
FLOW OVER WEIRS WITH 
APPLICATION TO FISH 
PASSAGE FACILITIES

RIITTA
KAMULA

Department of Process and Environmental
Engineering, University of Oulu

OULU 2001



RIITTA KAMULA

FLOW OVER WEIRS WITH 
APPLICATION TO FISH PASSAGE 
FACILITIES

Academic Dissertation to be presented with the assent of
the Faculty of Technology, University of Oulu, for public
discussion in Raahensali (Auditorium L 10), Linnanmaa, on
June 1st, 2001, at 12 noon.

OULUN YLIOPISTO, OULU 2001



Copyright © 2001
University of Oulu, 2001

Manuscript received  2 May 2001
Manuscript accepted  9 May 2001

Communicated by
Professor Nallamuthu Rajaratnam
Lic.Tech. Lauri Eskelinen

ISBN 951-42-5977-7 (URL: http://herkules.oulu.fi/isbn9514259777/)

ALSO AVAILABLE IN PRINTED FORMAT
ISBN 951-42-5976-9
ISSN 0355-3213 (URL: http://herkules.oulu.fi/issn03553213/) 

OULU UNIVERSITY PRESS
OULU  2001



Kamula, Riitta, Flow over weirs with application to fish passage facilities 
Department of Process and Environmental Engineering, University of Oulu, P.O.Box 4300, FIN-
90014 University of Oulu, Finland 
2001
Oulu, Finland
(Manuscript received 2 May 2001)

Abstract

Fishways are hydraulic structures designed to dissipate the energy of flowing water in order to
decrease water velocities and increase water depths. The history of fishways is long, the first written
remarks date back to the 17th century. Fishway hydraulics, however, have been  intensively studied
only starting since the 1980's. Fishways have been classified into three main  categories according to
their hydraulic characteristics: pool-and-weir, vertical slot, and Denil  fishways. Fishways are
hydraulically complex structures, and thus designing tools for different fishway  types have been
developed. In this report, a new designing procedure has been established, and equations  for each
main fishway type have been suggested. In addition, flow conditions below different fishway  types
have been examined, and velocity distributions at weirs with V-shaped crests in both pool-and-weir
fishways and at a single weir have been compared in different discharges and drops. Fishway flows
have  been compared with flows over single weirs.

Keywords: pool-and-weir fishways, vertical slot fishways, Denil fishways, fishway hy-
draulics, weir flow, fishway design



 Foreword 

Fishways have been studied at the University of Oulu since the early 1980’s in close co-
operation with biologists and engineers. Studies have been conducted under the 
leadership of Professor Jussi Hooli of the Hydraulics and Water Resources Engineering 
Laboratory, which was previously a part of the Department of Civil Engineering. In 
August 1998 the laboratory became a part of the Department of Process and 
Environmental Engineering, and at the same time its name was changed to the Water 
Resources and Environmental Engineering Laboratory. Until 1996, experimental facilities 
of the laboratory were located in an old-fashioned, inappropriate and impractical 
building. Then, in 1996 a new experimental hall was taken into use and the possibilities 
for hydraulic studies improved considerably. Fishway studies at the University of Oulu 
have arisen from practical problems, and most of the model studies were conducted for 
existing or designed structures.  

The main aim of this study was to create a common dimensionless scaling equation for 
fishway structures and establish a new design procedure. In addition, flow patterns below 
different fishway types were studied and weir flows over a chain of weirs and a single 
weir were considered. The applicability of the results is discussed.  
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 Symbols 

  Dimension 
a baffle spacing (measured along bed) L 
b clear width of fishway opening L 
B overall width of fishway flume L 
β opening of V in degrees o 

C coefficient - 
d depth of flow (measured above the lowest point of the weir 

perpendicular to bed) 
L 

D depth of flow (measured from bottom perpendicular to bed) L 
g acceleration due to gravity LT-2 
h head over the weir crest L 
H0 mean depth of flow at the weir L 
k height of upper part of bottom baffle L 
k’ height of lower part of bottom baffle L 
K average height of bottom baffle, equal to k/2+k’ L 
L pool length, length scale L 
n number of observations - 
p percentage deviation, p=((Qmeasured-Qestimated)/Qmeasured)*100 % % 
pm mean percentage deviation % 
P the height of the weir measured from the bottom to the lowest 

point of the weir 
L 

Q discharge L3T-1 
Q* dimensionless discharge, scaling factor for discharge - 
sD standard deviation of the percentage deviation 

p, sD=(Σ(p-pm)2/(n-1))½ 
% 

sE standard error of the percentage deviation p, sE=sD/n½ % 
S slope - 
S0 bed slope of fishway - 
t depth of flow below the weir measured from the weir crest L 

t test statistic in Student’s t-test, t=pm/sE - 
T time scale T 
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v time-averaged longitudinal velocity LT-1 
V mean velocity at a cross section LT-1 
v* dimensionless velocity - 
x distance L 
x* dimensionless distance - 
y normal distance from the datum L 
Y0 normal water depth L 
y* dimensionless normal depth L 
Y normal depth, normal distance from the bottom of fishway L 
ψ baffle angle in Denil fishways in degrees o 
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1 Introduction  

1.1  Background 

A river environment with its structural and hydraulic features, creates habitats for aquatic 
life, of which fishes are the most notable. The river environment is especially 
indispensable for the reproduction of migrating fish as it offers them spawning and 
rearing areas. Transportation, water pollution, power production, and most of all dam 
construction have diminished these areas. Recently, the value of natural fish stocks has 
been more widely understood, and symposia have been held on the coexistence of 
hydraulic structures with the natural environment (Anon 1994, Leclerc et al. 1996). 
Improvement of the river environment is one way of providing for the future of naturally 
reproducing fish stocks. In addition, fishways can be used in improving natural fish 
migration.  

Biologically speaking, fishways are special structures assisting upstream migrating 
fish in overcoming obstructions that block their way to spawning grounds, although the 
fishways can serve as routes for other purposes as well. Hydraulically speaking, fishways 
are energy dissipating structures. Fishway design has progressed from crude roughened 
channels into three main types – pool-and-weir, vertical slot, and Denil fishways. In 
addition, there are also other facilities, such as fish locks, culvert fishways and natural 
fishways. All of them can simply be regarded as water passages around or through an 
obstruction, designed to dissipate the energy of the flowing water to facilitate fish ascent.  

A long history of fishways has been recorded. According to written notes, fishways 
were constructed at least as early as the 17th century in France (Katopodis & Rajaratnam 
1983). These fishways consisted of steep, broad, open channels, the bottom of which 
were roughened with bundles of branches. Undoubtedly there were earlier attempts of 
even more primitive nature. However, the need for fishways increased around the 1850’s 
when hydraulic turbines and dam construction for water power production began to 
appear to a larger extent. In addition to dams and other man-made obstructions, fishways 
have been built in connection with natural obstructions. At natural obstructions, probably 
the earliest documented fishways – or fish ladders as they may also be called – were built 
in the River Ballisodare, in England in 1852-54 (Nordqvist 1892).  



 
 

 

16

Early design efforts were based more on intuition than on scientific and engineering 
endeavor. Before the early 1900’s, fishway development included detailed plans but little 
scientific and engineering methodology. Probably the first scientific investigations of 
fishway hydraulics and design were carried out in Belgium by G. Denil in the beginning 
of the 1900’s (Orsborn 1987). He introduced a new fishway design that was very efficient 
in energy dissipation, the so-called Denil fishway (Katopodis & Rajaratnam 1983). His 
inspiration was most likely the design of Mr. M. MacDonald from Virginia, USA. Later, 
the originally complex structure was improved and recommendations for dimensions 
were given for the structure (McLeod & Nemenyi 1941, Committee on Fish-Passes 
1942). The design G. Denil introduced was very advanced and an exceptionally good 
energy dissipator. Despite that, it can be said that the best thing Denil gave to the 
development of fishways was that his designs and studies stimulated research into fish 
behavior and the application of hydraulic engineering to fisheries’ problems (Orsborn 
1987).  

