal planes, at 0.01,0.067 and 0.125 

m above the flume bed, are shown in figure 6-70. These mean velocity patterns 

are similar to those of the 0.05 m wide slot. Maximum longitudinal velocities 

reach 0.80 m/s in the vicinity of the slot for the three elevations. 

Turbulence intensity contours are shown in figure 6-71. Turbulence occurs 

mainly in the vicinity of the slot, near the bottom of the flume. Turbulence 

intensity reaches up to 30%. 

Velocity profiles over the vertical slides at y=0.10,0.15 and 0.20 from the 

side of the flume shown in figure, 6-72 reveal the same pattern than in figure 6- 

64. The vertical component [Vz] of velocity is negligible. The jet issuing from 

the 0.10 m wide vertical slot for a discharge of 0.012 m 3/S can therefore be 

considered as two-dimensional. 
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d. Vertical slot. 0.10 m wide, flow of 201/s (V520) 

The flow patterns for the 0.10 m wide vertical slot for a discharge of 0.020 

m3/s and a water surface elevation of 0.20 m are shown in figure 6-73 at 0.01, 

0.067 and 0.133 m above the flume bed. 

The velocity patterns for this situation are similar to the velocity patterns for 

the 0.10 rn wide vertical slot for a discharge of 0.012 m3/s but at 0.01 rn above 

the flume bed, high velocities occur further downstream along the jet centre line. 

The lateral velocities are also more important in the vicinity of the slot and 

recirculation velocities are also slightly higher. 

Mean velocity contours are given in figure 6-74 and contours of turbulence 
intensity are given in figure 6-75. High turbulence is concentrated within a 

column of diameter 0.10 m and centred at a distance of 0.10 in downstream the 

slot. The intensity reaches 47% and decreases to less than 20% in less than 0.10 

in. RMS longitudinal and lateral velocities are more important than the RMS 

vertical velocities. 

VelocitY profiles over the vertical slides at y=0.10,0.15 and 0.20 m from the 

side of the flume shown in figure 6-76 reveal the same pattern as in figure 6-72. 

On the contrary to the 0.05 rn wide slot, the jet stays two-dimensional even if the 

flow is increased from 0.012 to 0.020 m3/s. 

6-5 Summary 

This chapter presented the hydraulic conditions existing within an area 1.5 m 
long by 1.22 m wide located just downstream of various energy dissipation 

devices. These devices are the overflow weir, the submerged orifice, the vertical 

slot and combinations of the three. 

I. It has been shown that in most situations, the velocities in most parts of 

the flume are less than 0.20 m/s. High velocities concentrate in the vicinity of the 
device tested and/or along the longitudinal axis of the device. 
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Ii. For the orifice and vertical slot devices, it has been shown that the flow 

can be considered in a first approach as two-dimensional. However in the case of 
the vertical slot if the slot is very narrow and if the discharge is high, the flow 

becomes three-dimensional. On the contrary, the hydraulic conditions created by 

a flow passing over a weir are three-dimensional in all circumstances. 

111. It has also been noticed that a recirculation phenomenon occurred in 

almost all situations. If the device [weir, orifice or slot] was located at the side, 

the recirculation always occurred on the right hand side of the flume toward the 

upstream right comer of the flume. If the device was located in the middle, the jet 

issuing from the device gave birth to two lateral recirculations on the right and 

left side of the flume. However in the case of the orifice in the middle, the flow 

pattern was asymmetric, the anticlockwise recirculation being more important. 

IV. The association of a 0.60 m wide weir with a bottom side orifice 

decreased the range of velocities at the vena contracta for the given range of 

flows (0.012-0.020 m3/s) in comparison with a bottom side orifice on this own. 

V. For the weir devices, the calculated velocity at impact varies between 1.46 

and 2.23 m1s while the measured velocity at 1/3 of the water depth varies 

between 0.35 and 0.45 m/s. The maximum turbulence intensity is around 50%. 

VI. For the orifice devices, the velocity at the vena contracta varies between 

0.80 m/s and 1.73 m/s. The maximum turbulence intensity is around 20-30%. 

VII. For the vertical slot devices, the velocity near the bed (at I cm from the 

flume bed) varies between 0.30 and 0.78 m/s. The calculated maximum velocity 

at the slot varies between 0.80 and 1.82 m1s. The maximum turbulence intensity 

is between 25 and 35%. 

In the following chapter, these results will be associated with the experimental 

results described in chapter 5 on the behaviour of parr and analysed in more 

details in order to elaborate a biomechanical model connecting hydrodynamics 

and fish energetics. 
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CHAPTER 7 

INTEGRATION OF FISH BEHAVIOUR DATA AND 
HYDRAULIC MEASUREMENTS 

7-1 Introduction 

Chapter 7 sets out to integrate fish behaviour studies reported in chapter 5 with 

the hydraulic measurements in the vicinity of the tested devices presented in 

chapter 6. 

The purpose of this chapter is to build a bridge between two approaches to fish 

pass design: one followed by biologists and the other by engineers. This chapter 
is therefore divided into three principal sections. The first introduces an elemen- 

tary comparison between the efficiency of a device, the hydraulic conditions in its 

vicinity and the capabilities of the parr. The second part reviews the travel paths 

selected by parr in relation to the hydraulic conditions existing in the flume. In 

the last part, an attempt has been made to quantify the energy used by parr to pass 

through the selected devices for a given flow and a given path. 
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7-2 Device efficiency and hydraulic conditions 

7-2.1 Introduction 

It was been statistically shown in chapter 5 that for the four series of tests con- 
ducted and at the two discharges studied (0.012 and 0.020 m3/s), salmon parr 
moved most readily through orifices and vertical slots than through weirs. A 

summary of the tests conducted between 1999 and 2001, as well as the success 
rate of each situation are given in table 7-1. The designs tested have already been 

schematically represented in figure 4-2. 

The conclusions drawn from series I tests revealed that orifices with an aver- 

age efficiency of 65% were much more effective than the weirs. A Fisher's exact 
test confinned that the degree of success between the orifice and the weir designs 

were significant (Fisher test, p< 0.00). It was also found that the elevation of the 
orifice in the water column had an influence on the success rate. 

The purpose of series 2 was to confinn the findings of series I over a wider 
range of velocity. The weir was again unsuccessful even though the drop in level 

from the weir crest to the water surface downstream had been reduced from 0.10 

m to 0 m. It was also significantly less efficient than the two orificcs even when 
the opening of the orifice was reduced from 0.02 m2 to 0.01 M2 thereby doubling 

the velocity range from 0.6-1.0 m/s to 1.2-2.0 m/s (Fisher test, p= 0.0033). 

With series 3, two new designs were investigated: the vertical slot and a weir- 

orifice combination. The better efficiency of the vertical slot (with an average ef- 
ficiency of 45%) over the weir for the two discharges tested was significantly 
demonstrated (Fisher test, p=0.003 at 12 m3 S-1, and p=0.022 at 20 m3 s-1). It was 
found that if the velocity downstream an orifice is greater than the swimming ca- 

pabilities of the targeted fish, the orifice could also become an impassable barrier. 

However it was also discovered that the association of a weir with an orifice in- 

creased the efficiency of the orifice in comparison with an orifice on its own. 
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Table 7- 1: Situations tested and their success rate 
Code Details Success 

Series 1: July - September 1999 
WS12-0.2 Weir on the side at low flow - wsel = 20cm 0% 
WS2U. 

2 Weir on the side at high flow - wsel = 20cm 5% 
WMI2-0.2 Weir in the middle at low flow - wsel = 20cm - 0% 
14'rM20.0.2 Weir in the middle at high flow - wsel = 20cm 5% 
ObS 12-0.02 Orifice at the bottom on the side at low flow - area orifice = 0.02 rn 2 70% 
ObS20-0.02 Orifice at the bottom on the side at high flow - area orifice = 0.02 in 2 85% 
ObM, 2-o. 02 2 Orifice at the bottom in the middle at low flow- area orifice = 0.02 in 95% 
ObMw-0.02 Orifice at the bottom in he middle at high flow- area orifice = 0.02 in 2 85% 
OFM12-0.02 Orifice at 5 cm from the bottom at low flow - area orifice = 0.02 in 2 65% 
OFM2". 02 Orifice at 5 cm from the bottom at high flow- area orifice = 0.02 in 2 40% 
OTM12-0.02 2 Orifice at 10 cm from the bottom at low flow - area orifice 0.02 in 25% 
OTM2o-0 02 Orifice at 10 cm from the bottom at high flow - area orifice 0.02 m2 55% 

Series II: June 2000 
WM12-0.3 Weir in the middle at low flow - wsel = 30cm - 0% 
ObM12-0.02 2 Orifice at the bottom in the middle at low flow- area orifice = 0.02 in 80% 
ObMI2-0.01 Orifice at the bottom in the middle at low flow- area orifice = 0.0 1 in 40% 

Series III: Augmt 2000 
WS12-0.2 Weir on the siýe at low flow - wsel = 20cm 0% 
WS20-0.2 Weir on the side at high flow - wsel = 20cm 0% 
ObS, 2.0.01 

2 Orifice at the bottom on the side at low flow - area orifice = 0.01 m 72.5% 
ObS2". 01 

2 Orifice at the bottom on the side at high flow - area orifice = 0.01 m 7.5% 
WOb[2-0.01 2 Orifice at the bottom associated with a weir at low flow -a=0.01 ni 62.5% 
WOb2o. o. ol 

2 Orifice at the bottom associated with a weir at high flow -a=0.01 in 52.5% 
V5SI2 Vertical slot 5 cm wide on the side at low flow 50% 
V5S2o Vertical slot 5 cm wide on the side at high flow 22.5% 
VIOS12 Vertical slot 10 cm wide on the side at low flow 60% 
VIOSIn Vertical slot 10 cm wide on the side at high flow 45% 

Series IV: September 2000 
AR12 Double orifices with ratio 1: 1, parr introduced on the right side at low flow 95% 
AR2o Double orifices with ratio 1: 1, parr introduced on the right side at high flow 60% 
AL12 Double orifices with ratio 1: 1, parr introduced on the left side at low flow 40% 
AL20 Double orifices with ratio 1: 1, parr introduced on the left side at high flow 35% 
BR12 Double orifices with ratio 1: 5. parr introduced on the right side at low flow 55% 
BR2o Double orifices with ratio 1: 5, parr introduced on the right side at high flow 60% 
BL12 Double orifices with ratio 1: 5, parr introduced on the left side at low flow 70% 

_BL20 
Double orifices with ratio 1: 5. parr introduced on the left side at high flow 80% 

7-2.2 Comparison Weir-Orifice- Vertical Slot 

An important design parameter recognised by both engineers and biologists and 
certainly used in the design of fish passage structures is the velocity. In effect, 

engineers have to design fish passes so that the velocity existing in the structures 
are within the swimming abilities of the targeted species defined by the biolo- 

gists. 
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In the following section, an attempt will be made to explain the difference in 

efficiency of the various designs as a function of the hydraulic conditions existing 
in the flume and in particular the velocities. 

(a) Velocity at weirs 

Pilot experiments, in which groups of fish were allowed up to 24h to pass, con- 
firmed that weirs did not constitute a physical barrier to passage for the size of 
fish used. However within the 40 minutes allowed for the experiments, either no 
fish or only one passed through the different weir situations as shown in table 7- 

2. 

Table 7-2. Efficiency of the different weirs designs in relation to velocities at impact and at 1/3 of 
the water surface elevation 

Design Success Velocity at 1/3 of Velocity at impact 
d/s water depth 

Weir on the side at 12 I/s - wsel = 20cm 0% 0.35 mIs 2.02 m/s 
Weir on the side at 201/s - wsel = 20cm 5% 0.45 m/s 2.23 m/s 
Weir in the middle at 121/s - wsel = 20cm, 0% 0.45 mls 2.02 rrYs 
Weir in the middle at 201/s - wsel = 20cm 5% 0.45 m/s 2.23 m/s 
Weir in the middle at 121/s - wsel = 30cm 0% 

_0.40 
mIs 1.46 m/s 

Sections 2-3.1 and 6-2.1 have already dealt with the complex nature of a fal- 

ling jet at a drop structure. It was explained that the characteristics of the flow 

downstream a weir are dictated to a large extend by the discharge, the shape of 
the crest and the pool depth. For this work, the notch had been chosen rectangular 

with a width of 0.20 m and the pool depth had been fixed at 0.20 m for series I& 

3 and at 0.30 rn for series 2. The flow varied between 0.012 and 0.020 m 3/S. 

The optimum conditions for leaping (as defined by Powers and Orsborn 

(1985)) were met: the depth of the plunge pool [wsel = 0.20 m or 0.30 m] was 

greater than the depth of penetration of the failing water [d = 0.15m] and of the 

same order or greater than the length of the fish [0.08 to 0.14 ml. 

Stuart (1962) defined also another criterion to obtain the optimum leaping 

conditions, based on the location of the standing wave. According to Stuart, the 

optimum leaping conditions depend on the presence and location of the standing 

wave formed downstream a weir or an overfall and are obtained when the stand- 
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ing wave is submerged exactly at the toe of the fall, which corresponds to a ratio 

of height of fall to depth of pool equal to 1: 1.25. 

For series I&3 this ratio was equal to 1: 2, the flow being in the plunging 
mode at the two discharges tested [figure 2-51. Series 2 corresponds to the par- 
ticular case, where there is no drop in level from the weir crest to the water sur- 
face downstream. In this case, the flow regime is oscillating between the surface 

wave and the surface jet regime shown in figure 2-6. 

A schematic representation of the flow at an overflow weir in plunging mode 
is shown in figure 7-1. The flow is three-dimensional: the jet passes over the 

notch, plunges downward and becomes fully submerged as it sweeps the flume 
bed. The submerged jet spreads radially but not symmetrically at the plunge pool 
floor stagnation point forming two submerged rollers. The jet generates coherent 
and random turbulent structures. Turbulence intensity contours reveal indeed a 
wide circular spread of turbulence from the zone of impact. In addition, the im- 

pinging jet entrains air around the circumference of the jet intersection with the 
free water surface creating a phenomenon of aerated white water. 

The two submerged rollers are part of the stimulus to the fish preceding the 
leap. Furthermore, turbulence and noise caused by the failing water are thought to 
be factors that enable parr to find its way (Stuart, 1962). In his report on the leap- 
ing behaviour of salmon and trout at falls and obstructions based both on 
observation of adults in the wild and parr in laboratory experiments, Stuart de- 

scribes the behaviour of parr very precisely as they approach the weir and when 
they leap over the obstacle. He observes that the leap is always initiated at the 

surface of the pool on the neutral point of the standing wave and describes the 

approach to this point as slow, the fish swimming in mid water with their head 

pointing downward at an angle of 20 to 30*. The fish then rise with the current to 
break the surface as they meet the upward current (submerged roller) in front of 
the nappe. Ixaving the water, the fish speed then through the air and stroke 'the 

water near the crest of the weir. 
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The maximum velocities occur at the water surface in the zone of impact. 
They reached values as high as 2 m/s and 2.2 m/s at discharges of 0.012 and 
0.020 m3/s for a water surface elevation of 0.20 m. For a water surface elevation 
of 0.30 m, the maximum velocities decrease respectively to 1.50 m/s and 1.75 

M/S. 

It is important to notice at this point that according to Beach (1984) water ve- 
locities of 2 m/s or more exceed the swimming capabilities of 0.08 to 0.14 m long 

parr [Figure 4-12; the average water temperature being around 15'C]. However 

parr did not have to swim against such high velocities to pass over the weir be- 

cause they tended to move near the'bed where the velocities are low while 
swimming toward the upstream part of the flume and secondly because in the vi- 
cinity of the jump they used the upward current of the roller to reach the water 
surface and initiate their leap. It has effectively been shown in chapter 6, that the 

water velocity in the flume near the zone of impact decreases as it gets nearer the 
flume bed and that high velocities and high turbulence concentrate exclusively 
around the zone of impact. 

Stuart also concluded that the white water phenomenon observed at the weir 

overflow could block the stimulus to jump if the concentration of air was too im- 

portant but without providing any quantitative value (Fig 7-2). Using an empiri- 

cal relationship to predict aeration rate, the air concentration for the two dis- 

charges of 0.012 and 0.020 m3/s has been calculated in chapter 6 and has been 

found to be around 5-6 % (Ervine, 1998). 

The slow response of parr at an overflow weir in this research in comparison 

with the work done by Stuart may be due to the fact that this study observed fish 

within 40 minutes of their release whereas the parr in Stuart's work were held in 

the apparatus for many days. And the great difference between the success rate of 

orifices and weirs might be explained by the fact that jumping at falling water is 

likely to be risky due to the possibilities of damage and attracting predators and is 

also likely to be expensive in energy expended. 
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We have seen in section 6-2.2 that if the water surface elevation downstream 

the weir is increased from 0.20 rn to 0.30 rn (which corresponds to reduce the 
drop between the crest of the rectangular notch and the downstream water level 

from 0.10 m to 0 m) the flow regime passes from a plunging mode to a streaming 

mode. The velocities at the water surface are then reduced from 2.20 mIs to 1.75 

m/s at 0.020 m3/s and from 2.0 n-ds to 1.50 m/s at 0.012 m3/s. However no ame- 
lioration in the number of successful parr was observed when the downstream 

water level was increased as seen in table 7-2. 

According to Stuart (1962), the streaming mode for the surface wave/or break- 

ing wave regime is even less suitable for the passage of salmon because the er- 

ratic undulations created by the flow skimming over the water surface disorien- 

tate the fish. However this conclusion is not in accordance with the findings of 
Thompson (1970) on Chinook salmon (Oncorhynchus tshawytscha). Thompson 

carried out a specific study on the effect of the nature of the flow on performance 

and behaviour of Chinook salmon in a pool and overfall fish pass. He found that 

Chinook salmon could ascend a pool and overfall pass as well under plunging or 

streaming mode. 

(b) Velocities at orifices 

For all the orifices situations studied, the rectangular jet passing through the de- 

vice was discharged into a pool initially quiescent. The behaviour of this sub- 

merged jet into a stagnant environment is similar to the behaviour of three- 

dimensional jets investigated theoretically and experimentally by Rajaratnarn 

(1976). A plan view of the longitudinal velocity in the vicinity of the 0.20 m 

width orifice for a discharge of 0.020 m3/s is given in figure 7-3. 

Basically, the jet travels through the pool as a 3-D jet either with two 

recirculation regions, one on each side of the jet for the orifices located in the 

middle or with one large recirculation region for the orifices located on the side. 