Research on fishway hydraulics began with a new earnest in the 1980’s. Especially 
Denil fishways have been a subject of intense hydraulic studies (e.g. Lonnebjerg 1980, 
Rajaratnam & Katopodis 1984, Rajaratnam et al. 1985, Rajaratnam et al. 1997, Kamula 
& Bärthel 2000). This is due to its characteristics: little space is required compared with 
other fishway types of the same water carrying capacity, and reasonably low water 
velocities. In addition to the Denil fishways, studies on the hydraulics of pool-and-weir 
fishways (e.g. Orsborn 1986, Rajaratnam et al. 1988, Boiten 1989, Boiten 1990, Bates 
1991) and vertical slot fishways (e.g. Rajaratnam et al. 1986, Rajaratnam et al. 1992, 
Kamula 1995)  have been carried out. Apart from the studies on special structures, 
considerations of different structures and their hydraulics, as well as their design criteria 
and new developments have been presented (e.g. Bell 1986, Rainey 1991, Vigneux 1992, 
Anon 1996).  

For proper operation of a fishway, it is crucial that both biological and hydraulic 
aspects are considered. The response of fishes to fishways has been studied, in addition to 
fishway hydraulics (e.g. Jones et al. 1974, Slatick 1975, Lonnebjerg 1980, Slatick & 
Basham 1985, Swalme et al. 1985, Blackett 1987, Katopodis et al. 1988, Peake 1997, 
Laine et al. 1998). In the 1990’s, fishway research, construction and management started 
to gain more interest, and special conferences focusing on fishways have been held (e.g. 
Anon 1990, Anon 1995, Jungwirth et al. 1998, Kamula & Laine 1999).  

Research for the sake of research is not a fruitful approach. In fishway studies, one 
main aim has always been to be able to design better operating fishways with sparing use 
of discharge and easiness of maintenance. Several design handbooks and guidelines for 
fishway design have been published in addition to research reports. In North America 
there is an outstanding interest on fish passage and related issues. In 1986, Milo C. Bell 
wrote a well-known handbook on fish passage design. Also, the American Fisheries 
Society (AFS) has held fish passage conferences in connection with its annual meetings. 
In addition to conference proceedings, the AFS has published a large summary on 
innovations in fish passage technology (Odeh 1999). In Germany, a handbook was 
published for fish passage design for European conditions (Anon 1996) and later 
translated into Finnish (Suomen Ympäristökeskus 1999). 
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1.2  Studies on fishways in Finland 

When waterpower was used to run mills and sawmills, the river flow and the river width 
was only partially needed. In Finland, it was absolutely forbidden to block a river totally. 
Fish ascent was guaranteed by law. However, in the middle of the 19th century it became 
necessary to dam rivers across their whole width for waterpower production. The laws 
were changed in order to make the total damming easier. The first permits were granted 
already in 1868. Fishway obligations assigned to the owners of dams and water power 
stations to compensate for the impediment. Fishery administrators and officials in Finland 
were international as early as the 19th century, and collected knowledge of fishway 
construction from abroad. Based on this, Nordqvist (1892) wrote an advantageous and 
still current article on fishways and factors affecting their operation. Many of the early 
fishways did not, however, work properly, and gradually fishways were replaced by fish 
planting. An amendment to the waterlaw in 1987 no longer specifically mentioned the 
ascent of fish.  

In recent years, fishway construction has started again in Finland on a new basis. This 
is partly due to the overall restoration of the river environment. Mainly, small fishways 
have been constructed, usually in small watersheds. Most of the fishways are located 
inland and they are meant not only for salmonids but also for various freshwater species. 
The number of fish entering fishways is relatively small in Finland, and thus space is not 
a limiting factor in designing them.  

In Finland, studies on fishways have increased with the increase of fishway 
construction. Fishways, fish habitats and combined structures for fish and human needs 
are the objects of increasing interest. For an optimal result, the function of fish migration 
facilities should be studied considering the biological, hydraulic and structural viewpoints 
simultaneously. Such studies have been carried out mainly at the University of Oulu and 
at the Helsinki University of Technology. 

Studies on fish passage at the Helsinki University of Technology began in the 
beginning of the 1980’s. They have been bound to the studies on environmental river 
engineering. The concept of environmentally acceptable river engineering and restoration 
aims at conservation and restoration of structural and functional diversity in running 
waters. One fishway project of the Technical University of Helsinki worth mentioning is 
the rehabilitation of the Vanhankaupunginkoski Rapids in the River Vantaanjoki. The 
project included both physical modeling of the reconstruction of the previously built 
fishway and numerical modeling of flows below the fishway (e.g. Laasonen & Rytkönen 
1999). Other recent case studies have been, for example, the restoration of Myllypuro 
Brook in Nuuksio National Park, the improvement of the River Tuusulanjoki, and the 
flood control project of the River Päntäneenjoki (Helmiö & Järvelä 1998, Järvelä & 
Jormola 1998, Järvelä & Helmiö 1999). Studies on fishway hydraulics have covered, 
among other things, numerical and physical modeling of flow patterns inside a vertical 
slot fishway with alternating slots (e.g. Laasonen 1995). 

Fishways have been studied at the University of Oulu, Finland, since the early 1980’s, 
with an interdisciplinary basis. The main goal of the fishway research was initially to 
determine the conditions in fishways based on fish behavior and physiology, and then 
develop guidelines for construction. The swimming behavior of fish has been studied in 
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small experimental fishways, at migratory obstacles, and in a natural swimming route of 
migratory fish (Hooli 1988, Heikkilä & Hooli 1989, Laine 1990, Laine et al. 1998). 
Fishway hydraulics has been studied in existing fishways and in laboratory scale models. 
Laboratory scale model studies on fishway hydraulics have been carried out on a larger 
scale since 1991 (App. 1). Most of the hydraulic studies at the Hydraulic and Water 
Resources Engineering Laboratory during 1991-95 were conducted for practical 
purposes. In 1996, the new experimental hall was adopted for use, and since then, more 
theoretical studies have been conducted. The results of the fishway studies have been 
used in improving the conditions for fish migration in several existing fishways and in 
designing new fishways. In evaluating the applicability of hydraulic operation and the 
optimal structure of fishways, fish biologists and civil engineers have worked together in 
close co-operation. 

1.3  Weir flows and fishway flows 

The three main fishway types, pool-and-weir, vertical slot, and Denil fishways, are 
formed by a sloping channel equipped with weirs placed at a certain distance from each 
other. Weirs of the various fishway types differ from each other, giving the fishways their 
own character. It can be said that flow over (or through) weirs characterizes fishway 
flows. There is, however, one remarkable difference between weir flows and fishway 
flows: Flow over weirs deals with a single weir only, with the only factors affecting the 
flow, in addition to weir characteristics, being the approaching velocity and submergence. 
In fishways flows, the flows over the adjacent weirs may affect each other. Despite that, 
flows over weirs can be used to some extent in analyzing fishway flows. 

Of the many hydraulic structures developed by man, the weir is perhaps among the 
oldest. From history it appears, that weirs were first constructed in India, Ceylon, Egypt, 
and China, and some of them date back to the period before Christ (Lakshmana Rao 
1975). Weir flows have been studied intensively and more extensively covering their role 
in flow measurement and control, velocity control, free overfall and submerged flow, and 
several weir structures (e.g. Rouse 1936, Rand 1965, Vanden-Broeck & Keller 1987, Dias 
et al. 1988, Dias & Tuck 1991, Rubin 1997). In addition, hydraulic jumps and jet flows as 
a part of weir flows have been under consideration in several studies (e.g. Rajaratnam 
1965, Ohtsu et al. 1990, Long et al. 1990, Wu & Rajaratnam 1995). 

Fishways can also be considered to be roughened open channels, where flow 
resistance plays an important role. Calculation of the flow resistance is one of the main 
problems in hydraulics. For example, Rouse (1965) has given a thorough and 
comprehensive description of the mechanism of flow resistance. In Finland, for example, 
Hosia (1978) has studied the resistance of nonuniform flows. Equations for computing 
and evaluating the rate of flow usually contain many uncertainties, and it has been stated 
that there are arguments for using almost any flow resistance equations (Veijalainen 
1985).  
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1.4  Outline of the thesis 

Fishways, even though concise in their structure, are expensive to build in their natural 
size. Fishways are hydraulically complex structures and hydraulic problems are difficult 
to solve with merely analytic measures. Even experimental measures with no analytic 
approach can only be used in solving problems connected to the very structure under 
consideration. Thus, model studies are profitable when studying and determining the 
optimal fishway structure. 

The most important part in the modeling procedure is a thorough understanding of the 
system and the processes that take place in it. Thus, it is important to identify those parts 
of the system’s behavior that are relevant to the problem being considered, while other 
parts may be neglected. A model provides the necessary information about the response 
of the system to the planned activities and describes the behavior of the system under 
consideration in response to excitation. Physically, a model may be a set of algebraic 
equations that can be solved numerically. In creating a model, combining both physical 
(i.e. scale model studies) and analytical procedure often proves out to be profitable.  

Practically all hydraulic investigations of weir flows aim at studying the relation 
between the discharge coefficient and the parameters influencing the flow. With 
dimensional analysis, the results can be extended to be valid for other geometrically, 
kinetically, and dynamically similar structures. If the scale models are large enough, only 
gravity need be taken into account, and Froude similarity laws can be applied in analysis. 
It should be noticed that the curves determined with dimensional analysis are only valid 
for similar systems.  

Previously, models describing the effects of changes in water depths to fishway 
discharges have been examined separately for each structure. Thus, one dimensionless 
equation for scaling have been used for Denil and vertical slot fishways, and another for 
pool-and-weir fishways, even making a difference between streaming and plunging flows. 
Applying these equations has produced specific equations for every structure, e.g. a total 
of 18 separate equations for vertical slot fishways and 6 equations for Denil fishways, 
each of them being applicable to the special structure in concern. Each equation covers all 
geometrically similar structures, but work is required to apply the equations. The use of 
several different scaling factors causes more confusion. In solving hydraulic problems in 
fishways, an overall model for determining discharges and water depths would be 
profitable. The model should cover a large variety of structures and should be easy to use.  

One of the most crucial places in fishways is the entrance. It has been noticed that 
there is great variety in successful fishway designs, which are used for species with 
similar swimming capabilities. At the Isohaara fishway, in Northern Finland, the number 
of large salmon entering the fishway increased after the entrance was changed from a 
Denil to a pool-and-weir fishway. In order to understand the differences in the hydraulic 
conditions below the entrance of a fishway, a study was carried out at the hydraulics 
laboratory of the University of Oulu, Finland. In these studies, flow decay below the 
entrance was studied for pool-and-weir fishways with horizontal and V-shaped weir crests 
and for vertical slot and Denil fishways. The designs were compared by using the mean 
velocity of the cross section as a scaling factor. 
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The main aim of this study has been to create a general dimensionless scaling equation 
for fishway structures. In addition, flow patterns below different fishway types have been 
studied and weir flows over a chain of weirs and over a single weir have been compared. 
The applicability of the results has been considered.  



2 Procedures to model fishway flows 

From the biological point of view, fishways are structures that enable fish to continue 
their migration past obstructions. In terms of hydraulics, fishways are energy dissipating 
structures. The flow inside fishways should be concise (clear) and guiding, and not too 
demanding for the variety of desired species – total passage is not always required or even 
desirable. 

Flow control in fishways is achieved by employing devices that dissipate the energy of 
the flowing water and maintain velocities within the biokinetic capabilities of migrating 
fish. A variety of energy dissipating schemes has been invented which give rise to a 
diversity of fishway types. According to energy dissipation scheme, three basic types are 
usually recognized: the pool-and-weir, the Denil, and the vertical slot fishway (Katopodis 
& Rajaratnam 1983).  

2.1  Pool-and-weir fishways  

The pool-and-weir fishway consists of a channel with regularly spaced weirs, each 
slightly higher than the one immediately downstream; thus a series of step-like pools are 
created (Fig. 1). In this fishway, the weirs may incorporate orifices or short surface chutes. 
Water cascades over the weirs or flows through orifices and chutes into the pools, setting 
up a circulation pattern around an axis perpendicular to the channel walls. Through this 
mechanism, water energy is dissipated and velocities are controlled. Fish ascend from 
pool to pool by jumping or swimming over the weirs, or by passing through the orifices or 
chutes (Katopodis & Rajaratnam 1983).  

Clay (1961) stated that the flow in pool-and-weir fishways can be either in plunging or 
streaming modes (Fig. 2). When the flow is in the plunging mode, the water level in the 
pool immediately below the weir (producing the plunging flow) is generally below the 
crest of this weir. In the streaming flow mode, a surface stream appears to flow over the 
crest of the weirs, skimming over the water surface of the pools in between (Rajaratnam 
et al. 1988). 
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Fig. 1. A sketch of pool-and-weir fishways (modified from Katopodis 1992). 

Fig. 2. Plunging and streaming flows in pool-and-weir fishways (Clay 1961). 
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Pool-and-weir fishways have been studied at the University of Alberta, Canada, in the 
early 1980’s (App. 2). For scaling the discharges of pool-and-weir fishways with plunging 
flow regimes, Rajaratnam et al. (1988) used equation 

* 2 3
.QQ

gb h
=  (1) 

where b is width of the fishway (‘free opening’), and h is head over the weir (Fig. 3a). For 
streaming flow regimes the scaling equation was  

* 2 3
= .

o

QQ
gS b d

 (2) 

where b is width of the fishway, and d is depth of surface flow (Fig. 3b). For mild slopes, 
the depth of the surface flow is about the same as the head over the weir. Using these 
equations for scaling, they received for the dimensionless discharge of the plunging flow 
the equation 

Q* = 0.61. (3) 

and for the streaming flow the equation  

Q* = 0.5 (L/d). (4) 

where L is pool length and d is depth of surface flow.  

Fig. 3. Definition sketches for a) plunging flow and b) streaming flow (redrawn from 
Rajaratnam et al. 1988). 

a) b) 



 

 

24

2.2  Denil fishways 

The Denil fishway consists of a channel containing symmetrical closely spaced baffles (or 
fins, or vanes) on the sidewall and the floor (Fig. 4). The vanes cause part of the flow to turn 
and oppose the main stream in the central part of the flume. The baffles conduct a part of the 
energy of the main flow to the walls and to the bottom of the channel. This arrangement 
provides considerable energy dissipation and establishes low velocity flow in the central 
zone of the fishway. Fish ascend in Denil fishways by swimming in the middle of the flume 
in the depth they prefer. While there are no resting areas in the fishway flume, Denil 
fishways must be equipped with special resting pools at certain intervals. The resting pools 
also function as energy dissipating pools.  

The flow in a Denil fishway consists of two interacting parts, namely, of the main 
stream in the central portion of the channel and of a series of systematic lateral streams, 
each one corresponding to a side pocket created by baffles. The interaction between the 
main stream and the lateral ones provides the main mechanism for transferring mass and 
momentum, and produces considerable turbulence and energy loss. The water mass on the 
surface in this fishway type is fast moving and reasonably smooth (Katopodis & 
Rajaratnam 1983).  

The highest velocities in the cross section of Denil fishways are not located in the 
centerline, but on the sides. The velocities on the sides are distributed unsymmetrically to 
the mid-axis (Kamula & Bärthel 2000).  

Fig. 4. A schematic representation of a plain Denil fishway with definitions for dimensions. 
For standard design, B = 0.56 m, b = 0.36 m, a = 0.25 m, k = k’ = 0.13 m and ψ=45ψ=45ψ=45ψ=45οοοο.... 
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The hydraulics of Denil fishways have been studied at the University of Alberta, Canada 
since the early 1980’s (App. 3). In these studies, Katopodis & Rajaratnam (1984) used 
equation (5) to scale the results of the studies:  

* 5
.

o o

QQ
gS b

=  (5) 

where So is the bottom slope and bo is the free opening. They proposed that dimensionless 
discharge of Denil fishways could be expressed by equation  

)* .o

o

yQ b
Ê= Ë

b

a  (6) 

where α and β are constants dependent on the structure geometry, yo is water depth in the 
flume and bo is the width of the free opening. For standard Denil fishway the equation is 
defined as  

)2.0

* 0.94 .o

o

yQ b
Ê= Ë  (7) 

2.3  Vertical slot fishways 

Basically, a vertical slot fishway consists of a rectangular channel with a sloping or 
stepped floor, which is divided into a number of pools of regular lengths. Narrow slots, 
adjacent to either one or both walls, extend vertically over the full height of the baffle. 
Water flows through the slots creating small drops and disperses in the pools, dissipating 
energy through circulation around the axis perpendicular to the flume floor (Katopodis & 
Rajaratnam 1983). Fish ascend from pool to pool by swimming though the vertical slot at 
a depth they prefer.  