Maximum velocities for the submerged orifices occurred at the vena contracta 

0.10 to 0.30 rn downstream the opening, along the jet centre line. These were 
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generally in the range of 0.8 to 1.8 m/s. A comparison of the orifice's efficiency 

at passing salmon parr with the velocities at their vena contracta is shown in table 
7-3 and figure 7-4. The maximum velocity at the vena contracta is obtained for 

the orifice at the bottom on the side with a 0.10 x 0.10 m opening and it has been 

calculated to reach 2.88 m/s. A success rate of passage through the orifice of 7.5 

% is associated with this high velocity. 

Table 7-3: Comparison of orifices efficiency with measured velocities at the vena contracta (* this 
value has not been measured but calculated) 

Orifices design Success Velocity at 
vena contracta 

Orifice at the bottom on the side at 121/s - area orifice 0.02 m2 70% 0.97 mls 
Orifice at the bottom on the side at 201/s- area orifice 0.02 in 2 80% 1.37 ints 

2 Orifice at the bottom in the middle at 121/s- area orifice = 0.02 in 87.5% 0.80 m/s 
2 

_Orifice 
at the bottom in the middle at 20Vs- area orifice = 0.02 in 85% 1.57 mls 

Orifice at the bottom in the middle at 121/s- area orifice = 0.01 in" 40% 1.73 ints 
Orifice at the bottom on the side at 12 I/s - area orifice 0.01 in 2 72.5% 1.60 mts 
Orifice at the bottom on the side at 201/s - area orifice 0.01 in 2 7.5% 2.88 irds" 

_ Orifice at the bottom associated with a weir at 12 Vs -a=0.01 in" 62.5% 1.50 mts 
Orifice at the bottom associated with a weir at 20 Vs -a=0.01 m2 52.5% 1.62 m/s 

_ Orifice at 5 cm ftom the bottom at 12 Vs - area orifice = 0.02 m' 65% 0.80 mIs 
Orifice at 5 cm from the bottom at 201/s - area orifice = 0.02 in 2 40% 1.35 mIs 
Orifice at 10 cm from the bottom at 12 Vs - area orifice = 0.02 in 2 25% 0.80 M/S 

_Orifice 
at 10 cm from the bottom at 20 I/s - area orifice = 0.02 in 2 55% 1.20 m/s 

(i) Location of the orifice: side or middle 

Figures 7-5 to 7-7 show the longitudinal variation of the non-dimensional veloc- 

ity along the jet centre line of the orifices at the side or in the middle, for a small 

or a large opening (area = 0.01 m2 or 0.02 m2) at discharges of 0.012 or 0.020 

M3 /s. In these figures, the velocity at the cross-section V. is used as a velocity 

scale and the height of the orifice bo is used as the length scale. Accordingly to 

the theory of turbulent jet (Rajaratnam, 1976), the longitudinal velocity stays 

constant within the potential core region and then decreases continuously. From 

Fig. 7-5,7-6 and 7-7, it can be observed that V,, /V(, shows some increase near the 

orifice. This corresponds to the location of the vena contracta. Then V., /V(, de- 

creases more or least rapidly betwden x= 2bo-3bo and x= 6b,, (length of the po- 

tential core for a plane turbulent jet). At a distance greater than 6bo, V,, N(, levels 

out. If the orifice is at the side, V,, /V. is around 0.6-0.7 at low or high flow [0.012 

or 0.020 m3/s] and for the large or small opening [0.01 or 0.02 m 2j whereas if the 

orifice is in the middle, V,, N. is around 0.1-0.2. 
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It is clear from these figures that the decay of the longitudinal velocity in the jet 

centre line of the orifices is faster when the orifices are located in the middle. 
However this phenomenon has no significant influence on the fish passing effi- 
ciency. 

(ii) Location of the orifice: at the bottom or at 0.05/0.10 m above the bed 

The jet diffusion pattern is also altered by the elevation of the orifices above the 
flume bed in the water column. Jets discharging through orifices located at the 
bottom are comparable with bluff wall jets while jets passing through elevated 

orifices behave like free bluff jets [see section 2-5.1.3 for more details]. Repre- 

scritations of the jet diffusion pattern for orifices located at the bottom, at 0.05 

and 0.10 m from the base of the pool are shown in figure 7-8. It is clear from 

these representations that even if the velocities at the cross-section or at the vena 

contracta are similar for the three orifices elevations, a fish moving near the bot- 
torn of the pool might experience dramatically different velocity flow patterns. 

The longitudinal variation of the non-dimensional mean velocity along the jet 

centreline for the orifice at 0,0.05 and 0.10 m from the bottom of the flume is 

shown in figure 7-9. In this figure, the velocity at the vena contracta V,, is used 

as a velocity scale and the height of the orifice is used as the length scale. Figure 

7-9 shows clearly that velocity vector patterns in the plane of the jet centreline for 

the orifices elevated at 0.05 and 0.10 m are similar to those of the bottom orifice. 
High velocities have been measured to be around 0.80 m/s at 0.012 m3 S'I and 
1.35 m/s at 0.020m 3 s-I . 

By considering the three representations of the flow pattern in figure 7-8, it 

can be seen that fish near the bed of the pool and moving upstream were con- 
fronted with velocities going in the opposite direction and increasing as they were 

progressing toward the device for the orifice located at the bottom while they 

were confronted with turbulent flows facing upstream at longitudinal distance 

lesser than 0.30 and 0.60 m from the device for the 0.05 and 0.10 m elevated ori- 
fices. As it was been explained earlier in chapter 2, salmon tend to swim against 
the flow to find their way upstream. If they are caught in a flow facing upstream, 
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a certain confusion may arise. As the flow under the main jet, passing through the 
elevated orifices is also turbulent this is also not an ideal holding area for the fish. 

The nature of the different flow conditions near the bed of the flume due to the 
elevation of the orifice in the water column also corroborates findings presented 
in section 54. It has been observed that fish passed significantly more easily 
through jets low in the water column and, that the height of the orifice from the 
base of the flume influenced the time it took for fish to move through them. 
However this decrease in efficiency was not linearly proportional to the elevation 
of the device relative to the bottom of the flume, for the range of designs tested. 
Figure 74 shows at least a general reduction in efficiency of at least one third. 

Photographic observations show parr generally stayed close to the bottom of 
the flume. This behaviour pattern associated with the fact that near the bottom of 
the pool quite different velocities and flow patterns exist for the different situa- 
tions may explain the difference in efficiency observed between the bottom and 
the elevated orifices. 

Thompson et al (1967) carried out similar work on the response of migrating 

adult salmonids (Chinook salmon, Coho salmon and Steelhead trout) to orifices 2 

x5 feet [0.61 in by 1.525 in] in a vertical or horizontal position at two depths: at 
a centreline submergence of 3 feet [0.915 m] and 9 feet [2.745 m], the overall ap-, 

proach area being 19 feet deep [5.795 m]. Migrating salmonids were presented 

with a choice between two orifices with both a I-foot [0.305m] head. In shallow 

water, there was equal use of the horizontal and vertical orifice but the vertical 

orifice was used more than the horizontal orifice in dcepwater. There was also an 

equal use of the vertical orifice when positioned in shallow and deep water but 

the horizontal orifice was used more when in shallow water than in deep water. 

The preference of the vertical orifice over the horizontal orifice might be due 

to the fact that the vertical orientation allows the fish to swim through the device 

over a wider range of depth. The second point, which might be concluded from 

Thompson et al (1967), is that elevated orifices are more suitable than deep ori- 
fice and yet this conclusion appears in opposition with our own findings that bot- 
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tom orifices are more suitable than elevated orifices. But there are great differ- 

ences between the set up of the two experiments. In Thompson et al (1967), the 

centreline of all the orifices tested is equal or over 10 feet [3.05 m) from the bot- 

tom of the bed and the ratio depth of the water over the size of the fish is equal to 
5: 1 whereas in this study, the centreline of the orifices tested is less than 0.10 rn 
from the bottom of the bed and the ratio depth of the water over the size of the 
fish is equal to 2: 1. The targeted species for these two experiments are also dif- 
ferent as Thompson et al (1967) investigated Pacific salmon whereas this work 
studied Atlantic salmon. 

(iii) Orifice: associated or not with a weir 

The overall efficiency of an orifice over a range of flow might be improved by in- 
troducing a weir in parallel operating mainly at high flows as shown in figure 7- 
12. At high flow, the efficiency of a narrow orifice as well as the length of time 

needed by fish to negotiate it improves significantly by combining with it an 
overflow weir (Chi-square test, p=0.005). The efficiencies of the 0.10 by 0.10 m 
bottom side orifices with and without weir combination are shown in figures 7- 10 

and 7-11. By considering the orifice at the bottom side and the orifice at the bot- 

tom side associated with a weir for a discharge of 0.012 m3/s, it can be seen that 
the velocity at the vena contracta has been reduced by 8% due to the presence of 
the weir. This effect is even more apparent for a discharge of 0.020 m3/s as the 

velocity at the vena contracta is reduced from 2.88 m/s to 1.61 m/s. This reduc- 
tion by 45% of the velocity at the vena contracta is also correlated to an effi- 
ciency improvement of the 0.10 by 0.10 m bottom side orifice by 45%. From fig- 

ure 7-12, it is clear that for an average water temperature of 15*C, a water 

velocity of 2.88 m/s exceeds the swimming capabilities of parr whereas a water 

velocity of 1.61 m/s is within the maximum swimming speed range (1.5 to 

2.1 m/s) of parr 0.08 to 0.12 m long. 

The introduction of a weir allows the reduction of the velocities downstream 

the opening just enough to keep the orifice attractive and therefore increases the 
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range of flow for which the design is passable by the migrating fish as shown in 
figure 7-12. - 

(C) Velocities at vertical slots 

The great advantage of vertical slots over weirs or orifices is the fact that fish are 
able to swim through the slot at any desired depth. This is particularly important 
for non-salmonids species in tropical and subtropical rivers, which have lower 

swimming capabilities and/or do not have jumping abilities (Stuart and Mallen- 
Cooper, 1999). 

For the 4 vertical slot situations tested [table 7-41, the incoming jet travels to- 

wards the end of the flume as a 2-D jet with one recirculation region. Velocities 
higher than 0.20 m/s concentrate inside a band 0.25 m wide include between y= 
0 and 0.25 m and a weak recirculation pattern occurs in the rest of the flume as 
shown in figure 7-13. 

The flume is clearly divided in to two regions: a region of high velocities and 
turbulence around the axis of the vertical slots and a region of low velocities oc- 
cupying between 70 and 80% of the total volume of the flume. This flow pattern 
is similar to the flow pattern observed by Wu for its "simple and effective "verti- 

cal slot as shown in figure 2-16 with a slope of 5% (Wu et a], 1999). 

Near the bottom of the flume, the velocities for the vertical slot were around 
0.50-0.80 m/s. The comparisons of the efficiency of the vertical slots with the 

maximal velocity they recreate in the flume are shown in table 7-4. 

Table 74comnarison of the vertical slots efficiency with their maximal velocity: 

Design Success Velocity near bed Maximum velocity 
at slot (calculated) 

Vertical slot, 0.05 m wide, 121/s 50% 0.78 m/s 1.34 m/s 
Vertical slot, 0.05 m wide, 20 Us 22.5% 0.30 m/s 1.82 m/s 
Vertical slot, 0.10 m wide, 12 Us . 60% 0.71 m/s 0.81 m/s 
Vertical slot, 0.10 rn wide, 20 I/s 45% 0.55 m/s 1.18 m/s 

The longitudinal variation of the depth-averaged velocity [z =0.01,0.067 and 
0.125] is shown in non-dimensional form in figure 7-14. This figure is similar to 

figures 7-5 to 7-7 and illustrates that jets from vertical slots can be considered as 
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plane turbulent jets (Wu et al; 1999). The maximum velocity at the slot Vs,, 

[=42gAh] is used as the velocity scale and the half-slot width 0.5bo is used as the 
length scale. The choice of the velocity scale and the length scale was influenced 
by the work done by Wu et al (1999). As with the results obtained by Wu et al, 
V.., N,. shows some increase in the vicinity of the slot for the 0.10m wide verti- 
cal slots at a discharge of 0.0.20 m3/s. For the four situations shown in figure 7- 
14, V.,, N,. decays rapidly up to a distance equal to 6bo. At this distance that cor- 
responds to the length of the potential core for a plane turbulent jet, V., Nsn is 
less than 0.3 for the four situations tested. At this point it is important to note the 

very low dip occurring for the 0.05 m wide slot in particular not observed by Wu 

et al. It is effectively clear from figure 7-14 that the V,, /V,, seems to increase be- 

fore levelling out around 0.3 for the 0.10 m wide slot and around 0.2 for the 0.05 

m slot. The depression of V., N,. is due to the fact the trajectory of the jet when 

passing through the slot is not exactly parallel to the X-axis as shown in figure 7- 

13. 

Turbulence at Orifices, Weirs and Vertical slots 

The influence of turbulence on the efficiency of fish passage structures has long 
been recognised (Clay, 1995; Stuart, 1962). Ifigh turbulence might effectively 
disorientate the migrating salmon or inhibit their jumping abilities. The great dif- 

ficulty in assessing the direct impact of turbulence on fish pass efficiency lies in 

the difficulty in dissociating the influence of turbulence from velocity in field and 
laboratory studies. 

The contours of turbulence intensity differ from one device to another but for 

most of the weirs/orifice/vertical slots situations tested, the level of turbulence 

(less than 5%) was low in most parts of the flume. 

For the weir designs, high turbulence concentrates in the zone of impact near 

the water surface and are as high as 50%. Turbulence intensity contours shown in 

chapter 6 also revealed a circular spread and a rapid decrease of the turbulence 

from the zone of impact. 
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For the orifice designs, high turbulence occurs along the jet centreline, 0.10 to 
0.30 m downstream of the orifice in the vicinity of the vena contracta. The turbu- 
lence intensity varies between 20 and 30%, which corresponds to RMS longitu- 
dinal velocities between 0.30 and 0.40 m/s. Turbulence values for orifices are less 

concentrated in one area of the flume and more radially spread than for the weir 
situations. 

For the vertical slot designs, high turbulence occurs 0.10 rn downstream the 

slot. They reach an intensity of 25% for the 0.10 rn wide slot and an intensity of 
35% for the 0.05 m wide slot. The turbulence concentrates within a very small 

area (x = [0.10 m; 0.30 m] and y= [0 m; 0.15 m]) in particular for the narrow slot 
in a similar manner to weirs. 

By comparing the contours of turbulence intensity for the three designs: weirs, 

orifices and vertical slots, it is clear that turbulence pattems differ greatly be- 

tween the weirs and the orifices while the vertical slots appear to be an intenne- 

diate pattem. The maximum turbulence intensity is also greater for the weirs 
(50%) than for the orifices (20-30%) and the vertical slots (25-35%). However no 

conclusive evidence was found of the direct and sole influence of the turbulence 

on the efficiency of the various designs. 

7-2.3 Comparison of ofifte and vertical slot efficiency 

a) Correlation of slots efficiency with opening size 

Orifice and vertical slot efficiencies at passing salmon are directly correlated with 

the velocities existing in their vicinity and therefore to the size of the opening and 

the range of flow at which they were tested. 

The efficiency of the orifice varies significantly with the size of the opening 
2 (Fisher's exact test, p=0.022). Fdr the orifice with an opening of 0.02 m, the ve- 

locities at the vena contracta have been measured to be around 0.80 m/s while for 

the orifice with an opening of 0.01 in 2, the velocities reach 1.60 m/s for a 0.012 

m3 s-1 flow. In fact, the number of parr passing through the orifice decreases as the 

velocities in the vicinity of the orifice increase. 
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Like the orifice, vertical slot efficiency changes significantly with the width of 
the opening at high flow but not at low flow (Fisher's exact test, p=0.04 and 
0.58 respectively). A significant gap exists between the 0.012 in 3 S" I and 0.020 

m3S, I situations for the narrow slot (Fisher's exact test, p= 0.02) that does not oc- 
cur for the wide slot (Fisher's exact test, p= 0.53). 

The size of the orifice/width of the slot and hence the velocities in the vicinity 

of the orifice/vertical slot have an important effect on the efficiency of the device. 

The opening has to be calculated to create attractive velocities within the abilities 

of the targeted fish, but not too high so the fish have difficulty passing. The win- 
dow of suitable velocity is therefore an important parameter. 

b) Orifice versus vertical slot efficiency at similar velocities 

It was already been shown in section 5-3.2 that the efficiency of the 0.05 in wide 
vertical slot is significantly lower than the efficiency of the 0.10 by 0.10 m orifice 
for a discharge of 0.012 m3 /S. 

Figure*7-15 clearly demonstrates that for both the vertical slots and the ori- 
fices, their efficiencies decrease as the maximal velocity in the flume increases. 
The relation between the efficiency and the maximal velocity for the orifices and 

the vertical slots are expressed in equation 7-1 and 7-2 respectively. It is re- 

minded that in this study, the efficiency of a device corresponds to the percentage 

of salmon parr passing successfully through it. At similar velocities, the effi- 

ciency of the vertical slots is lower than the one of the bottom orifices. 

Effidency = -0.4026V. + 1.2602 

Efficiency = -0.359V. + 0.906 

(7-1) 

(7-2) 

Equations 7-1 and 7-2 are valia for value of V,, greater than 0.60 m1s, V.,, be- 

ing the calculated maximal velocity at the slot for the vertical velocities and the 

velocity at the vena contracta. for the orifices. 
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It has been explained in chapter 2 that although the slot could be regarded as a 

plane jet as a first approximation, the velocities at a slot are neither uniform nor 
perpendicular to the slot (Wu et al, 1999). The results represented in chapter 6 are 

also in accordance with the findings by Wu et al (1999) that the decay of the 

maximum velocity in the jet passing through a slot as it travelled through the pool 
is quicker than that of ajet passing through an orifice. 

Hence, it might be postulated than the lower efficiency of vertical slots in 

comparison with bottom orifices at similar maximal velocities near the device is 

related to the rapidity of the decay of the jet velocities. This postulate is in accor- 
dance with the observations reported by Bates (2000). 

7-2.4 Space occupation in the flume 

To reach the tested devices, parT followed in general the sides of the arena, which 

provided them with low velocities and cover. In all situations, parr tended to 

avoid the centre of the flume by swimming along the sides. The comparison of 

the degree of attractiveness between the "side" and "middle" areas significantly 

proves that parr tend to avoid the centre of the arena as seen in figure 7-16 

(Mann-Whitney, p= 0.0009). 

This observation is in accordance with the "line swimming" behaviour docu- 

mented for salmon in large rivers (Clay, 1961; Powers, 1985; Hinch and Rand, 

2000). Salmon effectively often stay near the shore when migrating upstream. 