Vertical slot fishways tolerate reasonably large upper and lower water level 
fluctuations. One reason for this lies in their hydraulic function: flow patterns inside the 
pools and water velocities in the slots are almost independent on the water depth in the 
fishway. Velocity distribution in the slots is even, and the same velocity prevails from 
bottom of the slot to the water surface.  

Rajaratnam et al. (1992) carried out a large study on the hydraulics of vertical slot 
fishways (App 4). For scaling the discharges of different structures, they used the same 
equation (Eq. 5) as in their studies on Denil fishways. This equation gives a dimensionless 
discharge for vertical slot fishways that can be expressed as  

Q* = α * yo/bo + γ .  (8) 



 

 

26

where α and γ are constants dependent on the structure geometry, yo is water depth in the 
pool, and bo is slot width.  

The dimensionless discharge equations for the simplest and yet effective vertical slot 
design (Fig. 5) can be defined by equations (9) or (10), depending on the depth of flow: 

Q* = 3.77 yo/bo - 1.11  for  yo/bo < 10 (9) 

Q* = 2.84 yo/bo - 1.62  for  yo/bo > 10. (10) 

Fig. 5. The simplest, yet effective, vertical slot fishway design (according to Rajaratnam et al. 
1992). 

2.4  Basic concepts for modeling fishway flows 

In modeling fishway flows, the basic assumptions are that  

− flow is uniform in mean, 
− flow is governed by the geometry of the structure, 
− flow friction can be estimated by general discharge formulas for sharp-crested weirs, 

and 
− flow is characterized as flow over a chain of weirs. 

The last assumption might exclude vertical slot and pool-and-orifice fishways, because 
the flow in them is through the openings, not over the weirs. In fishways, the main factors 
affecting the discharge coefficient C are  

− the contraction ratio in the direction of breadth which depends on the ratio b/B where b 
is the contracted channel width and B is the uncontracted approach channel width,  

− the longitudinal contraction ratio which depends on the ratio b/L where b is the 
contracted channel width and L is the longitudinal distance between the contractions, 

− the Froude number at the contraction (approach section). If the Froude number at the 
approach section is greater than 0.8, nearly critical or supercritical velocities may 
occur in the approach section, 

− submergence ratio, that is, the ratio t/h where t is the depth of tailwater above the weir 
crest and h is head over the weir. 
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In creating empirical equations for discharge rating curves and water velocities in 
fishways, equations for continuos steady uniform flow have been used. The flow inside 
the fishway is continuos and, for a theoretical approach, it can be considered to be steady. 
Open channel flow is said to be uniform if the depth of flow is the same at every section 
of the channel (Chow 1959). Uniform flow requires a prismatic channel, i.e. a channel 
with an unvarying cross section and constant bottom slope. The flow is said to be uniform 
if the channel is prismatic, water velocity distribution is the same in every cross section, 
and the bottom slope, the slope of water surface, and the slope of energy line are the 
same.  

In fishways, the channel is not prismatic because energy dissipation is created with 
vanes, baffles or weirs that form large-scale roughness elements inside the flume. If these 
elements are considered merely to be roughness, the flow in the fishway can be 
considered uniform because after a short distance the roughness elements create fast flow 
development. The flow is fully developed in the middle part of the fishway flume. In the 
region of fully developed flow, the mean slope of energy line, mean bottom slope and the 
slope of mean water surface profile are the same. Thus, flow in the fully developed region 
of the fishway can be considered uniform and the equations and procedures developed for 
uniform flow can be applied (Fig. 6). In experimental studies, it has been observed that 
after a short distance, the flow is fully developed and even in pool-and-weir fishways the 
flow depth is the same in adjacent pools when measured at equal points (Rajaratnam et al. 
1992). 

Fig. 6. Uniform flow in a fishway. 

Strictly speaking, the flow in fishway is rapidly varied at every weir, baffle or vane. Even 
in Denil fishways, the flow is rapidly varied. Because flow in fishways is uniform only on 
the average, the equations and procedures created by assuming uniform flow can be 
applied only for solving of mean flow conditions or at certain cross sections. Empiric 
equations can, however, be created for discharges and mean velocities at weirs and cross 
sections, when there are enough measurements. In creating the equations, similarity 
analysis can be used.  

It can be said that fishways are hydraulically very rough flumes, and it is possible to 
create theoretic total roughness coefficients and friction factors, which take into account 
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all local frictional losses. Weirs and vanes can also be considered extremely large 
roughness elements. 

Chow (1959) stated that when flow occurs in an open channel, resistance is 
encountered by the water as it flows downstream. This resistance is generally 
counteracted by the components of gravity forces acting on the body of the water in the 
direction of motion. A uniform flow will be developed if the resistance is balanced by the 
forces of gravity. The magnitude of the resistance, when other physical factors of the 
channel are kept unchanged, depends on the velocity of the flow. In a fishway that has 
been correctly designed, the flow in mean is neither accelerating nor decelerating – thus 
the force of gravity producing the flow is equal to the friction resisting the flow. 



3 Studies on fishway hydraulics  

For this present study, experimental studies on pool-and-weir fishways, pool-and-weir 
fishways with a V-shaped sharp crested weir, and a single V-shaped sharp crested weir 
were carried out. In addition, flow conditions below different fishway types were studied. 
All the studies described in this chapter have been carried out by the author.  

3.1  Studies on pool-and-weir fishways  

Studies on pool-and-weir fishways were carried out in the new experimental hall of the 
Water Resources and Environmental Engineering Laboratory, University of Oulu, Finland 
in 1999 (Fig. 7). These studies were carried out in a straight channel with several 
discharges and slopes and using three pool lengths and one weir height.  

The pools were constructed inside an experimental channel. Water into the model was 
conducted from the equalizing flume through the head tank with a well-designed inlet. 
From the model water ran through a collection well back into the collection tank. One 
wall of the flume is made of polycarbonate while the other wall, the bottom and the 
baffles are of plywood. The model width was 280 mm and length about 3 100 millimeters 
(Fig. 8). It was installed inside a flume, which was 600 mm wide.  

A simple tilting arrangement is used to set the model to any desired slope. Discharge is 
controlled by a valve and determined by a Thompson weir, which is set after the model.  

The weir heights were 190 mm for all studies, and three different spacings were used: 
170 mm, 340 mm and 500 mm. For all the spacings, the experiments were carried out 
with three slopes, 5 %, 7 % and 10 %. Discharges varied from 0.4 l/s to 28.3 l/s with flow 
patterns ranging from plunging to streaming. Vertical water depths at the weir were 
measured at the centerline of the flume in the region of fully developed flow by using a ruler. 
The flow was visualized with dye. Photographs were taken of flow patterns with each of 
the weir spacings at the slope of 10 %. Velocity measurements were not carried out due to 
small water depths at the weirs.  
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Fig. 7. A model of a pool-and-weir fishway at Water Resources and Environmental 
Engineering Laboratory. 

Fig. 8. Study arrangements for pool-and-weir fishways. 
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3.2  Studies on pool-and-weir fishways with a V-shaped crest 

Experiments on fishways with a V-shaped sharp crested weir were carried out by the 
author at the T. Blench Hydraulic Laboratory, University of Alberta, Canada in 1996. 
Studies were performed in a straight channel with several discharges and slopes, using 
three pool lengths and two weir heights.  

A flume with transparent plexiglass walls and a bottom of aluminum was used in these 
experiments (Fig. 9 and 10). The flume could be set to any desired slope. The width of 
the flume was 560 mm and the length was about 6 000 mm. The wall height was 600 mm. 
Weirs were made of aluminum. The weirs had a V-shaped crest with the opening angle of 
120o. The weirs were installed to be vertical at a 10 % slope to the bed. Although this 
causes deviation when using other slopes, its effect is considered to be negligible in the 
slopes studied.  

Weir spacings of 1.83B. 1.22B, and 0.61B, where B is the pool width, and two weir 
heights P of 305 mm and 150 mm were studied. The slopes of 5%, 7%, 10%, and 12% 
(1:20, 1:14, 1:10, and 1:8, respectively) were applied. The studies were carried out with 
several discharges for each slope and structure. This arrangement can be considered an 
approximately 1:5 scale model of a pool-and-weir fishway with 5 feet from the bottom to 
the lowest point of the V-notch in the highest weir. The pool dimensions are for the ‘basic 
design’ (higher weir, mean pool length) were B:L:P = 1 : 1.22 : 0.68. 

Discharges were measured using a magnetic flow meter, which was placed before the 
model. In these studies, heads and water depths at the weir were measured by a gauge. 
Velocities were measured by a four-hole probe that was developed at the T. Blench 
Hydraulic Laboratory, University of Alberta, Canada (Wu et al. 1999). Pressure heads 
were measured using a manometer (Fig. 11).  

Flow patterns for every structure were visualized mostly with dye, and photographed. 
Water surface profiles were determined along the centerline for one pool for several 
discharges and for all slopes. Water surface profiles at one weir were also determined for 
each situation. Velocities were measured at one weir at several depths in the middle of the 
opening and vertical sections in the side area. Velocity measurements at the weir were 
carried out for each structure, but only for weir heights of 300 mm and for the slope of 7 
%. Experiments were carried out for all the three structures with four discharges. The 
reason for the small number of experiments was that the procedure is so time-consuming. 
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Fig. 9. The fishway modeling flume at the T. Blench Hydraulic Laboratory. 

Fig. 10. Study arrangements for studies on fishways with V-shaped sharp-crested weirs. 
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Fig. 11. Study arrangements for the studies on velocity distribution at the V-shaped sharp-
crested weir.  

3.3  Studies at the water outlet of fish passage models 

Studies on the hydraulic conditions at the water outlet of a fish passage facility were 
carried out in the experimental hall of the Water Resources and Environmental 
Engineering Laboratory, University of Oulu, Finland in 1999. These studies were 
performed in a flume with one wall made of transparent polycarbonate plates. The other 
walls and the studied designs were made of plywood. The fishway model was applied as 
a separate element inside the 600 mm-wide flume (Fig. 12). In all the experiments, the 
total flume width was 600 mm (Fig. 13). The width of the fishway model flume was 240 
mm for all the designs, the slope for pool-and-weir and vertical slot fishways was 1:10 
and for the Denil fishway 1:5. The studies were made with different discharges. 

Water was pumped from the collection tank into the equalizing flume and conducted 
from there into the model and back into the collection tank. Discharges were controlled 
by valves and determined by a Thompson weir with an electric head meter. Upper and 
lower water levels were set in such a way that the drop at every weir was the same and 
there was no backwater or drawdown effect. The fishway discharged into standing water. 

Water depths and velocities were measured in the centerline of the flume, except for 
the vertical slot entrance. Water depths were measured from the bottom of the flume by 
using a ruler. Time averaged velocities were measured vertically by using a current meter 
with a propeller of 8 mm, surrounded by an external ring with a diameter of 11 mm.  
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Fig. 12. The pool-and-weir fishway element with a V-shaped crest inside the flume in the 
studies for the hydraulic conditions at the outlet of fishway types.   

Fig. 13. Element dimensions for the studies on the flow below the a) pool-and-weir fishway, b) 
pool-and-weir fishway with a V-shaped crest, c) vertical slot fishway, and d) Denil fishway. 
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3.4  Flow over a single V-shaped sharp crested weir  

Studies on the single V-shaped sharp crested weir were carried out at the Water Resources 
and Environmental Engineering Laboratory, University of Oulu, Finland in 1999 on a 
straight zero-sloped channel with several discharges and heads (Fig. 14). Zero slope was 
chosen because flow pattern was to be observed only very close to the weir.  

Fig. 14.  The single V-shaped sharp-crested weir at the Water Resources and Environmental 
Engineering Laboratory.   

The flume width in the studies was 600 mm, and the length of the flume was about 7 300 
millimeters. Water was taken into the model from the water circulation system of the 
experimental hall. The lower water depth was controlled by an adjustable weir. The weir 
was applied in the middle part of the flume to establish uniform flow conditions both 
below and above the weir. The height of the weir, measured from the bottom to the lowest 
point of the V-notch, was 280 mm, and the opening angle was 90o (Fig. 15). 

Heads were measured in these studies using a gauge, and velocities were measured 
with a four-hole probe that was developed at the T. Blench Hydraulic Laboratory, 
University of Alberta, Canada (Wu et al. 1999. Velocities were measured at the middle of 
the opening and in the side area at a few points. Discharges were measured by a 
Thompson weir.  
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Fig. 15. Study arrangements for studies on a single V-shaped sharp-crested weir. 



4 Fishway flows 

In analyzing the flow characteristics of fishways, it is crucial to consider whether the 
weirs act as a chain or whether each of the weirs acts independently as a local 
nonuniformity. Fishways are typically structures, in which the adjacent weirs act in a 
chain, i.e. the flow in fishway pools is affected by the flow over the adjacent weirs and 
pools. The resistance coefficient is also a good aid in learning more about fishway 
structures and their hydraulics. The formulas to calculate the resistance are for uniform 
flow only, but, as stated in section 2.4, the flow in fishways can be considered uniform 
under certain circumstances.  

A working hypothesis was made that basically pool-and-weir and Denil fishways 
function in a similar way. This is based on the same kind of energy dissipation pattern: the 
energy of the flowing water is dissipated mainly because of interaction between the main 
stream and the circulating water mass inside the pools or pockets. Similarity of the energy 
dissipation patterns can be noticed also via visual observations when taking into account 
the water depths over the weir compared to the distance between the ‘weirs’.  

An attempt was made to create a general scaling equation for dimensionless discharges 
that takes into account the depth of flow over the weir and the effect of pool length, i.e. 
distance between the weirs or vanes. The use of the depth of flow instead of other 
measures is advantageous for practical purposes in assessing fishway flows. The basic 
form of the equation for dimensionless discharges can be based on empirical equations 
and relations that govern open channel flows in highly rough channels. Previously, 
separate scaling factors and equations for dimensionless discharges have been developed 
by Rajaratnam et al. 1992 (vertical slot fishway), Katopodis & Rajaratnam 1984 (Denil 
fishways), and Rajaratnam et al. 1988 (pool-and-weir fishways). In these procedures, the 
depth of flow and head at the weir have been used varyingly.   

4.1  Flow characteristics in fishway flows 

A purely theoretical approach for flows in fishways is not possible, or at least it requires a 
tremendous effort because flow conditions in fishway pools are effected by the adjacent 
pools. Veijalainen (1985) conducted studies on the adjacent resistance factor. He defined 
the adjacent resistance factor as an arrangement in a flow channel, in which local 
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resistance factors act together as a system. Fishways are good examples of adjacent 
resistance factors. Veijalainen (1985) studied a system like that in different situations by 
changing the location of weirs (factors causing local resistance) with different discharges. 
In his studies on overflow weirs, he noticed that even in a chain, the weirs act mainly as 
separate (individual) overflow weirs. Despite that, Veijalainen (1985) noticed that  

1. in the case of adjacent overflow weirs, the upper weir affects the approach velocity at 
the lower weir causing uneven velocity distribution at the cross section of the whole 
pool. The velocity distribution changes with the pattern of flow decay in the lower 
pool. The pattern of flow decay is greatly affected by the pool geometry. This effect 
decreases with the bottom slope. 

2. With some of the slopes, a standing wave is formed in the pool and it must be taken 
into account when considering the functionality of the fishway. The presence of the 
standing wave can be affected by changing the structure of the weir crest. 

3. Water velocity in the overflowing jet affects the water depth in the pool by pushing 
the water mass in front of the overflowing jet. This is especially true with low water 
depths in the pool. This phenomenon increases the water velocity below the weir 
when compared with the situation that the water level in the lower pool remains 
horizontal. 

According to Clay (1961), the flow in pool-and-weir fishways can be either plunging or 
streaming. When the flow is in the plunging mode, the water level in the pool immediately 
below the weir (producing the plunging flow) is generally below the crest of the weir. In 
the streaming mode, a surface stream appears to flow over the crest of the weirs, 
skimming over the surface in the pools between. Veijalainen (1985) stated that the relation 
between the pool length and the depth of flow determines whether the flow is plunging or 
streaming. The flow is plunging when the pool length is long compared to discharge i.e. 
the depth of flow. When the depth of flow increases the flow changes into streaming 
mode. For pool-and-weir fishways with notches or a triangular crest, this change occurs 
with lower discharges than for pool-and-weir fishways with a horizontal weir. 

It appears that even though knowledge of the hydraulics of weirs is extensive (e.g. 
Lakshmana Rao 1975), the understanding of pool-and-weir fishways is not satisfactory. 
This is partly because the weirs, which are placed reasonably close to each other, act 
together hydraulically, at least in the range of flow that occurs in fishways. It is also not 
possible to predict as to when a plunging flow passes into the streaming flow regime. 