7-2.5 Conclusion 

From a simple comparison between the success rate of weir/orifice/vertical slot 

devices and the hydraulic conditions existing in their vicinity, the following 

points have been postulated: 

1. Weirs, orifices and vertical slots create very different hydraulic condi- 

tions (velocity, flow pattern and turbulence) in the flume, which can be 

correlated to differences in efficiency at passing parr. 
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2. The willingness of parr at jumping over weirs can be inhibited by fac- 

tors completely different from hydraulic characteristics such as the risk 
of damage. 

3. Orifices are suitable devices to attract and pass parr as long as the ve- 
locity at the vena contracta is within the swimming capabilities of the 
fish. 

4. Combining the orifice with a weir can increase the range of flow for 

which orifices are efficient. 

5. The position of an orifice from the flume bed in the water column in- 
fluences the nature of the flow just downstream of the orifice and af- 
fects its efficiency. 

6. At equal velocity, orifices are more suitable than vertical slots because 

the decay rate of velocities within a jet is higher for slots than orifices. 

7-3 Paths chosen by parr 

7-3.1 Introduction 

The paths chosen by parr are also good indicators of the way they handle the 

various hydraulic conditions created by the different designs. The choice of path 

may be influenced by the location of the pass (side/middle) as well as by the na- 
ture of the design (orifice/vertical slot) as well as the flow rate (0.012 or 0.020 

MI/S). 

The paths are divided into 6 groups noted as path A, B and C as well as 
"around the flume", "no motion" and "others". For path A, the fish moves 

straight along the side of the flume from the point of its introduction to the weir 

or orifice outlet as shown in figure 7-17. For path B, the fish moves first along 
the downstream end of the flume, then moving upstream along the edge and to 

the pass device. For path C, the fish starts along path A crossing over to take path 
B. For the path noted "around the flume", the fish goes round the flume staying 
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near the wall and returning to its point of introduction. For "no motion" the fish 

stays in the vicinity of the location of introduction of the flume. "Other", groups 
together the paths that do not fit in the other categories. 

7-3.2 Comparison ofpaths chosen: 

7-3.2.1 Orifice - vertical slot comparison 

A sketch of the narrow 0.05 m slot and smallest orifice 0.01 m2 is shown in figure 

7-18. Table 7-5 summarises the paths taken by the parr at the two flow rates 
0.012 and 0.020 m3/s. 

Path A is the most commonly taken path for both designs, followed by path B 

and then path C but the proportions vary with the designs: 65% of the parr 

choose path A for the orifice against 46.5% for the vertical slot. 

There is no significant influence of the flow rate for the range of flow tested 

on the path chosen by parr. the results obtained for the two different flows have 

therefore been regrouped. The proportion in which parr chose path A, B or C var- 
ies significantly with the design (Chi-square test: Chisq = 7.347, df = 2, p 
0.026). 

By comparing the contours of mean velocity for the two designs at 0.012 and 
0.020 M3/s , it is obvious that the velocities in the jet centre line of the vertical slot 
are lower than for the 0.01 in 2 side orifice: along the jet centre line, 1.50 m down- 

stream the orificelslot, the mean velocity is between 0.60-0.80 m/s for the orifice 
and only around 0.40 - 0.60 m/s for the slot. As fish use the orientation and the 

strength of the flow to select their path, the slightly higher velocities in the orifice 
jet centre line might account for the increase by 15% of the selection of path A 

between the narrow vertical slot and the bottom side orifice. It is also possible to 

observe a slight tendency of the orif ice/slot jet to turn towards the opposite side 

of the flume. This phenomenon might also have an impact on the path's choice.. 

The success of the parr confronted with orifices is directly connected to their 

movements as shown in table 7-6. Around 87.5% of the parr which choose path 

141 



Chapter 7: Integration of Fish Behaviour Data and Hydraulic Measurements 

A, succeeded, while only 57.1 % of the parr which choose path B or C, succeeded 
(Chi-square test, Chsq = 4.508, df =I and p=0.034). 

Table 7- 5: Onlv the 3 most taken paths are considered for the statistical analvsis. 

_Code 
Path A Path B Path C 

ObS12.0.01 BOTTOM 60% 30% 5% 
ObS2o-ool ORIFICE 70% 15% 0% 
V512 VERTICAL 45% 35% 8% 
V520 SLOT 48% 18% 15% 

It has already been stated in previous paragraphs that for the bottom side ori- 
fice and for the vertical slot designs a recirculation phenomenon occurs and that 

velocities are below 0.40 m/s over most of the flume with high velocities occur- 
ring only along the jet ccntrcline. Therefore path A can be seen as the "high vc- 
locity" path, and path B as the " low or even reverse velocity". This preference of 

this "high velocity path " over the low or even reverse velocity" path can be ex- 

plained if we take into account the fact that water velocity has been recognised as 
the major stimulus instigating the upstream movement of salmon (Winstone et al, 
1985), hence the expression "attraction flow". 

Table 7-6: Number of parr choosing a path as a function of the situation - the number of success- 
ful and unsuccessful narr is also eiven for each nath at each situation 

No motion Path A Path B Path C Turn Other 
ObS, 2.0.01 1 24 12 2 1 0 

Y/n 0 1 1 -- 7[5 0 1 0 
ObS2". 01 3 28 3 0 0 0 

Y/n 0 1 6 31 25 016 00 0 0 
V512 4 18 14 3 1 

- - 
0 

Y/n -0 F- 4 11 7 I TO 0 1 0 
V520 6 19 7 

- 
6 2 0 

Y/n 0 1 6 1F 6 

7-3.2.2 Orifice alone and weirl orifice combination comparison 

The paths chosen by the parr for the small bottom side orifice (O-Olm 2) and the 

combination weir-small bottom side orifice are compared. Sketches of the two 

designs are shown in figure 7-19 and the proportions of parr choosing between 

the different paths are shown in table 7-7. 

Path A was the most commonly taken path for the two designs, both register- 

ing around 64-65%. Path B was the second most chosen path with 23% in both 

cases, followed by path C with less than 5%. The percentage of parr, which do 
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not move or stay at the downstream end of the flume varied between 5 and 15 

the greatest proportions being obtained at 0.020 m'/s. 

There is no significant influence of the flow rate (for the range tested) on the 

path chosen by parr for the two designs compared. There is also no significant 

difference between the orifice and the weir/orifice combination (Chi-square test: 

chsq = 0.305, df = 3, p=0.959). However the success of the parr confronted with 

orifice designs is directly connected to their movements: 78.7% of the parr, 

which choose path A, succeeded, while only 47.1% of the parr, which choose 

path B or C succeeded (Chi-square test, Chsq = 10.890, df =I and p=0.001). 

These results are comparable to those found in the earlier comparison of bot- 

tom side orifice and vertical slot. Path A is again the most desirable and the most 

efficient path. There is also no difference in the behaviour/ movement of the parr 
for the two designs. This is in accordance with the hydraulic results stating that 

the -combination of the bottom side orifice with a 0.62 m wide and 0.40 m high 

weir did not alter the flow pattern conditions in the pool even if the velocities at 

the vena contracta were reduced. 

Table 7-7: Only the 4 most taken paths are considered for the statistical analysis. 
Code Path A Path B Path C No motion 
ObS, z. o. ol ORIFICE 60% 30% 5% 3% 
ObS20-0.01 70% 15% 0% 15% 
WObl2-0.01 WEIR/ 68% 20% 5% 5% 
WOb2o-o. ol ORIFICE 60% 23% 3% 15% 

7-3.2.3 Pathway as afunction of elevation of orifice 

It has already been shown that the elevation of an orifice above the flume bed in 

the water column affects its efficiency. This section will concentrate on the influ- 

ence of the orifices elevation on the movement of the parr. In this case we com- 

pare an orifice at the bottom, one 5 cm off the bottom and one 10 cm off the bot- 

tom of the flume as shown in figurid 7-20. it is important to note that the devices 

are located in the middle and not at the side. The proportions of parr choosing the 

different path are shown in table 7-8. 
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For all three devices together, the percentage of parr taking path A, B and C is 

25%, 31% and 18% respectively. Parr appeared to choose in almost equal proPor- 

tion to move along the window (right) side or to move first along the left side of 

the flume. 

The flow rate does not have a significant influence on the path chosen (Chi 

square = 0.570, df = 2, p=0.752) and the elevation of the opening from the bot- 

tom of the pool does not seem to influence significantly the path chosen by parr 

(Chi- square test = 7.128, df = 6, p= a310). 

Table 7-8: Number of i)arr choosine a path 
Code Path A Path B Path C Retum No motion Others 
ObM12-0.02 6 9 2 0 1 2 
ObM20-0.02 4 9 3 1 1 2 
OFM12-0 02 6 3 7 0 2 2 

. OFM20-0.02 3 7 4 1 2 3 
OTM12-0 02 6 2 3 4 2 3 

. OTM20-0.02 5 7 3 3 0 2 

It is interesting to note that even if the hydraulic conditions in the vicinity of 

an orifice change with its elevation (§ 7-2.1 a), and even if this change affects the 

orifices' efficiency, this does not significantly affect parr in their choice of path. 

It might be extrapolated from this observation that parr chose their path not in re- 

lation to the hydraulic conditions existing in the vicinity of the orifice but accord- 

ing to the hydraulic conditions existing where they are located in the flume/pool. 

7-3.2.4 Choice of Pathway as afunction of the size of the opening 

It has already been shown that the size of an orifice has a major role on its 

suitability for fish passage. In this paragraph, the influence of size on the 

movement of the parr is considered. The behaviour of four groups of 20 parr con- 

fronted with two bottom orifices of different sizes as shown in figure 7-21 for the 

two usual discharges of 0.012 and 0.020 in 3/S is compared. The proportions of 

parr choosing the different paths are shown in table 7-9. 

All the parr in this experiment responded to the flow. 22 moved first alongthe 

path A, 14 choose the opposite side of the flume (path B), three chose path C and 

five did one or more circuits of the flume. 
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Parr choose mainly paths A and B, without either being significantly predomi- 

nant. A chi-square test shows that the choice of path (between A, B&Q does 

not vary significantly between the two orifices (Chi-square test: chisq = 1.322, df 

2, p=0.517), but the success rates vary significantly with the path chosen. This 

difference lies in the fact that fish taking path A for the larger orifice have greater 

chances of success that fish taking path A for the smaller orifice (2 versus 7 

against 10 vs. 3: chisq = 6.418, df = 1, p=0.011) This might be explained by the 
fact that the velocities in front of the opening are much higher in the case of the 

narrow orifice: 1.73 m/s against 0.80 mls. 

Table 7-9: Number of parr choosing a path as a function of the situation - Number of successful 
and successful parr is also given for each path at each situation 

No motion Path A Path B Path C Turn Other 
ObMI2.0.02 0 9 8 

-2- 
1 0 

Yes/no 53 0T2 
ObM12-0.01 0 13 6 1 0 0 
Yes/no 010 10 3 1 

7-3.2.5 Pathway as afiinction of the orifice lateral location 

In this case, we compare two identical orifices: one at the side and the other in the 

middle. The two orifices are 0.20 m by 0.10 m as shown in figure 7-22. Of the 
240 parr introduced into the flume, only 3 did not respond to the flow and remain 
in the comer where they were introduced. The numbers of parr choosing a path as 

a function of the situation are shown in table 7-10. 

Table 7-10: Number of r)arr choosine a t)ath 
Code Path A Path B Path C Retum No motion Others 
ObS 12-0 02 7 1 7 2 12 

. ObS20-0.02 SIDE 2 9 8 0 01 
ObM12-0.02 

MIDDLE 6 9 2 0 12 
ObM20-0 02 4 9 3 1 12 

For orifices at the side, path A is the most direct way to the entrance but the 

most energy demanding (the fish face constantly high velocities). Path B then 

avoids high velocities. The flow rate, in this condition, influences the choice of 

the path (Chi-square = 6.392, df = 2, p=0.041). At 0.012 m3/s, most parr moved 
initially directly toward the jets, but half of them veered away from the fast flow- 

ing water half way through and approached by the opposite side (Path Q. At 
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0.020 M3/S' the same proportion opted initially for a direct or lateral way, but al- 
most all of those, which moved directly toward the jet, veered away. 

For orifices at the middle, paths A and B offer the same level of difficulties. 
The flow does not have a significant influence on the path chosen (Chi square 
0.570, df = 2, p=0.752). 

It might be concluded from this comparison that the location of the orifice at 
the side or in the middle influence the path followed by the parr even if it does 

not affect the final efficiency of the device. 

7-3.2.6 Choice ofpathway as afunction of vertical slot width 

In this case, two vertical slots are compared. Both designs are located at 0.10 m 
from the right side of the flume, but their widths differ as shown in figure 7-23. 

The first one is 0.05 in wide and the second 0.10 m wide. The numbers of parr 

choosing a path and succeeding as a function of the situation are shown in table 

7-11. In table 7-12, only the 4 most taken paths are considered. 

The percentage of parr, which do not move or stay at the end of the flume, var- 
ies between 5 and 15 %. Path A was the most commonly taken path with 47.5%. 

Path B was the second most chosen path 32 % and less than 10 % chose path C. 

Table 7-11: Number of parr choosing a path as a function of the situation - the number of suc- 
cessful and unsuccessful r)arr is also eiven for each vath at each situation 

Path A Path B Path C Turn No motion 
V512 18 14 3 1 4 

0.05 rn Y/n 11 7 
Slot V520 19 7 6 2 6 

Y/n 71 12 116 5 02 06 
V1012 10 5 3 

0.10 rn Y/n 
Slot V 1020 11 6 2 0- 

- Y/n 6 T--5 - 3-T-3 0T2 07 01 

There is no significant influence of the flow rate on the path chosen by parr for 

the 0.05 and 0.10 m wide slots (chi-square tests, p>0,05). There are also no sig- 

nificant differences between the 0.05 m wide vertical slot and the 0.10 m wide 

vertical slot at the flow rate tested (Chi-square test: chsq = 2.305, df = 3, p 

0.512). 
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Table 7-12: Only the 4 most taken paths are considered for the statistical anaIvsis 
Code Path A Path B Path C No motion 
V512 0.05 m 45% 35% 8% 10% 

_V520 
slot 48% 18% 15% 15% 

V1012 0.10M 50% 25% 15% 5% 
V1020 Slot 55% 30% 10% 5% 

The success of the parr confronted with vertical slots designs is directly con- 
nected to their movements. 57.6% of the parr on path A succeeded while only 
29.5% of the parr coming from path B and C succeeded (Chi-square test: Chsq = 
8.011, df =I&p=0.005). Like for the orifices located at the side, path A is the 
most desirable and the most efficient path and the width of the slot does not in- 
fluence the movement of the parr in the flume even if it has a major role on the 

efficiency of the slot. 

7-3.3 Pathway chosen byfishfor the double orifice design 

In this section, a double orifice shown in figure 7-24 is tested for two total dis- 

charges 0.012 and 0.020 m3/s, two flow ratio 1: 1 and 1: 5 and two locations of in- 

troduction of the parr: right or left comer (Table 7-13). Fish are unable to pass 
through the 0.5 x 0.05 rn orifice, as it was covered by a coarse grid. 

Table 7-14 shows that if the flow ratio between the two orifices is 1: 1, the veloci- 
ties at the vena contracta of the two orifices are similar and around 0.60-0.80 m1s 
at 0.012 m3/s and around 1.00 m/s at 0.20 m3/s. If the flow ratio is 1: 5, then the 

velocities at the vena contracta of the coarse grid orifice are three times higher 

than at open orifice [table 7-14]. The numbers of parr choosing a path and suc- 
ceeding as a function of the situation are shown in table 7-15. 

Table 7-13: Situation tested in series 4 and their success rate 
Series IV: September 2000 

AR12 Double orifices with ratio 1: 1, parr introduced on the right side at low flow 95% 
AR20 Double orifices with ratio 1: 1, parr introduced on the tight side at high flow 60% 
AL12 Double orifices with ratio 1: 1, parr introduced on the left side at low flow 40% 
AL20 Double orifices with ratio 1: 1. ýarr introduced on the left side at high now 35% 
BR12 Double orifices with ratio 1: 5, parr introduced on the right side at low flow 55% 
BR2o Double orifices with ratio 1: 5, parr introduced on the right side at high flow 60% 
BL12 Double orifices with ratio 1: 5. parr introduced on the left side at low flow 70% 
BL20 Double orifices with ratio 1: 5. parr introduced on the left side at high flow 80% 
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Table 7-14: Velocitv measurements at the two orifices for the two discharges tested 
Situations Velocity at coarse grid orifice Velocity at open orifice 

AR12 & AL12 0.636 m/s 0.815 rn/s 
AR20 & AL20 0.912 nVs 1.080 nVs 
BR12 & BLjz 0.760 nVs 0.242 nVs 
BR20 & BL20 1.140 m/s 0.358 m/s 

Table 7-15: Number of parr choosing a path as a function of situation. The numbers of successful 
and unsuccessful varr are also eiven for each vath for each situation. 

No motion Path A Path B Path C 
AR12 1 14 5 0 

Yes/No 0 1 1 14 1 0 5 1 0 0 1 0 
AR20 0 12 8 0 

1: 1 flow Yes/No 0 F 0 9 1 3 0 1 0 
ratio AL12 5 3 8 4 

Yes/No 0 1 5 3 1 0 7 4 1 0 
AL20 2 3 15 0 

Yes/No 0 1 2 3 F 0 0 1 0 
BR12 4 4 12 0 

Yes/No 0 1 4 3 1 1 8 1 4 0 1 0 
BR2o 2 6 12 0 

5: 1 flow Yes/No 0 1 2 6 0 6 0 0 0 
ratio BL12 2 4 12 0 

Yes/No 0 2 4 1 0 8 1 0 0 
BLao 8 10 1 

Yes/No 0 1 8 1 0 7 1 31 1 1 0 

17 out of the 160 parr tested either did not move or stayed at the end of the 

flume. 54 fish moved initially along the window side to go through the 0.10 by 

0.10 rn orifice and only 5 of them failed. Four of these parr were confronted with 

situation AR20 and one with situation BR12- Seven took path C and succeeded: 

four in the situation AL12, two for BL12 and one for BL2o. A majority of 82 parr 

preferred path B but 45 of them failed. 

By selecting path A, parr increase significantly their chances of success (Chi 

sq = 29.145, df =I&p=0.000). As the first choice of the pair is determined by 

the flow conditions at its point of introduction, it is necessary to create condi- 

tions, which will lead the parr to make a successful decision. 

a. Introduction of the parr on the right side of the flume: 

The flow rate does not influence the first choice of pathway of the parr at the two 

flow ratios tested (Chi-square give p-values superior to 0.05). However the ratio 
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of flow going through the two orifices has an influence on the parr's first motion 

as seen in table 7-16 (Chisq = 11.343, df =I&p=0.001). 