The flow changes into a plunging flow even in Denil fishways for extremely low 
discharges, i. e when the ratio water depth to baffle spacing is low enough and when the 
flow plunges over the baffles. In this mode, the Denil fishway begins to act like a pool-
and-weir fishway with a triangular weir crest. In Denil fishways, the flow is streaming in 
the normal operation range of water depths. 

4.2  Scaling factor for fishway flows 

It was noticed in the studies on the flow in a pool-and-weir fishway with a V-shaped sharp 
crested weir (Section 3.2), that the flow could not clearly be classified into distinct flow 
modes, that is into plunging or streaming mode or transitional mode. The flow 
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phenomenon varies continuously (inside the defined boundaries) and the flow mode 
changes smoothly from one to the other. Actually this statement is valid for a number of 
open channel flows. 

Dimensionless parameters are useful in many design processes in pre-evaluating the 
water depths and discharges in fishways. In this paper, a new scaling factor for creating 
dimensionless discharge equations for fishways have been established. Empirical laws for 
flows over weirs were taken as the basis, in addition to the assumptions that  

− fishways are hydraulically rough open channels,  
− flow is uniform and flow friction can be expressed by the channel width, the distance 

between the weirs, and the slope of the channel, and  
− flow always runs over sharp-crested weirs. 

The constant boundary conditions in a fishway are channel width, distance between weirs, 
bottom slope, weir height and possible roughness elements on the channel walls. Flow is 
determined by the head over the weir.  

As stated in Section 2.4, procedures developed for uniform flow can be used in 
theoretical considerations on the factors affecting flows in fishways. Velocity is neither 
accelerating nor decelerating in uniform flow, but is equal in every cross-section; the 
surface of the water is parallel to the channel bottom and the energy line (Fig. 16). The 
force of gravity producing the flow is equal to the friction resisting it:  

 sinG p L
G A L g

= DÏ
Ì = DÓ

b t
r

 (11) 

where G is the weight of the fluid in a channel section of length of ∆L, β is the angle of 
inclination of the bottom and of the surface, τ is the mean shear stress in wetted perimeter 
p, A is the cross-sectional area of the channel, ρ is the water density, and g is the 
acceleration due to gravity. 

From Eq. 11 follows 

 sin .
Ag
p

=
t b
r

 (12) 

It has been shown empirically that τ/ρ is proportional to the second power of the mean 
velocity v. Thus, from Eq. 12 follows 

 sinAv C
p

= b  (13) 

where C is the coefficient of the proportionality.  
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Fig. 16. Definition sketch for uniform flow. 

If the channel slope I = tanβ is small (like in fishways), sinβ can be substituted by I. A/p is 
defined as the hydraulic radius R.  Eq. 13 can be now written in the form  

 v C RI=  (14) 

This equation is known as the Chezy’s equation for uniform open channel flow. 
According to Chezy, the coefficient C depends only on channel properties. In flows over 
weirs, discharge can be expressed by equation 
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22Q Cb gh=  (15) 

where Q  is the flow over the weir, C is a coefficient (discharge factor), b is the width of 
the weir crest, g is acceleration due to gravity and h is the head at the weir, which 
determines the discharge (Lakshmana Rao 1975). 

The use of scaling factors is based on the empirical equation for flows over weirs. In 
fishways, the main factors affecting the discharge coefficient C are  

− the contraction ratio in the direction of breadth, which depends on the ratio b/B, where 
b is the contracted channel width and B is the uncontracted approach channel width,  

− the longitudinal contraction ratio, which depends on the ratio b/L, where b is the 
contracted channel width and L is the longitudinal distance between the contractions, 

− the Froude number at the contraction (approach section), 
− the submergence ratio. 

Considering the effect of velocities in the approach channel, the commonly known 
Weisbach equation (e.g. Lakshmana Rao 1975)may be derived and expressed as 
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in which Cc is the contraction coefficient, Va is the approach velocity, Q is the rate of flow 
over the weir, g is the acceleration due to gravity, B is the length of the weir crest, and h is 
the head, or the upstream depth of flow, over the weir crest.  

According to Lakshmana Rao (1975), Engel & Stainsby proposed in 1958 the 
generalized weir equation (17) applicable to all weirs: 

 
3

22 2
3 3

Q gCBh=  (17) 

in which C is the discharge coefficient including the approach velocity effect. This 
equation (17) has been taken as a basis for further considerations. 

Fishways are formed of adjacent weirs with a sloping bottom. The effect of the slope 
should be taken into account in the formulas for dimensionless discharges. Lakshmana 
Rao (1975) stated that the effect of variable channel slope may be taken care of roughly 
by using a formula (18) suggested by Hiranandani and Chitale (1960): 

 
½

½
h h

s s

Q Se
Q Se

=  (18) 

where Q is the discharge rate, Se is the energy slope, and subscripts h and s refer to 
horizontal and sloping channels, respectively. In uniform flow, the energy slope and the 
bottom slope are the same, and thus energy slope Se can be replaced by bottom slope So.. 
From eq. 18 we can conclude that the effect of slope is proportional to the second power 
of discharge. 

Each weir affects to the flow over the other weir. It has been stated in many studies that 
pool length is one essential factor that affects the rate of flow. Indications of this can be 
found in e.g. Veijalainen (1981) and Rajaratnam et al. (1987). Boiten (1990) stated that 
pool length is an important factor that affects the energy dissipation pattern and through 
this for the hydraulic operation of the fishway. The basis for the effect of the pool length 
on the fishway discharge lies on the energy dissipation scheme in pool-and-weir and 
Denil fishways: in both of the fishway types, energy dissipation is mainly created by the 
standing wave effect. The extent of the effect depends on discharge and pool length.  

It was noticed in these studies on pool-and-weir fishways that, for a given discharge, 
the depth of flow at the weir decreased with the increase of the pool length. It can be 
stated that the extent of the effect of pool length on the discharge depends on the ratio y/L, 
where y is the upstream depth of flow over the weir crest and L is the distance between 
adjacent weirs.  

Preferably, scaling factors for discharges should be dependent on only one changing 
hydraulic parameter, in this case, discharge. Other variables in the equation for the scaling 
factor for dimensionless discharge Q* should depend only on channel properties. It is 
known that the most important factors affecting the rate of flow are the contracted width 
of the weir b, and, for sloping channels, the bottom slope So. In the studies on pool-and-
weir fishways with V-shaped sharp crested weirs, it was observed that the pool length L 
affects the flow, too. Thus, in theoretical analysis, it should be possible to replace the 
depth of flow over the weir y with the pool length L. For the analysis, it was presumed 
that the relation between Q and Q* is a following function:  
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Wu and Rajaratnam (1995) stated that wall jets and hydraulic jumps are actually similar 
flows, end states with the submerged jumps forming the transition in between. This 
statement is based on the similar velocity distribution of the flows. Accordingly, by 
choosing the right scaling factors, it can be shown that actually all so called overflow 
fishways (a variety of pool-and-weir fishways and Denil fishways) can be classified into 
the same category and a general equation for dimensionless discharge can be written.  

With these assumptions, from equations (17), (18), and (19) we get the scaling factor 
(20) for dimensionless discharges in fishways: 

 * 2 3
o

QQ
gS b L

=  (20) 

where Q is measured discharge. The longitudinal distance between the weirs or baffles L 
is used for scaling distances and water depths. These choices were based on trials on 
several scaling factors for discharges and lengths, in addition to pure reasoning. 

4.3  The dimensionless discharge equation for fishways 

In this analysis, the relation between the discharge and the depth of flow is considered. 
The discharge is supposed to be a relation of the depth of flow over the weir instead of the 
head over the weir. For practical reasons (easiness of calculations), a power regression 
equation was selected for further development for the dimensionless discharge equation. 
This gives equations that are structurally similar to that of the conveyance factor K, which 
is a measure of the carrying capacity of the channel section (Chow 1959). Like the 
developed scaling factor Q*, the conveyance factor K is also directly proportional to 
discharge Q and inversely proportional to bottom slope So. Conveyance K is a function of 
the depth of flow y and is defined by equation 

 2 NK CY=  (21) 

where C is a coefficient, Y is the depth of flow, and N is a parameter called the hydraulic 
exponent for uniform-flow computation. This is actually also structurally similar to the 
general form of discharge rating curve. The general form of the discharge rating curve is 
Q=CYN where C is a constant dependent on the channel properties, Y is the depth of flow, 
and N is an exponent dependent on the cross sectional shape.  

The head at the weir, h, can be replaced by the vertical water depth at the weir y. This 
simplification can be justified with some reasons:  

− the approach velocity in fishways is usually so small that the effect can be neglected. 
− the head at the weir can not be defined exactly, and the error due to this simplification 

is in this analysis negligible.  
− the weir is in real structures essentially the most unequivocal place to measure the 

depth of flow.  
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The use of the water depth instead of the head at the weir has its own disadvantages. In 
pool-and-weir fishways, in the so called transitional stages of flow, i.e. when the stage of 
flow changes from about plunging to the so called streaming flow mode, the depth of flow 
may have at least two different values depending on the flow mode. In the transitional 
stage, the water surface fluctuates and the fluctuations in depth of flow along the length of 
the fishway do not cope with the location of weirs. In pool-and-weir fishways, when the 
flow is in the streaming mode, the approach velocity begins to take effect increasing the 
water velocity at the weir and decreasing the depth of flow. All this causes scatter and 
distortion in the results.  

The scaling factor (20) was applied to the author’s study results on different pool-and-
weir, vertical slot, and Denil fishway types. After scaling, the calculated dimensionless 
discharges were plotted against yo/L, where yo is the depth of flow over the weir and L is 
the pool length (Fig. 17). Based on this data (given in App. 7), a regression power 
equation was obtained: 

 1.88
* ( ) 1.18( ) .o oy y
Q f

L L
= =  (22) 

It can be seen that dimensionless discharge Q* - dimensionless depth yo/L –pairs calculated 
from the measured values fit quite well into the developed fitting curve except the data on 
pool-and-weir fishways. The regression coefficient for the fishway discharge is R2=0.96. 
The equation was formed based on a total of almost 450 separate discharge - water depth 
pairs.  

Regression lines for data sets of each fishway type are included in Fig. 17. One can see 
that regression lines for different pool-and-weir and Denil fishways have almost the same 
slopes. The slope of the regression line for the data set on vertical slot fishways differs 
from those of the other regression lines.  

The generated curve was evaluated with Student’s paired  t-test. The test is commonly 
used to test the absence of bias in discharge rating curves. Further considerations and 
other equations for dimensionless discharges are presented in Section 4.4.  
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Fig. 17. Calculated dimensionless discharges Q* plotted against dimensionless water depths 
yo/L and regression power lines of author’s data when equation (20) is used for scaling.  
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4.4  Evaluation and applicability of the procedure 

4.4.1  Evaluation of the procedure 

The present analysis with the scaling factor developed and used here was applied, for 
verification, to the results of several fishway types and studies. Verification data was 
found in the literature (appendices 2-5). All the data were prepared for analysis in a 
similar way.  

The statistical analysis was carried out using the Student’s paired t-test of the 
differences between the discharge measured and the discharge estimated by the rating 
curve. The test is used to check whether a rating curve, on the average, gives significant 
overestimates or underestimates compared with the discharge measurements on which the 
curve is based (Tilrem 1997). The basic assumptions underlying this test are that the 
percentage differences between the measured values and the values estimated by the curve 
are independent of the magnitude of the discharge and normally distributed about a mean 
value of zero. The mean deviation, pm, in per cent, is tested against its standard error to 
see whether it differs significantly from zero. The analysis was carried out for all the data 
and for several subdata on different fishway types and studies.  

According to the statistical analysis, the mean percentage deviation for all fishway 
types is very close to zero denoting that, on the average, this procedure gives good results 
(Table 1). The standard percentage deviation, on the other hand, is large denoting that the 
calculated discharge may differ to a large extent from the measured value.  

Table 1. Computation of statistical parameters of the Student’s t-test of the general 
procedure using equation 22 for scaling discharges and pool length L  as a length scale. 

Fishway 

type 

Reference of 

data 

Number of 

observations 

Equation for 

dimensionless 

discharge 

Mean 

percentage 

deviation 

pm 

Standard 

percentage 

deviation  

of pm, sD 

Standard 

percentage 

error of pm, 

sE 

Test 

statistic 

t 

All All data 867 1.18(yo/L)1.88 

 

0.68 61 2.06 0.33 

All Author’s 

data 

436 1.18(yo/L)1.88 

 

0.62 48 2.32 0.27 

Possible reasons for the large standard deviation may be that measurements are taken in 
scale models. For low discharges, when the depth of flow is very small, in addition to 
gravity, viscosity also begins to take effect. In addition, with high discharges the water 
surface fluctuates, making it difficult to define the water depth at any point of the fishway.  

To find equations for other fishway types, the present analysis with the scaling factor 
developed and used here was applied to the results of several fishway types and studies 
(appendices 2-5). Equations were obtained from the regression lines (Table 2, Fig. 18). 
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Table 2. The comparison of the scaling factors and dimensionless equations created 
according to them. 

Fishway model 
Reference 
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The used scaling factor 
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=   
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Fig. 18. Recalculated dimensionless discharges Q* plotted against dimensionless water depths 
yo/L and regression power lines when equation (20) is used for scaling discharges.  
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factor could lie on the different measuring methods for water depths or heads. This is 
especially true for studies on pool-and-weir fishways (Appendix 2).  

An attempt was made to compare the scaling factor and the procedure developed in 
this study with the previously developed scaling factor, and to apply the same procedure. 
All the data was used for evaluation. Discharges were transformed for dimensionless 
discharges using equation 5. As a length scale, the width of the free opening bo was used. 
Dimensionless discharges Q* were plotted against relative water depths yo/bo  (Fig. 19). In 
the analysis, a power regression was applied for all the data. The dimensionless discharge 
equations for both of the scaling factors and for each data are given in a summary table 
(Table 2). It can be seen that the correlation values for the new procedure are higher for 
almost all fishway types than those calculated with the previously developed scaling 
factor. The only exception is the pool-and-weir fishway, where the flow depths have been 
measured in a way that is not necessarily suitable for the present analysis. In addition, it 
can be seen that in both the procedures the slope of the regression line for vertical slot 
fishway differs from the slopes of the other lines.   

According to the Student’s paired t-test, the dimensionless discharge equation 
calculated using the scaling factor given in equation 5 does not give good results for all 
the data (Table 3). The mean percentage deviation pm is over 7 and the standard percentage 
deviation of pm is over 70%. In addition, the value of the test statistic t is too high. For the 
author’s data, the results are better, but the standard percentage deviation of pm is very 
high, 77%.  

Table 3. Computation of statistical parameters of the Student’s t-test of the general 
procedure using equation 5 for scaling discharges and opening width bo  as a length scale. 

Fishway 

type 

Reference 

of data 

Number of 

observations 

Equation for 

dimensionless 

discharge 

Mean 

percentage 

deviation 

pm 

Standard 

percentage 

deviation  

of pm, sD 

Standard 

percentage 

error of pm, 

sE 

Test 

statistic 

T 

All All data 867 0.80(yo/bo)
1.71 7.38 71 2.42 3.04 

All Author’s 

data 

436 0.80(yo/bo)
1.71 0.87 77 3.71 0.23 

This model and procedure which include the new scaling factor for predicting fishway 
flows, describes the physical situation in different types of fishways well. Flow depths can 
already be compared by using dimensionless values. It should be noted already here, that 
the general equation (22) should not be used in analyzing flows in pool-and-weir 
fishways. A more fitting result would be obtained by using dimensionless equations for 
each of the fishway types. 
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Fig. 19. Fitting curve for the previously developed scaling factor (Eq. 5) for dimensionless 
discharges.  
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4.4.2  Applicability to the flows in pool-and-weir fishways 

Pool-and-weir fishways are very sensitive to water level fluctuations. In these fishways, 
low tailwater levels will result in high drops at the lowest weir. High tailwater levels will 
lead into drowning of the fishway entrance and, consequently, poor attraction for fish. 
Changes in the upper water level drastically affects the flow conditions inside the fishway, 
and accordingly, the fish passage conditions. A very low upper water level will result in 
low discharges and very low water depths at the weir. With very high upper water levels 
the flow becomes streaming, and the depth of flow actually decreases with the increase in 
discharge, resulting in high water velocities at the weir. A simple example of this is given 
in Fig. 20. The measurements were made in a pool-and-weir fishway model for one slope 
(So=10 %). The study arrangements are described in Section 3.1. With high water depths 
when the flow is streaming, the effect of approach velocity becomes significant. In the 
model, this causes the discharge to increase faster than the water depths. Because of this, 
depth of flow may not be a good measure of discharges in pool-and-weir fishways. 