Table 7- 16: number of parr choosing a path when introduced in the right comer of the flume 
Window side path (A) Dark side path (B) No motion 

1: 1 flow ratio 26 10 1 
5: 1 flow ratio 10 26 4 

b. Introduction of the parr on the left side of the flume: 

When introduced in the left comer of the flume, a significant majority of the parr 
(65%) moves first along the dark sidewall. 22.5% cross the flume and move to- 

wards the window side and 12.5% stay at the end of the flume or do not move at 

all [Table 7-171. The flow ratios at the two orifices or the total flow rate do not 

seem to influence the decision of the parr. 

Table 7-17: number of narr choosine a vath when introduce in the left comer of the flume 
Window side path (A) Dark side (B) No motion 

AL12 Ratio 3 12 5 
141--20 1: 1 3 15 2 
BL12 Ratio 4 14 2 
BL20 5: 1 8 11 1 

This apparent absence of influence of the flow ratio can be explained by the 

fact that for the four hydraulic conditions tested, the parr are introduced in the 

zone of influence of the 0.05 by 0.50 m orifice, which issues a jet of equal or 
higher velocities than the 0.10 by 0.10 m orifice. 

7-3.4 Conclusion 

The observation of fish movements within the pool revealed that the behav- 

iour/movement of the parr could be classified into three basic paths: (A) the fish 

moves straight along the side of the flume from the point of its introduction to the 

weir or orifice outlet, (B) the fish moves first along the downstream end of the 

flume, then moving upstream along the edge and to the pass device and (C) the 

fish starts along path A crossing over to take path B. 

There was no significant influence of the size or elevation of the orifice in the 

frequency of the three paths. 
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ncre was no difference in the movement patterns of the parr between an ori- 
fice alone and an orifice combined with a weir. 

There was also no significant influence of the width of the side vertical slot in 

the frequency of the three paths. 

7bere was significant influence of the design: side orifice/ side vertical slot in 

the frequency of the three paths. 

The choice of path seems to be influenced by factors which did not appear to 
influence the efficiency of the devices tested [see section 7-21, such as the lateral 

location of the device. If the structure. in particular an orifice, is at the middle, 

parr tend to swim equally along the window side or the opposite side of the 

flumc, whereas they move, at least initially, directly towards the jet, if they arc 
introduced in its centreline. The proportion of parr veering then away from the 

flowing water depends on the velocities. 

It can also be extrapolated from the "double orifice' situations that when two 

jets are in competition to attract parr. the influence of the flow ratio over the fre- 

quency of the three paths depends on the initial position of the parr. 

7-4 Energy used by the fish 

7-4.1 Introduction 

In section 2-5.1 the forces acting on swimming fish have been defined and ana- 
lysed. Power and energy requirements were also briefly introduced from a hydro- 

dynamic point of view. It was pointed out then that the power and energy re- 

quired by fish passing through fish passage structures such as orifices or weirs 
depend on the temperature of the %yater, the water velocity and fish characteristics 

such as length, maturation and swimming speed. 
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74.2 Energy strategy 

When entering their natal river, spawning salmon stop feeding and rely solely on 

their energy reserves. Salmon might travel relatively long distances up river to 

reach their spawning area and yet these migrations are generally energetically 

expensive. Brett (1995) estimated that long distance migrants deplete between 75 

and 95% of their body fat. From a fisheries management perspective, understand- 
ing swimming speed and energy use strategies of migrating salmon is therefore 

critical for establishing fish passage structures criteria, as high velocity and turbu- 

lence impose important energy cost and therefore reduce limited stock of energy 

vital for successful spawning. 

In chapter 3. three levels of speed were identified: (1) cruising or sustained 

speed, (2) prolonged or steady speed and (3) sprint or burst speed. The differen- 

tiation between these three levels being based on "the time for which a given 

speed can be maintained" (Webb, 1975). Despite a good understanding of these 

three different levels of swimming activity and despite the evidence of Bell 

(1973) that the speed at which a fish swims depends on the context, relatively lit- 

tle is known about the swimming and energetic strategies used by spawning 

salmon. 

Field studies in British Columbia have been undertaken by Ifinch and Rand 

(1998 & 2000) to investigate the role of local environment and fish characteris- 

tics on swim speed and energy use of sockeye salmon migrating up the river Fra- 

ser. The study also investigates their swimn-dng strategies and energy-saving tac- 

tics. During the first field study conducted in 1993-1995. electromyogram radio 

telemetry was used to assess swimming activity and a bioenergetics model was 

used to estimate the energy used per meter. 11[inch and Rand (1998) concluded 

that fish characteristic such as size and sex had an influence on the efficiency of 

the migration on an energetic point of view. They also found that in region of 
turbulent flow pattern (near a island, gravel bar or large rock), the energy ex. 

pended by sockeye salmon was higher because of longer travel times. 
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During the second field study, flinch and Rand (2000) concentrated their in- 

vestigation on the swimming and energy saving tactics employed by three long 

distance migrating salmon stocks from the river Fraser using stereovideography 

and bank side observations. They found that sockeye salmon were highly effi- 

cient in low currents but less efficient in high current. According to flinch and 
Rand, salmon tend to minimise transport costs per unit distance travelled in low 

currents. 'This means that they generate high propulsive power (Power = Propul- 

sive forces x Swimming velocity) in order to reduce travel time and therefore the 

energy cost (Energy = Power x Time). 

In general, three different tactics to reduce transport costs during the migration 

have been observed during field or laboratory experiments by biologists. These 

strategies include (1) swimming in low speed current or reverse flow current path 

(Hinch and Rand, 1998), (2) swimming steadily at hydrodynamic speeds (Weihs 

1973) and (3) swimming in burst then coast fashion (Weihs, 1974). 

a. Swimming in low speed current or reverse flow: 

I-hnch and Rand (1998) observed that near banks where small reversed flow areas 

were created, the ground speed of the migration sockeye salmon was higher than 

their swimming speed. This observation led them to the speculation that the fish 

exploit these reverse flows to move forward. 

This observation is to put in parallel with our own observation of the parr mo- 

tion in the experimental flume in Almondbank. By choosing path B, parr were ef- 

fectively using reverse flow (or recirculating flow) to move upstream. 

b. Swimming steadily at hydrodynan-dc speeds; 

The steadily hydrodynamic speed is also known as the metabolic optimal speed 

and is defined as the constant swifiiming speed at which the rate of energy ex- 

pended per unit distance is minimal. Weihs (1977) predicted that this metabolic 

optimal speed depends on the fork length L of the fish and a constant a (around 

0.5) as seen in equation 7-3. 
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V. 
P, i. l = cl?, 43 in nVs (7-3) 

c. Swimming in burst then coast fashion: 

Burst and coast swimming or "kick and glide" consists of two phases. In the first 

phase, the fish swims at burst speed and in the second or coast phase, the fish 

keeps its body straight and motionless. 

According to Weihs (1974) both at low and high speeds, this method of 

swimming allows savings around 50% in comparison with a steady swimming at 

the same average speed. This diminution of energy consumption is due to the fact 

that the drag of a flexing fish body is between 3 and 5 times higher than the body 

of the same fish while it coasts at the same speed (Webb, 1975). 

7-4.3 Energy expenditure at a fish pass 

In the following section, an attempt will be made to evaluate the energy cost 

associated with the different devices: orifice/weir/slot and the three major paths 

chosen by parr to cross the flume. In this research, the examination and calcula- 

tion of drag coefficient for swimming fish will be mainly conducted from a hy- 

drodynamic point of view and the metabolic approach to the energy expenditure 

of fish in fish passage structure will not be considered in detail. 

7-4.3.1, Drag coefficient and dragforces acting on the parr 

It was been shown in section 3-5.3 that the Reynolds and Froude number are'two 
important parameters for swimming fish. They depend on L the fish length, U the 

velocity of the fish with respect to the water, p the water density and v the kine- 

matic viscosity. A representation of their value is shown in figure 7-25 and 7-26 

for fish between 0.08 and 0.14 m long and swimming between 0 and 3.0 m/s for 

an average water temperature of I ýOC. 

It has also been shown in section 3-5.3 that the drag coefficient could be de- 

scribed by a semi-empirical equation (Webb, 1975; Behlke, 1991): 
, 
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D=0.036bkpvO- 2LI-8UI-9 
(74) 

where L is the fish length, U is the velocity of the fish with respect to the water, p 
is the water density and v is the kinematic viscosity of the water and b and k are 
two dimensionless coefficients depending on the fish. 

The dimensionless coefficient k varies between 3 and 5 and relates the drag 

coefficient of a flat-plate to the drag coefficient of a swimming fish. The dimen- 

sionless coefficient b relates the surface area of the fish A with its length through 
the relation A=bl2. In the following calculations, we will use k=4 and b=0.42 
(Webb, 1975; Behkle, 1991). For an average water temperature of 15*C, the drag 
force exerted on a parr by the surrounding water is approximately: 

D=3.82IL"'U'*8 (7-5) 

At constant water temperature, the drag force and therefore the power and the 

energy required by a fish swimming at a swimming speed U (ffi/s) depends pri- 

marily on its swimming speed U and its length L Representations of the variation 

of the drag coefficient, the drag force and the power the fish need to deliver ac- 
cording to its swimn-dng speed and its length are shown in figures 7-27 and 7-28. 
It is clear from these figures that the power increases both with the size and the 

swimming speed of the fish. 

From a hydrodynamic point of view, the energy required by a fish with a con- 
stant swimming speed U against a flow of constant velocity V,, to cover a dis- 

tance d is expressed in equation 7-6: 

E=f Powerxdt = DXUX 
Ud VW = D(I + 

V)d 
Vf (7-6) 

with Vf =U-V. the speed of the fish relative to the ground 

The ground speed of the fish can be expressed by the relation Vf =aV,, with a 

a dimensionless coefficient representing the energetic strategy adopted by the 

fish. The velocity of the fish with respect to the water U can also be expressed as 
function of the dimensionless coefficient a and the velocity of the water V,. 

154 



Chapter 7: Integration of Fish Behaviour Data and Hydraulic Measurements 

It is clear from equation 7-6 and figure 7-27 that the energy used by a fish of 

size L swimming against a flow of velocity V,, to cover a distance d, decreases as 

a increases, while the power (P= DU) increases as a increases. 

The energy used by a fish of size L swimming against a flow of velocity V,, to 

cover a distance d can also be expressed as a function of its length L, the velocity 

of the water V, (m/s), dimensionless strategic coefficient a and the time t (s): 

)2.8V2.8t E 3.82 IV, 8 (1 +aW (7-7) 

d 
where t= (7-8) 

aVw 

It has been explained in section 3-4.2 that endurance is associated with each 

swimming speed. For a given speed, the endurance is defined as the maximum 

period of time the fish will be able to swim at this given speed. It has also been 

demonstrated that the endurance or "endurance time" depends on the length of 

the fish, its swimming speed and the temperature'of the water. For an, average 

water temperature of 15' C, the endurance time is given in equation 7-8: 

Lý9641 
t. = 19396.44 

)2*8 (7-9) I(I. 0545(1+a V,, 2'8L-"5-48.23le-964 ) 

Therefore to cover a distance d by swimming against a flow of velocity V.,,,, a 

parr of length L need to choose a strategic coefficient a so that: 

1) t is smaller than t,,, 
2) And (I+a)Vw is smaller than the parr burst speed. 

The weight W of a fish can also be expressed as a function of this length L 

through a relation W=c0 where c is a dimensionless coefficient depending on 
fish characteristics. In the case of 1+ parr, we have adopted c= 11.30 (personal 

communication, MacLean, 2001) 

W(kg) = 11.30L? (m); R2=0.95 (7-10) 
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74.3.2 Energy expenditure in theflume 

While swimming in the flume, the parr were confronte 
'd 

with drag forces, buoy- 

ancy forces, weight and the virtual mass force. When swimming in the freshwater 

pool, the gravity forces are balanced by buoyancy; the propulsive force or thrust 

that the fish need to generate to move upstream is therefore the sum of the drag 

and virtual mass forces only: 

PD+ F�. 

P 0.036bkpVO. 2L!. SUI. 8 
+ 1.2pgcL? 

au 
ax 

where 
(I+ a)V,, 

It is clear from equation 7-11 that the propulsive force generated by parr is 

function of (1) the size of the fish L (m), (2) three dimensionless coefficients b, c 

and k depending on the fish and (3) the velocity of the water velocity Vw (m/s) 

and a dimensionless coefficient a, a measure of the energy strategy adopted by 

the fish. 

7-4.3.3 Energy expenditure at weirs 

According to Orsborn and Powers (1985), when leaping over a weir, the fish 

spend more time in air than water and as the density of air is much lower than the 

density of water the drag forces acting on the fish while in the air can be ne- 

glected. Therefore the fish has only to overcome its weight. Thus the total energy 

the fish need to supply is: 

Ep = 0.5mVF2 

Ep =W 
Ah 

(7-13) 
sin'6 

where m is the mass of the fish, W is its weight, Ah is the height it was to jump 

and 0 is the angle of the leap. In a still pool, the angle of the pool is typically 

around 60/70" However according to Powers and Orsbom (1985), Hilliard (1983) 
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found that downstream of a waterfall or a weir, the standing wave rises by 0.024 

Ah above the average depth of the pool. Stuart (1962) also observed that the 

standing wave helps the fish to leap; the angle of the leaping being therefore in- 

creased to 75'. The potential energy the fish has to over come when leaping from 

a standing wave in this air is therefore approximately: 

Ep =W 
Ah 

(I - , 
rO- 024)2 

Sin26 
(7-14) 

However equation 7-14 is only valid for the time the fish spend in the air 

while leaping and does not take into account the forces the fish is confronted with 

at take off and landing. This calculation of energy requirement is also based on 

the assumption that at a weir a fish will always leap over the falling water and not 

swim into it. 

The weir design was tested for three different head loss between the upstream 

and downstream pool elevation [(I): Z=0.1 m&h, = 0.108 m; (2): Z=0.1 m&h, = 0.15 

m; (3): Z =0m&h, = 0.108 m]. Representations of the leaping curves for a 0.11 m 
long parr superimposed on the sketch for the plane nappes falling from the weir 

are shown for situations (1) and (2) in figures 7-28 and 7-29. The energy required 
for the three "weir" situations tested at Almondbank has been calculated using 

equations 7-10 and 7-14 and is shown in table 7-18. 

Table 7-18: EnerLyv recuired to lear) Ah as a function of the fish size and its leat3 anp-le 
Ah Length of fish E (J) for 0 =60(' E (J) for 0= 80" 

0.208 m 
0.08 m 1.15E-03 0.89E-03 
0.14 m 6.15E-03 4.75E-03 

0.254 m 
0.08 m 1.40E-03 1.08E-03 
0.14m 7.5 1 E-03 5.80E-03 

0.108m 0.08m 0.60E-03 0.46E-03 
0.14 m 3.19E-03 2.47E-03 

Figure 7-30 shows clearly that the energy requirements to leap over a weir in- 

crease linearly with the elevation of the leap, with the weight of the fish (= cI2) 

and decrease as the angle of the leap increases. 
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7-4.3.4 Energy expenditure at orifices and vertical slots 

Powers and Orsbom (1985) and Behkle (1987,1988,1991 & 1993) also stud- 
ied energy expenditure at orifices. When swimming through a port, a swimming 
fish counters pressure forces, drag forces, virtual mass forces and buoyancy 

forces. 

The virtual mass forces are neglected in this analysis on the grounds that the 
fish has a constant velocity in the vicinity of the orifice/slot and that in the poten- 
tial core region of a_ three-dimensional jet, the velocity is constant (Albertson, 

1950; Rajaratnam, 1976). 

The energy required to pass through a slot is therefore: 

E=d. 1 
_, 

E= d(B, + D, ) 

E= d(W tan 0+0.5pbeCd U, 2j, ) (7-17) 

E= WAh + (0.5pbeCdU2 )d fiv 

where W is the weight of the fish, p is the density of the fish, L is the length of 

the fish, Cd is the drag coefficient, Uf, is the velocity of the fish with respect to 

water, d is the distance downstream the orifice from where the fish start to dart, 0 

is the angle at which the hydraulic gradient (HGL) slopes, Ali is the elevation dif- 

ference between the upstream and downstream of the pool and b is a dimen- 

sionless coefficient. If equations 7-5,7-10 and 7-18 are combined, the energy re- 

quired to pass through an orifice is: 

E= 11.30eAh + 3.82(l + a)Lý-gy,, "d (7-19) 

The energy, a parr will expend passing through the orifice depends therefore 

on two types of parameters, respectively designed as "imposed" and "strategic". 
The imposed designs are its size L (in), the head loss at the orifice Ali (m) and the 
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velocity of the water in the vicinity of the orifice Vf (m/s). The strategic parame- 
ters are the distance d (m), which is the distance downstream the orifice from 

where the fish start to dart and the dimensionless coefficient a that corresponds to 
the energetic strategy adopted by the fish. 

Figure 7-31 and 7-32 represent the energy needed by a parr, 0.11 rn long to 

pass through an orifice if it starts to dart at a distance d, downstream the device. 

The hydraulic conditions are characterised by the velocity at the vena contracta 
V, and the head difference Ah upstream and downstream the device. The time it 

took to cover the distance d is also represented in these figures. 

Figure 7-31 is based on the assumption that parr made the strategic choice to 

swim as fast as possible to generate a high propulsive power in order to reduce 
their travel time. This means in particular that. the swimming speeds of a 0.11 in 
long parr is going to be around 1.8 ni/s and therefore the strategic coefficient a is 

varying in accordance with the water velocity (or velocity at the vena contracta) 
in the vicinity of the orifice as shown in table 7-19. 

Table 7-19: Water velocity, strategy coefficient and fish swimming speed for 3 "orifices" situa- 
tions 

Situation Ah Vvc=Vw a U= (I +a) Vw 
Bottom orifice 0.0 1 m2 - IM 0.1528 m 1.73 m/s 0.04 1.80 m/s 
Bottom orifice 0.02m2 - 12Ys 0.0360 m 0.84 m/s 1.14 1.80 M/S 
Bottom orifice 0.02m2 - 20Vs 0.1001 M 1.40 m/s 0.29 1.80 m/s 

, 
It is clear from figure 7-31 that if for the three different situations, the parr 

swim at the same speed U, the energy to cover a distance d varies only slightly as 

a function of the situation, while the travel time varies a lot. 

It is also obvious that the distance from the orifice at which the fish start to 
dart plays an important role in the energy cost of swimming through an orifice. It 

is interesting to recall that salmon parr approaching jets followed the sides of the 

flume and swam into the orifice at"an angle thus minimising the period of time in 

fast water and their energy expenditure. Juvenile Atlantic salmon seem therefore 

to display an energy-conserving behaviour similar to upriver-migrating adult 

salmon (Hinch and Rand, 2000). 
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7-4.4 Example of Energy expenditure calculation II 

During series 4 tests, the motion of 3 parr following path A was recorded using a 
digital video camera system. Theses parr were confronted with the same situa- 

tion: "Double orifices with flow ratio 1: 1 and introduction on the left right side of 

the flume". The use of a digital camera enables to record the exact position of a 

parr as a function of the time from its introduction in the flume to its passage 

through the orifice. The movements of the parr in the flume are shown in figure 

7-33 to 7-35. 

A simple analysis of the energy expended by the parr between the time of their 

introduction and their passage through the orifice was conducted. The author had 

only one digital camera at his disposition, which means that only the X and Y 

location of the parr were recorded. However from previous direct observations, it 

had been noticed that the parr were moving preferentially near the bed. Therefore 

in the following calculations, the assumption will be made that the parr moved in 

the horizontal plane z=0.01 m. 

The hydraulic conditions existing in the pool for this particular situation have 

been presented in chapter 6. The water was issued in the pool through two ori- 

fices: a square orifice [0.10 m by 0.10 m] located directly in front of the point of 

introduction of the parr and a rectangular orifice [0.05 m by 0.5 m] blocked by a 

coarse grid on the opposite side. As the flow measurements have only, been con- 

ducted within an area 1.50 m by 1.10 m wide, the energy used by the parr has 

been calculated only from 1.50 m downstream the orifice. The results of the cal- 

culations are shown in table 7-20: the time, the energy used if the virtual mass 
forces are neglected and the energy used if the virtual mass forces are included 

are given for a travel distance 1.50 in downstream the orifice to the cross section 

of the ofifice. 

Table 7-20: Energy used by the parr between x=1.50 and x=0.0 m downstream the orifice 
Fish I Fish 3 Fish 5 

Time 3.16s 1.29s 1.57s 

E 0.0863 0.218 0.319 
E (virtual Mass) 0.0898 0.223 0.344 
E (virtual Mass+head) 0.0899 0.223 0.344 
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Considering table 7-21, it is obvious that the time and the energy used by the 
three fish to cover 1.50 m vary as a function of the strategy adopted by the fish. 
The time taken by the three parr to cover 1.50 m varied between 1.29 s and 3.16 

s, which represented a variation of 84%. The energy required to cover this dis- 

tance varied between 0.0898 J and 0.344 J, which represented a variation of 
117%. It can be seen that the virtual mass force counted for only 4-5% of the total 

energy used. 

It might be extrapolated from this simple comparison that the energetic strat- 
egy adopted by the fish plays a major role on their energy consumption without 

regard to the path chosen. 

74.5 Conclusion 

In this section on the energy used by parr to swim in a flume and pass through an 
orifice/slot or jump over a weir, only the hydrodynamic point of view was 
adopted. However this simple approach to the mechanisms of fish propulsion 
clearly showed that the energy a fish used to swim or pass an obstacle depends 

not only on the characteristics of the flow (hydraulic, temperature ... ) or the char- 
acteristics of the fish but also on the strategy selected by the fish. 

In table 7-21, estimations of the energy parr need to produce to pass through 

the studied designs are given. The energy expenditure calculations have been 

made using equation 7-14 for the weir situations and equation 7-19 for the orifice 

and vertical slot situations. It is clear from this table that for the three designs 

tested: orifice/weir or vertical slot, the energy expended by parr increases with 
their size. For the weir situation, it is also evident that the parr will expend less 

energy if the water level downstream the weir is raised. In this particular case, the 

energy expenditure is divided by two when the water level downstream the notch 
is increased from 0.20 m to 0.30 m. The comparison of the small and large ori- 
fices also shows that the energy expenditure is multiplied by 3 when the size of 
the orifice is divided by two. The energy expenditure is also multiplied by 2.5 

when the width of the vertical slot is reduced from 0.10 m to 0.05 m. 
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In general, the weir appears to offer the less energetic route in front of the 

wide vertical slot, the large orifice, the narrow vertical slot and the small orifice. 

This apparent superiority of the weir design over the orifice and vertical slot de- 

signs is due to the fact that the energy expenditure calculated here takes into ac- 

count only the actual jump of the fish and ignores the energy expended by the 

parr to reach the starting point of the jump. 

Table 7-21: energy used by parr 0.10 or 0.12 in long confronted by different designs for a dis. 
charge of 0.012 in /s. For the orifice and vertical slot design the assumption is made that the parr 
swims 0.10 m azainst the hieh velocities with a strateizic coefficient a equal to 0.1. 
Design Fish size (m) Energy (J) 

0.10 1.15E-03 
Weir - wsel = 0.3 m 0.12 1.99E-03 

0.10 2.22E-03 
Weir - wsel = 0.2 m 0.12 3.84E-03 

0.10 5.27E-03 
Large orifice -a=0.02 m2 0.12 7.46E-03 

Small orifice -a= 0.0 1 m2,0.10 0.12 
17.213-03 
24.513-03 

0.10 12.213-03 
Narrow vertical slot -b=0.1 Om 0.12 17.313-03 

0.10 4.93E-03 
Wide vertical slot -b=0.05 m 0.12 6.9813-03 

If the energy expended by the fish before passing through the orifice/slot is ig- 

nored, as shown in table 7-22 (only the first term of equation 7-19 is considered), 

the energy used by the fish to pass through the orifice/slot devices tested is less 

than 3. OOE-03J and is smaller or of the same order than the energy used by the 
fish to jump. 

Table 7-22: Energy used by parr 0.10 or 0.12 m long confronted by orifice/vertical slot designs 
for a discharize of 0.012 m3/s when oniv the first term of Eq (7-19) is calculated 
Design Fish size (m) Energy (J) 

Large orifice -a=0.02 M2 
0.10 4.0713-04 
0.12 7.0313-04 

Small orifice -a= 0.0 1 m2 
0.10 17.313-04 
0.12 29.8E-04 
0.10 3.77E-04 

Wide vertical slot -b=0.1 Orn 0.12 6.5211-04 
0.10 10.212-04 

Narrow vertical slot -b=0.05 m 0.12 17.7E-04 
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7-5 Conclusions 

The objectives of this chapter were to summarise and bring together the hydraulic 

and biological results of chapter 5 and 6 in order to throw a new light on the de- 

sign of fish passage structures such as weirs, orifices or vertical slots. The analy- 

sis was divided in three sections: the influence on flow characteristics on the effi- 

ciency of a device, the influence of the flow characteristics on the paths chosen 
by parr and the energy expenditure in relation to the device. 

It was found that the suitability of a design and/or the movements of the parr 
in the flume were both governed by the hydraulic conditions existing in the flume 

(such as the nature of the flow: overflow jet, submerged jet, plunging or stream- 
ing flow, high or low velocity ... ) and by behavioural patterns such as swimming 

near the bottom of the flume, line swimming or energetic strategy. The predomi- 

nance of one characteristic over another appears to change following a complex 

algorithm, which still need to be found. However by multiplying the number of 

situations tested, a hydraulic/behaviour pattern can be built. 

If it can be proven that parr and adult spawning salmon have the same behav- 

ioural patterns, then the findings presented in this chapter can be used as a base to 
improve the design of fish pass structures. Such an attempt will be made in chap- 

ter 8. 
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CHAPTER 8: 

BEHAVIOUR OF FISH UNDERGOING SPAWNING 
MIGRATION: A COMPARISON OF PASSAGE 

THROUGH WEIRS AND ORIFICES FOR MATURE 
MALE PARR, ANADROMOUS ADULT AND 

BROWN TROUT 

8-1 Introduction 

Experimental results of the behaviour of parr at a range of fishpass designs have 

been presented in Chapter 5. In Chapter 7, these results were combined with de- 

tailed hydraulics and hypotheses were made on the behaviour of homing adult 

salmon using displaced parr as models. The main recommendation from these 

studies was that submerged orifices or vertical slots are preferable to overflow 

weirs in a fish pass. 

The purpose of this chapter is twofold: 

9 To test the hypothesis that, like immature salmon, adult trout and mature 

parr prefer to pass through orifices rather than over weirs. 

* To test the hypothesis that adult wild salmon in the field prefer to pass 

through orifices rather than over weirs. 
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8-2 Laboratory study at Almondbank with mature parr and adult trout in 
November 2000 

Large movements of salmon parr, the majority being precious males in search 

of adult females (Buck and Youngson, 1982) occurs in autumn (Calderwood, 

1945). These parr are sexually mature without having first migrated to the sea 
(Jones, 1959). By using mature male salmon parr and mature male brown trout, it 

was possible to examine how salmonids on spawning migrations chose between 

options of orifice and weir. In a first experiment, the behaviour of mature male 

salmon parr approaching a vertical wall where they were offered the alternatives 

of passing through an orifice or over a weir was studied. In a second experiment, 

the behaviour of adult male trout was observed in the same experimental set up. 
Like Atlantic salmon (Salmon Salar L. ), brown trout (Salmo trutta L. ) home to 

their natal stream to spawn (Stuart, 1957; Banks, 1969) or after displacement 

(Armstrong and Herbert, 1997). 

The incentive for the adult male brown trout to move upstream was created by 

the presence in the upper part of the flume of 6 male-female couples of brown 

trout in the spawning process. Chemical cues such as pheromones (Moore and 
Scott, 1991), visual cues (Takeuchi et al, 1987; Rouger and Liley, 1993) and the 

mechanical disturbance of river gravel bed caused by female cutting redds 
(Moore and Scott, 1991; Moore and Waring, 1999) influence spawning behaviour 

of adult salmonids during the spawning season. Moore and Scott (1991) found 

that the conspecific odours released into the water column by the disturbance of 
the gravel bed resulted in an upstream migration of mature male parr Atlantic 

salmon if the odours were detected by their olfactory systems. Moore & Waring 

(1999) also found that the sounds of a wild female Atlantic salmon cutting a redd 

had a priming effect on the reproductive physiology of mature male parr. 
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8-2.1 Experimental Apparatus 

Tests were conducted in the laboratory of the Almondbank laboratory between 7'ý 

and 21" November 2000. The physical model used for this experiment was the 
same than the one described in section 4-3. 

8-2.2 Design and hydraulics 

A vertical board including a weir and an orifice divided the flume into two pools. 
Salmon parr/adult trout approaching the vertical board had the alternative of 

swimming through an orifice or over a weir. 

The orifice used in this study was a 0.20 by 10 rn rectangular port positioned 

at the bottom on the right side of the vertical board as shown in figure 8-1. The 

weir was a contracted rectangular weir with a crest height of 0.20 m and width of 
0.20 m. The weir was positioned in the left comer of the vertical board. The wa- 

ter level in the lower part of the flume was 0.20 m. 

For -this experimental set up, -the flow passing through the flume was fixed at 
0.020 m 3/S 

. This total flow was then divided between the flow passing through 

the orifice [Q. = 15 m3/s] and the flow passing through the weir [Q,, =5 m3/sj. 
The orifice and the weir had been designed to produce identical velocity at the 

vena contracta, of the orifice and in the zone of impact of the overflow jet. The 

velocities have been calculated both at the vena contracta and in the zone of im- 

pact and of the overflow jet with the pool using equations 8-1 and 8-2. 

The velocity at the vena contracta varies with Ah the head difference as follow: 

V,, = ý2gAh (8-1) 

The velocity at impact with h, the. head measured above the crest weir and Z the 
distance between the bottom crest of the weir and the water surface downstream 

(Z = 9.0 m) can be expressed by the following equation: 

V= V2-g(Z+ hl) I (8-2) 
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For a better understanding of the hydraulic conditions existing in the down- 

stream pool, measurements of the flow rate, the head loss, velocities and turbu- 

lences were conducted in a similar physical model at Glasgow University. All 

water surface measurements were done using a digital pointer gauge. Velocity 

and turbulence measurements were taken in various horizontal layers [z = 0.01, 
0.05 and 0.10 m] through the flow over an area of 1.22 rn wide by 1.50 m long 
located immediately downstream the device. The instrument used for this purpose 
was a Sontek Acoustic Doppler Velocimeter. The ADV uses remote sensing 
techniques to simultaneously measure three velocity components (x, y, z) of 
flowing water using a single sampling volume. 

8-2.3 Protocol 

The experiments were divided in two series: the first series was conducted be- 

tween the 7h and the 15'h of November 2000 using twenty wild adult male trout 

[length range: 15-35 cm]. The second series using twenty hatchery reared mature 
salmon parr [length range: 14-18 cm] was conducted between the 20 th and the 
21" of November 2000. The temperature of the water in the flume varied between 

20C and 30C during the first series and between 40 C and 50 C during the second 
series. 

The fish were held in two separate tanks (2 m. diameter) supplied with a con- 

stant flow of aerated water from the river. Each fish was handled only once and 

placed in another tank subsequently. Fish were fed to satiation, once daily. 

The protocol was to capture and release a male fish (parr/trout) as quickly as 

possible at the downstream end of the flume adjacent to the viewing window. The 

fish was then observed continually by a network of cameras and records were 

made of changes in position with time until it passed trough the orifice or jumped 

over the weir. The positions of weir and orifice were reversed between each run. 
Video records using a network of cameras in the upstream half of the flume sup- 

plemented the direct observations. These cameras focussed particularly on 
"the 

behaviour of the fish near the pass entrances. Four small waterproof cameras 

were placed in the upstream zone of observation. 
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8-2.4 Experimental Results 

8-2.4.1 Hydraulic results 

The head difference Ah between the upper and lower pool was 0.06 m. The ve- 
locities were circa 1.00 m/s both at the vena contracta and in the zone of impact 

of the overflow jet. 

The mean velocity patterns for the three horizontal planes at 0.01,0.05 and 
0.10 m above the bed of the flume are shown in figure 8-2. The velocity vectors 

over vertical slides in the vicinity of the orifice and the weir are shown in figure 

8-3. 

The jet issuing from the orifice was mainly longitudinal with high velocities 

concentrated inside a band 0.10 m wide around the jet centre line. Maximum ve- 
locities occurred in the horizontal plane at 0.05 m from the bottom of the flume 

along the jet centre line and reached up to 0.99 m/s, around 0.10 m downstream 

the orifice. In accordance with the theory of the turbulent jets, it can also be noted 

that the decay of the centre line velocity was linear [V (nVs) = -0.428*X+0.95, R2 = 
0.92]. It is also interesting to note that in the vicinity of the orifice, the vertical 

components of velocity was negligible particularly near the flume bed [Fig 8-3). 

The flow passing over the weir (1) plunges through the atmosphere and (2) 

diffuses in the downstream pool, (3) hits the flume bed and then rebounds. There 

was also the suggestion of a submerged roller of standing wave forming in the 

axis of the weir (Fig. 8-3). Maximum velocities occur near the water surface in 

the zone of impact of the jet with the pool and were calculated to have reached up 

to 1.00 m/s. In the horizontal plane at 0.01 m from the flume bed, maximal ve- 

locities occurred 0.50 m downstream the weir and reached 0.40 m/s. A weak re- 

circulation phenomenon with velocities reaching 0.20 m/s could also be observed 

in the lower central part of the flume. Turbulence intensity varied between 0 and 

10 % in the majority of pool reaching 20% around 0.30 m downstream the orifice 

at 0.01,0.05 and 0.10 m above the flume bed and 15% downstream the weir at 

0.10 m above the flume bed. 
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8-2.4.2 Passage of Wild brown trout 

When presented with the choice to pass through the submerged orifice or over the 

weir, 19 out of the 20 wild male trout individually introduced in the flume se- 

lected the bottom side orifice over the weir as shown in table 8-1. The time 

needed by the trout to pass through the orifice averaged 7694 s [01: 57: 46] and 

varied between 47 s and 29400 s [8: 10: 00] as shown in table 8-5. The only trout, 

which selected the weir, took 19620 s [05: 27: 001 to pass. 

Table 8-1: Choice made bv the adult male trout between the orifice and the weir 

Number Date Temp water (OC) 
Fish length 

(cm) Device selected 
Time to pass 

device (s) 

1 07-Nov 5 30 Orifice 10801 
2 09-Nov 5 30 Orifice 2369 
3 09-Nov 5 29 Orifice 8101 
4 09-Nov 5 23 Orifice 47 
5 13-Nov 4 24 Orifice 90 
6 13-Nov 4 35 Orifice 2069 
7 13-Nov 4 29 Orifice 29400 
8 14-Nov 4 23 Weir 19620 
9 14-Nov 4 27 Orifice 412 
10 14-Nov 4 25 Orifice 172 
11 14-Nov 4 24 Orifice 77 
12 14-Nov 4 30 Orifice 2547 
13 14-Nov 4 28 Orifice 17994 
14 14-Nov 4 27 Orifice 7080 
15 14-Nov 4 

_28 
Orifice 11456 

16 14-Nov 4 28 Orifice 12420 
17 15-Nov 4 15 Orifice 8100 
18 15-Nov 4 22 Orifice 7304 

19 15-Nov 4 40 Orifice 716 

20 15-Nov 4 29 Orifice 13101 

Table 8-2: Descrivtive statistics 
Time (s) (h) Time (s) (h) 

Mean 7066 01: 57: 46 Mode N/A 
Standard Error 1765 00: 29: 25 Range 29353 08: 09: 13 

Median 7080 01: 58: 00 Minimum 47 00: 00: 47 
Standard Deviation 7692 02: 08: 12 Maximum 29400 08: 10: 00 
Sample Variance 59171695 Sum 134256 

Kurtosis 3 Count 19 13: 17: 36 
Confidence Level 

Skewness 1 (95.0%) 3708 01: 01: 48 
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8-2.4.3 Passage of reared mature parr 

Table 8-3 shows that all the twenty mature salmon parr passed through the 

submerged orifice and ignored the weir. The time taken by the parr to pass 
through the devices varied between 5 and 10740 s [2: 59: 00] with an average of 
1162 s [00: 19: 22] as shown in table 8-4. 

Table 8-3: Choice made bv the mature male narr between the orifice and the weir 

Number Date 
Temp water 

(OC) 
Fish length 

(cm) 
Device se- 

lected 
Time to pass 
devices (s) 

1 20-Nov 2 14-18 Orifice 325 
2 20-Nov 2 14-18 Orifice 1403 
3 20-Nov 2 14-18 Orifice 120 
4 21 -Nov 3 14-18 Orifice 78 
5 21 -Nov 3 14-18 Orifice 3240 
6 21 -Nov 3 14-18 Orifice 1080 
7 21 -Nov 3 14-18 Orifice 800 
9 21 -Nov 3 14-18 Orifice 24 
10 21 -Nov 3 14-18 Orifice 5 
11 21 -Nov 3 14-18 Orifice 7 
12 21 -Nov 3 14-18 Orifice 8 
13 21 -Nov 3 14-18 Orifice 157 
14 21 -Nov 3 14-18 Orifice 18 
15 21 -Nov 3 14-18 Orifice 228 
16 21 -Nov 3 14-18 Orifice 10740 
17 21 -Nov 3 14-18 Orifice 4900 
18 21 -Nov 3 14-18 Orifice 58 
19 21 -Nov 3 14-18 Orifice 14 
20 21 -Nov 3 14-18 Orifice 5 
21 21 -Nov 3 14-18 Orifice 20 

Table 8-4: Descrintive statistics for the mature male varr 
Time (S) . (h) Time (S) (h) 
Mean 1162 00: 19: 22 Skewness 3 
Standard Error 578 00: 09: 38 Range 10735 02: 58: 55 
Median 99 00: 01: 39 Minimum 5 00: 00: 05 
Mode 5 Maximum 10740 02: 59: 00 
Standard Deviation 2584 00: 43: 04 Sum 23230 06: 27: 10 
Sample Variance 6676638 Count 20 

Confidence Level 
Kurtosis 10 (95.0%) 1209 00: 20: 09 

8-2.5 Discussion 

When artificially displaced, stream-dwelling salmonids fishes can return to the 

point where they were captured (Miller, 1954; Saunders and Gee; 1964; Garcia 
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de Leaniz, 1989; Armstrong and Herbert, 1997). This upstream movement may 
be affected by local water characteristics. Earlier in this thesis (Chapter 5) it was 

shown that a significantly higher percentage of displaced salmon parr moved 

through orifices than over weirs within a fixed time. In this chapter, the author 
has shown that both mature salmon and brown trout, probably motivated to move 

upstream in search of females, chose an orifice in preference to a weir. Therefore, 

a preference for orifices over weirs is demonstrated by two different species of 

salmonid and under two different conditions of homing. 

The proportions of mature parr and brown trout that chose orifices were very 

similar. All the mature parr and 95% of the brown trout selected the orifice to 

move upstream. These results suggest that despite being adult and bigger, brown 

trout favour the same type of hydraulic characteristics to move upstream as juve- 

nile salmon (mature or immature). 

The maximum velocities at the orifice and at the weir were of the same order, 
1.00 m/s. The turbulence intensity in the two zones of high velocities was also 

comparable: 20% at the orifice and 15% at the weir. Therefore the fact that ma- 

ture parr and brown trout preferred to swim through the orifice rather than to 

jump over the weir may not be attributed to a difference of difficulty of passage 
due to velocity or turbulence. 

Salmon parr of length 14 and 18 cm at a water temperature of 2-3'C have a 

maximum burst swimming speed in the region of 1.0 m/s (Beach, 1984). Mature 

brown trout of length ranging between 15 and 35 cm at a water temperature of 4- 

5'C have a maximum burst speed ranging between 1.2 and 2.0 m/s (Beach, 

1984). The individual brown trout that went over the weir had a predicted maxi- 

mum burst speed of 1.45 m/s (Beach, 1984). Despite the fact that the velocity at 

the vena contracta corresponded to their maximum burst swimming, the average 

time taken by the parr to move through the orifice [Oh2O +-+Oh4O] was lower than 

the average time taken by the mature trout [2hOO ±2hOO]. This different in time of 

passage might be due to the fact that the mature parr were reared whereas the ma- 
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ture trout were of wild origin and therefore needed more time to recover from 

their handling. 

There was no evidence that context of upstream migration or size/species of 

salmonid fish influenced the preference for swimming rather than jumping during 

upstream migration. It would be very surprising if anadromous adults exhibit 

radically different behaviour to immature and mature male parr and trout consid- 

ering that their behaviour appears consistent with minimising mortality and en- 

ergy expenditure (Chapter 5). Therefore it seems to be reasonable to suggest that 

wild anadromous salmon on homing migrations are likely to prefer submerged 

orifices to weirs. 

8-3 Preliminary Field test at Tongland Dam Fish Pass in July 2001 

The logistics of testing fish pass preferences of anadromous adults in the wild are 

substantial. Nevertheless, as a complement to the comparison of passage through 

weir or orifice for mature salmon parr and brown trout, an attempt was made to 

study salmon moving through the Tongland dam fish pass. The purpose of this 

field test was to assess the hypothesis that adult wild salmon in the field prefer 

orifices to weir flow situations. 

8-3.1 General background 

Tongland dam is one of five power stations which together comprise the Gallo- 

way Hydro-Electric Scheme (Hudson, 1938). This scheme is located in the 

southwest of Scotland between the estuaries of the Clyde and the Solway and in- 

cludes the entire catchment of the Galloway Dee plus the catchment area of Loch 

Doon 

The construction of Tongland power station commenced in April 1931 and 

was completed in the winter of 1936-1937. Tongland is the last power station of 
the river Dee and is situated on its estuary. Its principal functions are to generate 

power and provide daily storage. The average net head at the power station is 

around 32 m. The storage capacity of the reservoir is around 30 millions of cubic 
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feet; the maximum draw down is 3m and the water area at spillway level is 106 

acres. 

Tongland dam consists of an horizontal arch dam together with a tangential 

gravity dam on the left bank, which is provided with two flood-gates as shown in 

figure 8-4. A spillway channel along the flank of the hill forming the eastern 
boundary of the reservoir also deals with floods. The water for power purposes is 

taken from the Tongland reservoir through an intake chamber on the right bank 

upstream of the arch abutment. The intake is connected to aI krn long aqueduct, 

which goes from the intake gate to the surge tower near the power station. The in- 

take is provided with fixed screens and the flow through it is controlled by a 

sluice gate 6m by 5.40 m. 

8-3.2 Fish passage facility at R? ngland 

Tongland dam is also provided with a fish pass following the recommendations 

of the inspector of Salmon Fisheries in Scotland. The design adopted for the fish 

pass was initially of the submerged orifice type. The fish pass comprises 30 sub- 

merged orifice pools and 4 resting pools. It has a height-of 20.7 m and the vertical 
lift between successive resting pools is limited to 6 m. The submerged orifices 
have a hexagonal shape as shown in figure 8-5. The flow through the pass was 

controlled by means of sluice gates at each orifice as shown in figure 8-5. 

,A series of float-controlled sluices are present in the five higher chambers of 

the pass. They shut off in succession as the reservoir level falls. The hexagonal 

gates have the capacity to be opened to deliver between 0.25 and 0.3 m3 s". The 5 

upper pools are also part of the dam itself and are partly covered over. The 

amount of light in this part of the pass is therefore restricted 

According to Hudson and Hunter (1938), the pas's was successful when it was 

first put in service in April 1935. Spring fish " were experiencing no difficulty in 

finding the entrance to the pass and making the 70-feet ascent to the reservoir". 

Due to an increasingly unsatisfactory assessment of the performance over the 

years, the 17 first submerged orifice pools were subsequently altered to become 
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pools with overflow weirs. The hexagonal gates were fully closed but their 

mechanisms were left in place. Rectangular notches were opened into the walls. 
Each pool is 4.45 m long, 3.00 m wide and 1.70 m deep. The rectangular notches 

are 0.70 m wide and 0.85 m high. The notches were made on the opposite side of 
the pool from the orifices. Baffles were added in the eight intermediate pools and 
the hexagonal gates were left permanently fully opened. The resulting layout of 
the pass is shown in figure 8-6. 

In November 1997, Scottish Power, the owner of the Tongland power station, 

commissioned an initial desk study to investigate the hydraulic conditions in the 

upper resting pool and the five upper pools as salmon appeared unable to proceed 

through them and accumulated in the resting pool. Following this initial desk 

study by the Camie Consultancy and Glasgow University, a small-scale physical 

model study was commissioned to investigate the causes of the problem and to 

recommend a solution. 

The results of the study indicated that surging was excessive and velocities 

and turbulences reached values of as high as 3.2 m/s and 1.23 m/s (RMS) respec- 

tively. The head loss per pool was of 0.55 m. It was recommended that the hex- 

agonal gates be opened to an area of 0.2 m2 in order to obtain velocities below 

2.0 m/s, and turbulences below 0.67 m/s. To maintain a constant head loss of 0.55 

m per tank, it was also recommended that additional diagonal orifices be in- 

stalled, each with an opening of 0.48 by 0.48 m in each of the upper five pools, as 

shown in figure 8-7. It was also recommended that an additional wooden partition 
be installed to divide the upper resting into two pools. 

The recommended modifications were made in spring 1998 and successfully 

tested during summer/autumn 1998. Small waterproof cameras were placed in the 

upper resting pool and the first of the 5 upper pools. The movement of upriver 

fish has since been constantly recorded. Since the modifications, salmon appear 

to proceed easily and quickly from the upper resting pool to the reservoir. 
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8-3.3 Seasonal return of spawning salmon in the river Dee 

In order to conduct the field experiments at Tongland fish pass at the best time 
during the spawning season, the return of salmon over the previous eight years 
was examined. A fish counter had individually recorded all the returning salmon 
between 1992 and 1999, allowing an estimation of the number of fish negotiating 
the fish pass per month as shown in figure 8-8. 

Table 8-5: Total, number of fish passing through the fish pass at Tongland 
Year 1992 1993 1994 1995 1996 1997 1998 1999 

Total Number 1452 2448 1633 1150 1614 1289 1769 1012 

Between 1992 and 1999, the annual number of fish registered passing up over 

the fish counter varied between 1012 fish for 1999 and 2448 fish for 1993 as seen 
in table 8-5. The same pattern occurred every year. Between December and April, 

a very limited number of passes, between 0 and 1% of the yearly total number, 

were registered by the counter. In May and November, between 3 and 7% of the 

annual number of registrations were recorded. These two months represent the 

start and the end of the spawning season. The counter data suggest that most of 

the fish enter the river between June and October with an important peak occur- 

ring in July as shown in figure 8-9. 

In the light of these results, it was decided to conduct the field experiment in 

July in order to have the greatest sample size as possible. 

8-3.4 Set up of experiments 

The objective was to cut an orifice and a weir in one of the wooden partitions at 

the top of the pass and to attempt to develop PIT tag technology to detect fish 

moving though the openings. The PIT tag technology and the antennae system 

associated with it were designed and built by another PhD student at the Univer- 

sity of Glasgow, Phil Rycroft who is also the technical director of the company 

UKID Systems, specialising in the design and manufacture of radio frequency 

identification systems. 
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It was detennined that the field test would be carried out between the 12'h and 

31" of July 2001, the month offering the greatest chance of catching and tagging 

a sufficient number of fish. 

Initially plans to install 10 antennae along the whole fish pass were aban- 
doned. Due to access restrictions associated with foot-and-mouth disease, it was 

not possible to install a trap downstream of the fish ladder. Instead, fish were 

trapped at the foot of the ladder and transported upstream to the first resting pool 
[see Fig 8-6]. The experiment was then restricted to a comparison of a weir and 

an orifice at one location in the pass. 

The choice of passing through a submerged orifice or a over a weir at one singu- 
lar location in the fish pass was similar in concept to the experiments performed 

at Almondbank with mature parr and adult brown trout (see section 8-2). 

To do so, an orifice was added to the wooden weir structure dividing the upper 

resting pool in two since the alteration made on the upper part of the fish pass in 

1998 (Ervine et al, 1999) as shown in figure 8-10. The weir and the orifice were 

then both fitted with an antenna to record the passage of the tagged fish through 

the structures. 

The dimensions of the orifice were designed so that the flow and the maximal 

velocity at the weir and the orifice were similar. The average daily flow passing 

through the fish pass is around 0.27-0.28 m3/s. This flow was divided almost 

equally between the flow passing through the orifice (Q,, = 0.13 m3/s) and over the 

weir Q, = 0.14-0.15 m3/s). The submergence of the weir varied between 0 and 

0.10 in and the velocity had been calculated to be circa 2.0-2.2 m/s both at the 

vena contracta and in the zone of impact of the overflow jet. This velocity is 

comparable to the 2.4 m/s mean water velocity at the orifices of Pitlochry fish 

pass (Webb, 1990) which salmon successfully ascend (Gowans et, 1999). 
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8-3.4.1 Passive integrated transponder tags 

The system used to carry out the experiments consisted of a computer, to retrieve 
the information, readers otherwise known as decoders, antennae, and transpond- 

crs (tags). A schematic of the system is shown in figure 8-12. 

* HP Single Point Decoder 

The decoder reads the encoded signal from the transponder (tag) and decodes it 

into a language the computer can understand. 

Housed in a durable die-cast aluminium enclosure as shown in figure 8-13, the 
HP Single Point Decoder has been designed to permit the use of long antenna ca- 
bles with minimum effect on read range and also reduces the effects of surround- 
ing materials on the operation of the antenna. The HPSPD operates from a 24vdc- 

regulated supply. 

Rectangular Tube Antennae 

The antennae search for the transponders (tags) and relay the information from 

the transponder to the decoder. The antennae power the tag, which then sends 
back an encrypted code unique to each transponder. 

Antennae were specifically designed to fit the various orifices and weirs pre- 

sent at Tongland Dam fish pass. The antenna positioned around the orifice was 
320 by 320 mm as shown in figure 8-14 whereas the antenna fixed at the weir 

was 500 by 760 mm. Having an open frame construction allows objects to pass 

through the antennae centre. The antennae are sealed and can be used in a sub- 

merged environment. 

Glass Transponder: 

Each transponder has a unique 9-digit code. As explained earlier, the transpond- 

ers, are passive which mean that they require no renewable source of power as the 

antenna, through which the transponder is passed, generates the power required. 
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Housed in a biostable glass capsule as shown in figure 8-15, this transponder 
is suitable for use in biological environments, and can in particular be inserted in 

the body of adult salmon without causing internal damage (see section 84.1.3). 

8-3.4.2 Tagging thefish 

It was agreed at the start of the field test that a total of 20 spawning salmon reach- 
ing the entrance of the pass would be trapped and tagged. The fish were caught 
between the 12 and the 13th of July 2001 in the lower part of Tongland Dam fish 

pass. 

To catch the required number of salmon, a temporary trap was constructed in 

the lower part of the pass. This temporary trap worked in the following way: 

A mesh grid was put in position to block the weir notch between pool 56 and 
58 (see Fig 8-6) for periods lasting from 4 hours (during the day) up to 12 

hours (over night). The trap is shown in figure 8-16. 

The salmon coming from the river Dee and moving towards their spawning 

grounds were blocked in their upstream migration by the mesh grid and there- 

fore cumulated in pools 56 and 54. 

9 At the end of this 4 to 12 hours period, the passage between pool 54 and 52 

was blocked by a mesh grid, which means that some fish were trapped be- 

tween pool 54 and 56. 

The fish were then caught using electric-fishing equipment as shown in figure 

8-17. 

The electric fishing equipment comprised a generator, a control box, a trans- 
former and two electrodes (anode and cathode). The generator, the control box 

and the transformer, shown in figure 8-17, are positioned on the side the fish 

pass, and the cathode is positioned in the river downstream of the entrance to -the 

pass so that it does not interfere with the fishing operation. The anode is operated 
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from the scaffolding built across pools 54 and 56. The stunned fish netted out of 

the water are then transferred to a holding tank prior to the surgical procedure. 

For surgery, fish are anaesthetised in a tank containing a solution of benzo- 

caine (7.5 ml of stock solution for 10 1 of water). Implantation of the tags was ini- 

tiated when a slow, irregular opercular rate was observed, generally within four 

minutes. Individual fish were then measured and weighed before being placed 

ventral side up in V-shaped surgical table. 

A 0.2-0.5cm incision was made on the ventral surface of the fish in a central 

position, anterior to the pelvic fins. The transponder, sterilised in alcohol, was 
then pushed through this incision into the body cavity. The implantation proce- 
dure lasted approximately 2 to 3 minutes. The fish were then left to recover for a 
few minutes in fresh oxygenated water tank before being released in the first rest- 
ing pool of the pass (pool 70). 

Of all 20 individuals, 5 fish were tagged and released on the 12 th of July and 
15 the 13th of July 2001. The age of each fish was measured by the analysis of 

scales. All the fish were one sea-winter fish of which 25% were male and 75% 

female. They had a mean fork length of 62.9 cm (± 0.9) and a mean weight of 
2.845 kg (± 0.135). Details of each salmon tagged are shown in table 8-6. 

The first five fish were caught in the upper part of the ladder (: between pools 90 

and 110 (cf Fig 8-6)) while it was drained in order to install the antennae. The 

fish were caught by. electric fishing and released 2 pools down from the weir- 

orifice structure. The 15 following fish were caught in the trap located at the en- 

trance of the pass and released in the first resting pool of the system (pool 70 (cf 

Fig 8-6)). 

The detectors were activated continuously, except during a period of one day 

from the evening of the 16/07 to around 4pm the following day when there was a 

power cut. 
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Table 8-6: Details of adult Atlantic salmon taeaed 
Fish Number Date Fork length (cm) Weight (kg) Sex Tag code 
1 12/07 62.0 2.600 Female DCOO 111606 
2 12/07 56.5 1.850 Female DCOO II F249 
3 12/07 68.5 3.670 Male DCOO II E705 
4 12/07 69.0 3.850 Male DCOO II E299 
5 12/07 64.0 2.380 Male DCOO II F29F 
6 13/07 55.5 1.850 Female DCOO I IEE5A 
7 13/07 64.3 2.500 Female DCOO II F3BO 
8 13/07 56.0 1.950 Female DCOO II E42F 
9 13/07 64.5 3.350 Male DCOOIIFIEE 
10 13/07 62.0 3.000 Female DCOO II E4F9 
11 13/07 61.4 2.850 Female DCOO II E5 84 
12 13107 63.0 3.350 Female DCOOlIE29B 
13 13/07 62.0 2.650 Female DCOOF7C2B 
14 13/07 70.5 3.800 Female DCOOlIE541 
15 13/07 65.5 3.200 Female DCOOllE4D8 
16 13/07 63.5 3.000 Female DCOOI IFIFF 
17 13/07 59.5 2.300 Male DCOOI IF35A 
18 13/07 62.0 2.750 Female DCOO II E6E7 
19 13/07 62.5 2.900 Female DCOOIIEF9E 
20 13/07 65.0 

_3.100 
Female DCOOIIEC33 

8-3.5 Results 

8-3.5.1 General 

Fifteen of the twenty (75%) salmon tagged between the 12th and the 13'h of July 

were recorded by the orifice antenna and/or by the weir antenna between the 12, h 

of July and the 31" of July 2001.5 fish were not recorded at the antennae during 

the period that the detectors were recording. Details of detections are shown in 

table 8-7. 

Ten of the fifteen (= 67%) wild salmon recorded at the orifice or/and weir 

were picked up on multiple occasions. Only 4 (= 27%) were recorded a single 
time. In these four cases, two were recorded at the orifice (Fish 13 & 18) and two 

at the weir (Fish II& 15). 

Five of the fifteen (= 33%) wild salmon recorded were recorded only at the 

orifice (Fish 4,12,13,18 & 20), eight (= 53%) were recorded both at the orifice 

and the weir and two were recorded only at the weir (Fish II& 15). Eight of the 
fifteen (=53%) wild salmon recorded at the orifice and/or the weir were recorded 
first at the orifice (Fish 1,2,4,12,13,18,20). 
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There was a diurnal variation in the occurrence of the recordings at the anten- 

nae. Figure 8-18 clearly shows that the first recording of the fish occurred only 
between 08h38 and 22h43, the average time of arrival of the fish in the vicinity of 

the antennae being MOO (± 4hOO). No fish arrived in the vicinity of the antennae 
between 12 am and 6 am, I fish reached the antennae between 6 am and 12 pm, 7 

between 12 prn and 6prn and 7 between 6 pm and 12 am. 

8-3.5.2 Movements of thefivefish released in pool 110 

Fish 1,2,3,4 and 5 were captured, tagged and released in pool 110,2 pools 
downstream from the orifice/weir antennae cross wall on 12/07/2001 around 3-4 

pm. There were multiple recordings at the orifice and/or weir antennae for Fish 1, 

2,3 and 4 while Fish 5 was not recorded at the orifice or at the weir antenna over 

the tracking period (ending the 31 July 2001). The results for the recorded salmon 

are shown in table 8-7. 

Fish 3 and Fish 4 were both first recorded in the proximity of one of the an- 

tennae circa 3h after their release whereas Fish 2 and Fish I were recorded for 

the first time at one of the antennae 30h and 67h after their release, respectively. 
The mean time of first detection at one of the antennae was 1.08 days ± 1.27 days 

and ranged between 0.12 and 2.80 days. 

The duration between the first and the last recording varied between 0.38h and 
1.4h for Fish 1,3 and 4 but reached 32.2h for Fish 2. Fish 2 was recorded once in 

the vicinity of the orifice, 30.6h after its release and a second time, 32.16h later at 

the weir. 

Fish I and 2 were both recorded at the two antennae: the first time at the ori- 
fice and the second time at the weir. Fish 3 was recorded 4 times at the weir and 2 

times at the orifice in a 49 min period. Fish 4 was recorded four times at the ori- 
fice in a 23 min period. As fish 4 was only recorded at the orifice, it might be as- 

sumed that it did pass through the orifice. 
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Chapter S. Behaviour of Fish undergoing Spawning Migration 

8-3.5.3 Movements of thefifteenfish released in thefirst resting pool 

Fish 6 to 20 were caught in the trap located at the entrance of the pass and re- 
leased in pool 70. There were no recordings of Fish 8,9,14 and 19 during the 

tracking period. Fish II and 15 were recorded only once, at the weir, whereas 
Fish 13 and 18 were recorded once, at the orifice. There were multiple recording 

of Fish 6,7,10,16 and 17 both at the orifice and weir antennae and there were 

also multiple recordings of Fish 12 and 20 but only at the orifice. The results for 

the recorded salmon are shown in table 8-7. 

There was a great variation in the period between the release and the first re- 

cording of the fish at one of the antennae. This period varied from less than a day 

up to 13 days. The mean time until first detection at one of the antennae was 3.69 

days ± 4.01 days and the median time is 2.80 days (range 0.3-13.2 days). 

The duration between the first and the last recording varied between 0.03h 

(Fish 17) and 6.87h (Fish 7). It is interesting to note that for Fish 7, in the 6.87h 

period between the first and the last recording there was a 5.5h period of inactiv- 

itY corresponding to the night (between 18/07-23: 15 & 19/07-04: 44). 

The tagged salmon were recorded at the antennae an average of 10.7 times 

(range: 1-64): 5.9 times at the weir and 4.8 times at the orifice. Four fish were re 

corded only once (Fish 11,13,15 and 18), Fish 17 was recorded two times, Fish 

12 and 16 were recorded 5 times, Fish 20 6 times, Fish 7 10 times and Fish 10 22 

times. Fish 6 was recorded a great number of times: 64 times within a4h period. 

8-3.6 Discussion 

Fifteen of the twenty tagged salmon (75%) were recorded in the vicinity of the 

antennae within 20 days of their release. The 5 fish that were not recorded at the 

orifice and/or the weir antennae between the tracking period may have ap- 

proached the antennae after the recording period had ended, dropped downstream 

into the river Dee before reaching the upper part of the pass or their tag failed. 

However, it is also possible that the fish moved upstream during the power cut 
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when recording was not possible. Therefore, I cannot comment on the overall 

numbers of fish that moved upstream. 

There is no data on the effect of the size of tags used in this study on the be- 

haviour of adult salmon (M. Rycroft is currently developing a new PIT tag sys- 

tem). However following release, two of the five fish released in pool 110 [two 

pools down the antennae], approached the weir/orifice devices within 3h. The 

short delay between the release and the first recording of these two fish seems to 

suggest that the recovery time necessary after the capturing and tagging proce- 

dure was less than 3h. 

In this present study, initial recordings of salmon in the vicinity of the ori- 
fice/weir device occurred during the afternoon [12 pm. -6pm] and the early part 

of the evening [6pm-12 am]. All activities ceased, at least in the vicinity of the 

orifice/weir device, between llpm and 5am. It also appears that Fish 7 stopped 
its activity in the vicinity of the antennae late at night (23: 15) to resume it early 

the following morning (04: 45). This pattern is in agreement with the findings of a 

radio-telemetry study conducted at Pitlochry fish ladder in 1995-1996 (Govans et 

al, 1999). It was found that the movement of the adult salmon ceased at darkness 

but continued in the following morning. 

The salmon released in resting pool 70 ascended 19 weirs-and-pools and 2 

resting pools [from pool 70 to pool 1121 within a period of time ranging between 

8h and 316 h (13 days). The great variation in the time taken by the salmon to 

reach the orifice/weir fitted with the antennae seems to suggest that some of the 

fish either paused within the fish pass (they might rest in one of the resting pools 

which have low velocity areas) or fell back and paused immediately below the 

fish pass entrance. As the trap was installed at the two first pools of the pass, it is 

possible that the salmon were caught during their "acquaintance period" with the 

lower pool of the pass. Laine (1995) suggested that some fish need to have some 

kind of initial experience of the lower part of the pass before ascending. Typi- 

cally the delay observed between the first approach and the final entry is around 

14 days (14.8 days in Gowans et al (1999) and 14 days in Laine (1995)). 
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Unfortunately, it was not clear whether the recordings at the orifice and/or the 
weir corTesponded to a successful passage of the fish through the orifice/weir or 
simply to an attempt. In the case of a unique recording, it might be assumed ei- 
ther that these salmon succeeded at the first attempt or that they felt back after 
failing their first attempt. When there were multiple recordings for a same fish, it 

was also not clear if the second and following recordings corresponded to an up- 
stream or downstream movement. 

The multiple recordings of the majority of the fish (67%) at the orifice and/or 
the weir antennae might suggest either that salmon tended to investigate both op- 
tions (swimming through the orifice or leaping over the weir) before going 
through one of them or that they were experiencing some difficulties in the upper 

part of the pass despite the modifications made in Spring 1998. 

As the proportion of salmon recorded first in the vicinity of the orifice or the 

weir (8 at the orifice -7 at the weir) are similar and as there are no significant dif- 

ferences in the number of recordings at the orifice and at the weir for the 15 fish 

registered at least once in the vicinity of one of the antennae (ANOVA, df = 1; F 

= 0.036, p=0.85), this study does not establish the preference of adult for sub- 
merged or overflow jets. 

This difference of results between the laboratory-based experiments with ma- 
ture parr and mature brown trout and this field test at Tongland dam could be due 

to the fact that the orifice was in the first case located at the bottom of the flume 

and in the second case at 1.00 m above the bottom of the pool. 

8-4 Conclusion 

The purpose of this chapter was to widen the investigation of the effects of water 
flow characteristics downstream from orifice/vertical slots and weirs devices on 
upstream movement of displaced Atlantic salmon parr. This was achieved by ob- 
serving the movements of mature male salmon parr and brown trout at Almond- 
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bank rearing station and by attempting to monitor wild adult salmon in the field 

at Tongland fish pass. 

This investigation of the effects of flow characteristics on spawning fish (male 

mature parr, male adult brown trout and adult salmon) was limited to a compari- 

son of a weir and an orifice. In the laboratory, 20 mature parr and 20 mature 
brown trout were individually confronted with the alternative of passing through 

a 0.20 by 0.10 m orifice or over a 0.20 m wide weir. In the field at Tongland dam 

fish pass, 20 wild salmon were trapped and tagged. They were also confronted in 

the upper region of the pass with the alternative of passing through a 0.32 by 0.32 

m orifice or over a 0.76 m wide weir. 

The results obtained for the mature parr and the mature brown trout are in ac- 

cordance with the conclusions drawn in Chapter 5 and 7. All the mature parr and 
95% of the mature brown trout preferred the orifice to the weir despite both struc- 

tures generating similar maximum velocity (c. I m/s). The results obtained from 

the preliminary field study conducted at Tongland dam fish pass are ambiguous 

as wild adult salmon were equally attracted by the 0.32 by 0.32 rn orifice and the 
0.76 rn weir. The original objective was to switch the orifice and weir around and 

run a second group of fish through the system. This procedure would have bal- 

anced any tendency of salmon to move up one or other side of the pass and so to 
first encounter one or other of the pass designs. In view of the uncertainties in in- 

terpreting the data, it was decided to terminate the experiment. There clearly were 
differences between the laboratory and field studies in that multiple recording 

abounded in the field. An important next step will be to determine whether these 

recordings reflect the behaviour of fish approaching the cross wall or indicate that 

they were encountering difficulties leaving the pass. 
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CHAPTER 9 

CONCLUSIONS AND SUGGESTIONS FOR 
FUTURE RESEARCH 

9-1 Introduction 

There is little doubt about the importance or need to improve the design of fish 

passes at dams or natural obstructions in order to maintain or restore populations 
of fish living out some of their life cycle in rivers. There is also a clear imperative 
for combining civil engineering and fish biology expertise in controlled environ- 
ment research (Nfitchell et a], 1998) or in the field or through computer model 
studies (Rivinoja et, 2001), to improve salmonid habitat (Gibbins and Acomley, 
2000). In particular to enhance the efficiency of fish passage facilities, which are 
bioengineering systems based on biological criteria and involving complex hy- 
draulic phenomena. 

The key question is whether this research based on the idea of using scale 

models of fish-passes to conduct both hydraulic and biological experiments (in 

order to provide direct comparisons of the efficiency of each type of fish pass in 

terms of upstream migration) brings a significant new insight about how adult 
salmon may respond to water flow in the vicinity of fish passage facilities. 
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The ideal situation in attempting to provide direct comparison of the efficiency 

of each type of fish pass in terms of upstream migration would be to track a sta- 

tistically sufficient number of upstream migrants in selected field sites over sev- 

eral years. By conducting such a field test, the efficiency of fish pass may be as- 

sessed and some insight into the proportions of migrating population moving 

upstream may be gained (Webb, 1990; Gowans et a], 1999; Rivinqja et al, 2001). 

However this kind of field survey is time consuming, requires a lot of instrumen- 

tation and is dependent on many incontrollable parameters (weather, temperature, 

precipitations, river discharge, turbidity ... 
). In addition the behaviour of salmon 

in the field is influenced by so many factors it would be difficult to establish sim- 

ple behavioural rules related to hydraulic characteristics. 

In this respect, the effect of scale model laboratory fishpass structures contain- 
ing weirs, orifices and vertical slots and combination of all three on the upstream 

movement of displaced Atlantic salmon parr was investigated in order to develop 

and refine hypotheses on the behaviour of adult salmon in the vicinity of fish 

passes (Chapter 5 and 7). An elementary biornechanical model combining hydro- 

dynamics and energetics of fish propulsion was also elaborated (see section 74). 

To test the hypothesis that salmon prefer orifices to weirs and to extrapolate 

this hypothesis to fish pass design, further laboratory-based experiments were 

conducted, this time with mature male parr (to compare the motivation to move 

of a displaced parT and a homing parr) and with mature adult brown trout (to as- 

sess the influence of the fish size). In the last part of this study, a preliminary 

field test study was conducted during summer 2001 at Tongland Dam to test the 

hypothesis postulated using salmon parr and brown trout in 1999 and 2000 on 

wild adult salmon. 

The experimental study of the behaviour of displaced juvenile salmon, homing 
I 

mature parr and brown trout was supported by extensive hydraulic measurements 

and analysis of the water flow characteristics downstream the scaled down labo- 

ratory based fishpass structure containing weirs, orifices and vertical slots and 

combination of all three. These hydraulic measurements included head-loss, ve- 
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locity patterns and turbulence structure using WinADV, ADV analysis and Mat- 
lab (see chapter 4 for methods and Chapter 6 for results). 

9-2 Main conclusions 

o Efficiency 

A significantly higher proportion of displaced parr moved through submerged ori- 
fices and vertical slots than through weirs, despite the fact that these were tested 

at equal flow rates and comparable velocities. Salmon parr were able, both to lo- 

cate and pass easily through the orifices or the slots within the few first minutes 

of their introduction in the flume. They were also capable of passing over the 

weirs but significantly less effectively than through the orifices or slots. The effi- 

ciency, defined as the proportion of salmon parr passing through the device in the 
20 first minutes of their introduction in the flume, is typically 68% for orifices, 
44% for vertical slots and 2.5% for weirs. 

These results can be correlated to the fact that the hydraulic conditions down- 

stream differed greatly depending on whether, a free-falling jet discharged over a 
weir, or a submerged jet passed through an orifice or slot. These results, therefore 

suggest that the ability of displaced salmon to move upstream is influenced by lo- 

cal water flow characteristics. 

* Velocity and turbulence 

In the pool downstrearn of the model weir, orifice or vertical slot, parr were 

confronted- in most part of the flume with velocities less than 0.20 m/s. High ve- 
locities concentrated in the vicinity of the device tested and/ or along the longitu- 

dinal axis downstream of the orifice/slot or weir. For the range of flows tested, 

the maximum velocity varied between 1.5 and 2.2 m/s [velocity at impact] for the 

weirs, between 0.8 and 2.9 m/s for the orifices [velocity at vena contracta] and 
between 0.8 and 1.8 m/s for the vertical slot. 

The efficiency of parr passing through orifice and vertical can be directly cor- 

related to the velocities existing in their vicinity, therefore to the size of the open- 
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ing and the range of flow at which they were tested. The efficiency declined al- 

most linearly with increasing velocities. 

Efficiency = -0.4026V, + 1.2602 

Efficiency = -0.359V. + 0.906 

(9-1) 

(9-1) 

Equations 9-1 and 9-2 are valid for value of V,, greater than 0.60 m/s, V,, be- 

ing the velocity at the vena contracta for the orifices (9-1) and the calculated 

maximum velocity at the slot for the vertical velocities (9-2). 

For the orifice and vertical slot devices, the hydraulic measurements have 

shown that the flow can be considerrd as two-dimensional as a first approxima- 

tion. However at high discharge, the flow downstream a vertical slot is three- 

dimensional if the slot is narrow. On the contrary, the hydraulic conditions cre- 

ated by a flow passing over a weir are, in all circumstances, three-dimensional. 

Turbulence patterns differed also greatly between orifices and weirs while verti- 

cal slots appeared to be an intermediate pattern. The maximum turbulence inten- 

sity was also greater for the weir (50%) than for the orifices (20-30%) and the 

vertical slots (25-35%). However no conclusive evidence was found of the direct 

and sole influence of the turbulence on the efficiency at passing parr of the vari- 

ous designs. 

It was also found that, for a given velocity, bottom orifices were more efficient 

than vertical slots at passing parr. For example, at a maximum velocity of 0.8 M/s, 

the bottom orifice and the vertical slot had efficiency of 87.5% and 60% respec- 

tively. According to Bates (2000), the attraction of a jet is due to its momentum, 

therefore, at equal velocity, orifices may be more suitable than vertical slots be- 

cause the decay rate of velocities within the jet is higher for slots than orifices. On 

the other hand, vertical slots have the advantage of allowing fish to swim through 

them at any desired depth (Stuart and Mallen-Cooper, 1999) and orifices have the 

disadvantage of being more prone to blockage by debris (Gowans et al, 1999). 
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Orifices at the flume bottom were significantly more cfficicnt (90%) than 

those elevated 0.05 (52.5%) and 0.10 m (40%) above the bottom. These orifices 
had similar velocities at their vena contracta but their jet diffusion patterns were 
different. Jet diffusion patterns change in relation to the elevation of the orifices 

above the flume bed. Jet discharging through orifices located at the bottom be- 

haved like bluff wall jets while jets passing through elevated orifices were com- 

parable to free bluff jets. As parr tend to stay near the bottom of the flume (obser- 

vation done during the behavioural. study and corroborated by Kallerberg, 

(1958)), this may have decreased their ability to detect jets above the bottom and 

may account for the inverse relationship between height of orifice and ease of 

passage. 

The overall efficiency of a bottom orifice was improved by introducing a 0.6 

in wide weir in parallel. This weir operated mainly at high flows. The introduc- 

tion of the weir allowed the reduction of the velocities downstream the opening 
[by 8% and 45% for a discharge of 0.012 and 0.020 m3/s respectively]. At high 

flow, this reduction by 45% of the velocity at the vena contracta was correlated to 

an efficiency improvement of the bottom orifice of 45% (from 7.5% to 52.5%). 

Combining orifices with a correctly designed weir can therefore increase the 

range of flow for which orifices are efficient. 

* Path chosen 

The movement of parr approaching orifice/weir/vertical slot devices could be 

classified into three basic paths. For path A, fish moved straight along the side of 

the flume from the point of introduction to the weir or orifice outlet directly to- 

ward the weirtorifice/slot. For path B, fish moved first along the downstream end 

of the flume, then upstream along the side and to the pass. For path C, fish started 

along path A and then crossed over to take path B. Parr followed in general the 

sides of the arena, which provided them with cover. 

The paths chosen by parr are: path A 35%, path B 33% and path C 11%. The 

choice of path seems to be influenced by factors that did not appear to influence 

the efficiency of the devices tested, such as the lateral location of the device. If 
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the structure, in particular an orifice, is at the middle, parr tended to swim equally 

along the window side or the opposite side of the flume, whereas they moved, at 
least initially, directly towards the jet, if they were introduced in its centreline. 
The proportion of parr veering, then, away from the flowing water depends on the 

velocities. As the decay rate of velocities within a jet is higher for slots and ori- 
fices, it might explain the significant influence of the design: side orifice/ side 

vertical slot in the frequency of the three paths. 

There was no significant influence of the size or elevation of the orifice or of 
the width of the side vertical slot in the frequency of the three paths and there was 

no significant difference in the movement patterns of the Parr between an orifice 

alone and an orifice combined with a weir. It can also be extrapolated from the 
"double orifice" situations that when two jets are in competition to attract Parr, 

the influence of the flow ratio over the frequency of the three paths depends on 

the initial position of the Parr. 

Energy 

It has been explained that homing salmon use a range of tactics to reduce en- 

ergy expenditure during migration (11inch and Rand, 1998; Weihs, 1973). In this 

study, parr displayed two main tactics to reduce their energy expenditure during 

their upstream movement. By choosing path B to reach the upstream part of the 
flume, they were exploiting reverse flow (or more pr-ecisely recirculation flow). It 

had been' noticed during the hydraulic measurements that a recirculation phe- 

nomenon occurred in almost all situations. Par-r approaching the orifice/slot also 

chose an economical solution as they swam into the device at an oblique angle 
thus minimising the period of time spent in high jet core velocities. 

In chapter 7, an attempt has been made to estimate the energy cost associated 

with the different devices and the path chosen by the parr to move upstream. In a 
hydrodynamic point of view, the propulsive force the fish has to generate to swim 

against the flow has to overcome gravity, pressure, viscosity, virtual mass, sur- 
face tension or even water elasticity forces (Webb, 1975). By using hydrome- 

chanics and hydraulics concepts (Webb, 1975; Behkle, 1987,1988,1991,1993) 
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simplified equations of the energy required to pass through an orifice or a slot and 

of the potential energy associated with a fish leaping over a weir were expressed. 
They are a function of parameters such as fish length and weight (L & W), veloc- 
ity of the water (V,,,, ), distance covered d, height of the leap (Ah), angle of the 

leap (0) and a dimensionless coefficient a corresponding to the energy strategy 

adopted by the fish. The energy required to pass through an orifice and the poten- 

tial energy the fish has to overcome when leaping from a standing wave into air 

are expressed in Eq 9-3 and 94: 

E= 11.30L? Ah+3.82(1+a)LPV,, '-8d (9-3) 

=W 
Ah 

. 024)2 Ep 
sin'6 

(I - 
40 0-24 (94) 

The energy expended by parr increases with their size. For weir situations, 

parr expenditure decreases linearly with the height of the leap. For orifices and 

vertical slots, the energy expenditure is 3 times greater when the size of the ori- 

fice is halved and multiplied by 2.5 when the width of the vertical slots is reduced 

from 0.10 to 0.05m. 

In the particular cases tested in this research,: for a discharge of 0.0 12 m3/s, for 

a 0.12 m long fish, the potential energy expenditure to Icap over a weir is around 

3-813-03 J if the downstream water level is 0.20 m. For a discharge of 0.012 m3/s, 

if the assumption is made that the parr swims 0.10 m (=d) against high velocities 

with a strategic coefficient a equal to 0.1, the energy used by a 0.12 m long parr 

is around 7.5E-03 J for the 0.20 by 0.10 m orifice and around 7.012-03 J for the 

0.10 m vertical slot. The weir appears to offer the least energetic route, followed 

by the wide vertical slot and the large orifice. This apparent superiority of the 

weir design over the orifice and vertical slot designs is due to the fact that the en- 

ergy expenditure calculated here takes into account only the actual jump of the 

fish and ignores the energy expended by the parr to reach the starting point of the 

jump. If the energy expended by the fish before passing through the orifices/slots 

is ignored, [only the first term of Eq 9-4 is taken into account], the energy used 
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by the fish to pass through the orifice/slot devices tested is around 6.5-7. OE-04 J 

and is smaller than the energy used by the fish to jump. 

In conclusion, the suitability of a design and/or the movements of the parr in 

the flume are both governed by the hydraulic conditions existing in the flume and 
by behavioural patterns hereditary or not. The predominance of one characteristic 

over another appears to change following a complex algorithm, which still need 

to be found. However by multiplying the number of situations tested, a hydrau- 

lic/behaviour pattern can be built. 

9 Mature male parr and adult male spawning trout 

The purpose of using mature male parr and mature brown trout was to widen the 
investigation of the effects of water flow characteristics downstream ori- 

fice/vertical or weir devices on upstream movement of displaced Atlantic salmon 

parr to fish undergoing a spawning migration. 

This investigation of the effects of flow characteristics on spawning fish (male 

mature parr, male adult brown trout and adult salmon) was limited to a compari- 

son of a weir and an orifice. In the laboratory, 20 mature parr and 20 mature 
brown trout were individually confronted with the alternative of passing through 

a 0.20 by 0.10 m orifice or over a 0.20 m wide weir. 

All the mature parr and 95% of the mature brown trout preferred the orifice to 

the weir despite both structures generating similar maximum velocity (around I 

m/s) and turbulence intensity. The results obtained for the mature parr and the 

mature brown trout are in accordance with the main conclusion drawn on the 

preference of displaced salmon parr for vertical slots and orifices over weirs 

when moving upstream. 

This experiment showed that the upstream movement of displaced salmon parr 

was similar to the upstream movement of spawning mature and mature brown 

trout. 
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* Field tests at Tongland Dam 

As a complement to physical model tests using salmon parr, a preliminary field 

test was undertaken at Tongland Dam fishpass using new field tracking devices 

designed by UKID designed for adult salmon. The purpose of this field test was 
to assess the results found with salmon parr and brown trout in the laboratory at 
Almondbank that fish found orifices (and slots) easier to negotiate than weirs. 
The particular situation of the Tongland dam fish pass was thought to allow a 

comparison between the two for migrating adult spawning salmon. 

15 of the 20 salmon tagged reached the orifice and/or weir antennae at the up- 

stream end of the fish pass in the 20 days following their capture. II of them had 

multiple recordings. Only 4 had a single recording, 2 at the orifice and 2 at the 

weir. 5 of the 14 were recorded only at the orifice and 8 of the 15 were recorded 
first at the orifice. 

The results obtained from the preliminary field study conducted at Tongland 

dam fish pass are ambivalent as wild adult salmon were equally attracted by the 

0.32 by 0.32 m orifice and the 0.76 m wide weir. However, this study provides 

interesting information on the diumal activity of the wild salmon. It was found 

that the movement of the adult salmon ceased at darkness but continued in the 

following morning in the vicinity of the orifice/weir antennae. 

The interpretation of the data obtained was limited by the fact that the an- 

tennae do not differentiate between successful and unsuccessful approaches or 
between upstream and downstream movements. 

The aims and objectives of this research, explained in section 1.3 have been 

fulfilled. The effectiveness of major fish pass design principles (such as pools 

and traverses or vertical slots) has been investigated, and the synergy of com- 
bining biological and hydraulic studies has been illustrated. It has also been 

shown that salmon parr may have a key role in identifying behavioural 

mechanisms by which adult salmon respond to flow conditions. 
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9-3 Suggestions for future research 

A versatile large-scale physical model of a fish pass entrance including power 

station, dam'and river reach should be constructed. This physical model should 

then be used to carry out hydraulic measuremeýts and to monitor the detailed 

movement of salmon and trout against a range of flow conditions, entrance loca- 

tions, entrance orientation and geometry, elevations, and interactions between 

power station flow and pass flow. 

This facility should be versatile. The model should be constructed with three 

entrance locations for the fish pass in the centre, at the side and an upstream 

point. The pass in each case should have the flexibility to be angled up to 30 de- 

grees to the river alignment, to be changed from a weir to a slot to a submerged 

orifice. The model should have the facility to vary the interaction between the 

power station and pass flows via a series of louvers constructed into the model 
bed and via flow ratio varying from 1% to 5% to 10% of the power station flow. 

This facility should be instrumented with digital water-level recorders, Acous- 

tic Doppler Velocimeters for velocity and turbulence data gathering, together 

with a network of digital cameras and under-water video equipment for tracking 
individual fish. Electromyogram-tagging techniques should also be considered. 

The use of digital video recording of salmon and trout in conjunction with the 

recording of their muscle activity using electromyogram-tagging techniques 

should allow to obtain more information on energetic strategies used by salmon. 
These kind of physiological telemetry experiments in conjunction digital video 

recording and hydraulic measurements would also allow to determine the degree 

of difficulty fish have in ascending various type of fish pass, to record precisely 

the path they follow and to develop a better understanding of the relation between 

hydrodynamics and biological energy metabolism principles. 

Using this facility, some research could also be carried out on the long-term 

effect of sedimentation on the hydraulic conditions existing within fish passage 

structures and also on the behaviour of spawning salmonids. 
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This experimental work should also be complemented by three-dimensional 

computer model studies in order to create a comprehensive database on real fish 

behaviour. The general Computational Fluids Dynamics (CFD) techniques should 
be implemented to hydraulics conditions in and downstream fish passage facili- 

ties. At this effect, the commercial codes, TELEMAC and CFX4 could be used 

and the data collected at the facility could be used to validate CFD models. 

More work should also be carried out in the field at existing fish passage fa- 

cilities to determine the pass efficiency of these structures. From the experience 

gained through the field test conducted at Tongland Dam, it would also be worth 
building a simplified version of the versatile large-scale physical model of a fish 

pass entrance in the field in order to be able to test hypotheses elaborated with the 

laboratory facility using wild adult spawning salmon. 

To implement this idea, it would be worth developing more sophisticated fish 

counters and antennae that will allow the differentiation between upstream and 
downstream movements and between successful passages and attempts. 

There are around 40 Borland lift'fish passes in operation in Scotland. There- 

fore some more work, combining hydraulic and behavioural studies, could be car- 

ried out at Borland lift fish passes in order to study the relation between their ef- 
ficiency and the hydraulic conditions existing in their lower chamber. A study 

conducted in 1996 at a Borland fish pass located on the river Beauly (Sn-dth et a], 
1997) showed that few fish found the lower chamber and that only 40% of the 

fish entering the pass successfully exited the upper chamber. 

Although detailed measurements of the'turbulence structure existing down- 

stream of the model orifice, slot or weir were made in this research, the influence 

of turbulence on the efficiency of the fish passage facilities was not dissociated 

from the influence of the velocity. It would be interesting to do so by sharpening 

or smoothing the edges of the orifice, slot or weir structures. 
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Figure 2- 1: Fishpass at dam in Scotland 

Water Surface Weir 

Figure 2-2: Schematic of a weir and pool pass 
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Figure 2-3: Schematic of an orifice of pool pass 
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Figure 2-4: Schematic of a weir and pool pass 

Water Surface 



Chapter k Literature Review of Fish Pass Design 

Plunging Flow 

...... ..... ... .... ..... ......... ....... ........... .................. .. 

. Ft 
Strearrdng Flow 

Figure 2-5: Plunging or streaming flow at Weir and Pool 
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Figure 2-6: The four different regimes for sharp crest weirs (Frorn Wu & al, 1996) 
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Figure 2-7: Schematic of an orifice and pool pass 
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Figure 2-8: Discharge through an orifice 
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Figure 2-9: Sectional elevation of Pitlochry submerged orifice pass with short cylindrical orifices 
(From Bonnyman, 1958) 
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Figure 2-10: Characteristics of the Ice Harbor type: (A) Plan view and (B) Elevation ( Fiom Clay, 
1995) 
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Figure 2-11: Characteristics parameter of a Denil type pass (from Larinier, 1992). The width 1, 
varies between 0.60 and 1.00 m, H varies between 1.85L and 2.20L and the slope varies between 
12 and 20 % 
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Figure 2-12: Characteristic parameter of the Steep pass (from Rajaratnam & Katopodis, 1991 ) 
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Figure 2-13: Schematic of the superacti ve- type bottom baffle fish pass (from Larinicr, 1992) 
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Figure 2-15: Characteristics of a single vertical slot (from Bell, 1980) 
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(b) 

I Near Water Surface 
N ear Bed 

Figure 2-16: Two typical flow patterns in the pools for Vertical Slot fish pass. Flow pattern (a) 
occurs for slopes of 5%, while flow pattern (b) occurs for slope of' 10-20%, (frorn Wu ct al, 1999). 
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Figure 2-17: Vertical slot pass - from left to right: Plan view of a single vertical slot, Perspective 
of a double vertical slot and plan view of a double vertical slot (Larinier, 1992) 

F'igure 2-18: Section of Borland fish lock (from Bonnyman, 1958) 
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Figure 2-19: Schematic Plan showing the principle of injection of auxiliary water at the fish pass 
entrance (from Larinier, 1992) 
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Figure 2-20: Schematic plan near fish pass entrance: combined gated spillways and powerhouse 
(from Clay, 1995) 
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Figure 2- 2 1: Definition sketch of a plane turbulent jet ( from Rajaratnam, 1976) 
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Figure 2-22: Velocity distribution for the plane turbulent jet at various cross-sections (trorn 
Forthmann, 1934) 
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Figure 2-23: Similarity of velocity distribution for plane turbulent free jets (from Forthmann, 
1934) 

08 

U 
U, 04 

'13, 

0 
0 04 08 12 16 70 24 

,Y 

08 

uý 04 

0 0 04 08 12 16 20 24 

y 
b 

Figure 2-24: Tollmien solution 
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Figure 2-25: Goertler solution 
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Figure 2-26: Sketch of the flow establishment region for a plane turbulent jet 
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Figure 2-27: Sketch for a plane turbulent wall jet (from Rajaratnam, 1976) 
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Figure 2-28: Similarity of velocity profiles for plane wall jets (from Forthinarm, 1934) 
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Figure 2-29: Sketch for three-dimensional jets 
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Figure 2-30: Sketch for a square bluff wall jet 
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Figure 2-3 I: Schema of the overflow free jet as studied by Scimeni ( 1930) (from ArInellgous, 
1991) 
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Figure 2-32: Schematic representation of the plunging jet when impacting with the quiescent 
pool. The three zones of the jet are also represented: the zone of free fall (1), the deflection zone 
(111) and the impact zone (11) 
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Figure 3-1: Life cycle of the salmon 

I 

0 

Co 
«E 

Oc 

Figure 3-2: Maximum-swimming speeds against fish length over temperature range of'2 to 25 C 

(from Beach, 1984) 
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Figure 3-3: Endurance at maximum swimming speeds of various lengths of' fish over a 

temperature of 2 to 25 C (from Beach, 1984) 
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Figure 3-4: Maximum swimming distance versus water velocity and temperature toj Iwo lengths 

of salmonids (Larinier, 1992) 
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< Flow 
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Figure 3-5: Sketch of fish swimming at speed Vf in water with a representation ofthe main foices 
acting on the fish 
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Figure 3-6: Sketch of the flow pattern induced by a coasting (a) and swimming (b) fish, based on 
pictures by Aleyev (1977) (from Videler, 1993). The transition zone of' laminar to turbulent flow 
is shown. For situation a, the velocity vectors at two distances downstream the fish are shown. For 
situation b, vortices in the wake are shown. 
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Figure 4- I: Sketch of a portion of a river at a dam 
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Figure 4-4: General view of the physical model - set up fOr scrics IV 
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Figure 4-5: photo taken during the reconstruction ofthe physical model in Spi ing 2000 

Figure 4-6: Photo showing the connectioll ()fthe plivsical model with the exisling flume 
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Fi, oure 4-15: General view of experimental flurneat Glasgow 
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Figure 4-16: Valve between the channel flume and the galvanised steel tanks 
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Chapter 6. - Hydraulic Measurements at Glasgow Flume 
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Chapter 6: Hydraulic Measurements at Glasgow Flume 
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a. Velocity Vectors - r--0.05 m 
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a Velocity vectors - z=0.05 m 
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a Velocity vectors - z=O 10 m 
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a= Velocity vectors - z=O 1m 
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a Velocity vectors - z--O Iým 
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Chapter T Integration of Fish Behaviour Data and Hydraulics Measurements 

Figure 7-33: Fish One 

Figure 7-34: Fish three 

Figure 7-35: Fish six 
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Chapter 8: Behaviour of Fish undergoing Spawning Migration 

Figure 8-1: Schematic of the cross wall including the 0.20 m wide weir and the 0.10 by 0.20 m 
orifice. 

0.01 m 

E 

ON 
0.35 

0.55 

D. 75 

0.95 

0. V. M. 3 0.5 0.7 Oýg 1.2 1.5 

x (m) 

Z=0.10 m 

' . f'r'''-----: 

75 

. 95 

, -ei : >>':;:;: :::: ;Z:: " 

. 0 1U. M. 3 0.5 0.7 0.9 1.2 1.5 
x (M) 

z=0.05 m 

: ': '=: : ýr : : '= 
Tr 

05 

). 55 

). 75 

1.95 

0.13.213 0.5 0.7 0.9 1.2 1.5 
x (M) 

Figure 8-2: Velocity vectors in three horizontal planes 
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Figure 8-3: Vertical slices in the vicinity of the orifice and the weir 
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Chapter 8: Behaviour of-Fish undergoing Spawning Migration 

Figure S-5: Photo of the suhmergcd orifice design with die closing sýstcm 
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Chapter 8: Behaviour of Fish undergoing Spawning Migration 

Figure 8-6: Actual situation of Tongland dam fish pass 
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Figure 8-7: Situation at the upper pools before and after alteration in winter 99 
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Chapter 8: Behaviour of Fish undergoing Spawning Migration 

Salmon at Tongland Dam 
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Figure 8-8: Total number of parr passing through the fish counter per month for Jan 92 to Sept 99 

goo 
750 

700 

650 

600 

, 
U) 550 

0 
450 

400 
E 
Z, 3W z 

c 3w 
m 

250 

200 

100 

50 

Jan Feb Mars April May June July August Sept Oct Nov Dec 

Figure 8-9: Number of fish passing at the fish counter at Tongland Dam fish pass in function of 
the month. (Individual 95% Cls for mean based on pooled standard deviation) 
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Chapter 8: Behaviour of Fish undergoing spawning Migration 
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Figure 8- 10: Schematic of the design and location of the orifice and the weir on the wooden cross 
wall installed between pool 112 and 113. 
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Chapter 8: Behaviour of Fish undergoing spawning Migration 

Antenna at orifice 

Computer Decoders 

Iran ponders 

Antenna at weir 

Figure 8- 12: Schema of the passive integrated transponder (PIT) system 

Figure 8- 13: HP SINGLE POINT DECODER: Part No. 81-01-03-01 -000 

119 



Chapter 8. - Behaviour of Fish undergoing spawning MIgration 

Figurc h- 15ý Glass I ran. spondcr tI 22inin(L) x 2.12nim(D)) 
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Chapter 8: Behaviour of Fish undergoing spawning Migration 

LqLjjpTjjCnt ( vencritor, ý: ontrol ho% and transformer). 
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Figure S IS Time during the daý of first recording at one of the antennae 
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