Fig. 20. Upper water level and water depth at the weir, measured from the bottom in a pool-
and-weir fishway model (So=10%). 

The Student’s paired t-test was carried out for the data on pool-and-weir fishways (Table 
4). According to this test, the mean percentage deviation pm is reasonably close to zero for 
all the equations used, but the standard percentage deviation of pm is high, around 50%. 
When using special equations for pool-and-weir fishways, for the author’s data on 
experimental observations (Sections 3.1 and 3.2), the standard percentage deviation of pm 
is lower, 37% for pool-and-weir fishways with a horizontal crest and 28% for a V-crest. 
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In the normal range of dimensionless water depths yo/L from about 0.02 to 0.4, pool-
and-weir fishways are sensitive to changes in the model parameters. This means that a 
small change in model parameters gives a significant change in the dimensionless 
discharges and water depths.  

Table 4. Computation of statistical parameters of the Student’s t-test for pool-and-weir 
fishways using equation 22 for scaling discharges and pool length L as a length scale. 

Fishway 

type 

Reference 

of data 

Number of 

observations 

Equation for 

dimensionless 

discharge 

Mean 

percentage 

deviation 

pm 

Standard 

percentage 

deviation  

of pm, sD 

Standard 

percentage 

error of pm, 

sE 

Test 

statistic 

t 

Pool-and-
weir 
fishways 

Sections    

    3.1, 3.2 

Appendix 2 

468 1.18(yo/L)1.88 

 

0.03 52 2.41 0.01 

Pool-and-
weir 
fishways 

Section 3.1 115 1.18(yo/L)1.88 

 

0.03 40 3.70 0.01 

Pool-and-
weir 
fishways 

Section 3.2 172 1.18(yo/L)1.88 

 

0.05 58 4.41 0.01 

Pool-and-
weir 
fishways 

Section 3.1 115 2.57(yo/L)1.74 

 

0.02 37 3.42 0.01 

Pool-and-
weir 
fishways 

Section 3.2 172 2.71(yo/L)2.16 

 

0.07 28 2.14 0.03 

Pool-and-
weir 
fishways 

Appendix 2 146 2.29(yo/L)1.43 

 

1.99 58 4.79 0.42 

Pool-and-weir fishways are very sensitive to upper water level fluctuations. In the model 
for calculating dimensionless discharges, this increases the scatter in the discharge rating 
curve. Even though the upper water level effect is not as strong for pool-and-weir 
fishways with a V-shaped crest as for those with a horizontal crest, the effect still exists 
and makes the predictability of this kind of an analysis quite poor. A better measure for 
the flow rate would be the upper water level. It predicts the discharges in the fishway 
better than the water depth at the weir, which was measured in these studies (Fig. 20).  

An experienced designer may also use equations for weir flows with good success 
when the flow is in the plunging mode and the flow over the weirs is not affected by the 
adjacent weirs. In addition to the upper water level, water depths inside fishways are 
important for fish passage, and so analysis of water depths would be useful, too.  

4.4.3  Applicability to the flows in Denil fishways 

Denil fishways are referred to as efficient energy dissipators. Energy dissipation is created 
by vanes at the bottom and at the sides. With extremely low discharges, the flow in Denil 
fishways can be considered as plunging. With higher water depths the flow becomes 
streaming, but unlike in pool-and-weir fishways, flow friction is higher and the flow is 
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more stable. Even though the flow is streaming, the increase in water depth does not result 
in excessively increased average water velocities.  

The model developed describes flows in Denil fishways reasonably well. The slope of 
the fitting curves of Denil fishways are almost equal and for most of the data, the fitting 
curves agree with the fitting curve of all the author’s data (Fig. 18). According to the t-
test, even the general equation gives good results (Table 5). For the author’s data on 
experimental observations (App. 1), the standard percentage deviation of the relative 
difference in dimensionless discharge is less than 15% in all confidence intervals. Slightly 
better results are obtained by using a special equation for Denil fishways. 

In Denil fishways, the normal range of dimensionless water depths yo/L varies from 
about 0.5 to 2.0. In the range of  yo/L = 0.5…1.2, Denil fishways are not very sensitive to 
changes in the model parameters. 

Table 5. Computation of statistical parameters of the Student’s t-test for Denil fishways 
using equation 22 for scaling discharges and pool length L as a length scale. 

Fishway 

type 

Reference of 

data 

Number of 

observations 

Equation for 

dimensionless 

discharge 

Mean 

percentage 

deviation 

pm 

Standard 

percentage 

deviation  

of pm, sD 

Standard 

percentage 

error of pm, 

sE 

Test 

statistic 

t 

Denil 

fishways 

Appendix 1 

Appendix 3 

187 1.18(yo/L)1.88 

 

1.85 41 3.01 0.62 

Denil 

fishways 

Appendix 1 133 1.18(yo/L)1.88 

 

1.85 14 1.18 1.58 

Denil 

fishways 

Appendix 3 27 1.18(yo/L)1.88 

 

1.66 33 6.52 0.26 

Denil 

fishways 

Appendix  1 133 1.12(yo/L)1.78 

 

1.07 12 1.06 1.00  

Denil 

fishways 

Appendix 3 27 1.00(yo/L)1.88 

 

0.49 34 6.64 0.07 

4.4.4  Applicability for the flows in vertical slot fishways 

The energy dissipation pattern in vertical slot fishways is different than that in pool-and-
weir and Denil fishways. This can also be seen in all the separate fitting curves (Figs. 17, 
18, and 19). The slope of the fitting curves for vertical slot fishways is noticeably different 
than the slopes for the other studied fishway types. Because of this, the general 
dimensionless discharge equation does not give a very good fit due to a high standard 
percentage deviation of the mean (Table 6). The use of the special equation for vertical 
slot fishways gives better results. For the author’s data (App. 1 and 7), standard 
percentage deviation of the mean pm decreases to 14% (with the mean pm being 2.2%) and 
to 21% for the reference data (App. 4). The reason for trend lines being located some 
distance from each other may be due to differences in the measuring methods of water 
depths. The slopes of the lines are, however, almost equal. 

A closer analysis of the results on vertical slot fishways reveals that the general model 
is not so readily suitable for some of the fishway types, while for other types the model 
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gives better results. This could be due to improper energy dissipation (the model gives 
usually too high dimensionless discharges). Another reason may be the poor appropriacy 
of the model parameters for that special fishway type, so that new parameters should be 
defined for it. In the normal range of dimensionless water depths yo/L, from about 0.15 to 
1.5, vertical slot fishways tolerate changes in model parameters quite well. 

Table 6. Computation of statistical parameters of the Student’s t-test for vertical slot 
fishways using equation (22) for scaling discharges and pool length L as a length scale. 

Fishway 

type 

Reference 

of data 

Number of 

observations 

Equation for 

dimensionless 

discharge 

Mean 

percentage 

deviation 

pm 

Standard 

percentage 

deviation  

of pm, sD 

Standard 

percentage 

error of pm, 

sE 

Test 

statistic 

t 

Vertical 
slot 
fishways 

Appendix 1 

Appendix 4 

212 1.18(yo/L)1.88 

 

1.06 87 5.99 0.18 

Vertical 
slot 
fishways 

Appendix 1 

Appendix 4 

212 0.63(yo/L)1.01 

 

0.50 50 3.46 0.15 

Vertical 
slot 
fishways 

Appendix 1 14 0.63(yo/L)1.01 

 

2.21 14 3.83 0.58 

Vertical 
slot 
fishways 

Appendix 4 196 0.84(yo/L)0.89 

 

0.55 21 1.51 0.36 

4.5  Dimensionless discharge equations for the main fishway types 

As stated earlier, the model parameters obtained depend on the data used in creating 
equations for dimensionless discharges by the fitting curves. Thus, the parameters can, to 
a some extent, be freely chosen without causing too large an error, or an error that can be 
adequately proved. For this reason, equations for dimensionless discharges in the three 
main fishway types are given in Table 7. The equations can be applied in fishway 
designing processes, keeping in mind that in the normal range of dimensionless water 
depths yo/L, pool-and- weir fishways are sensitive to changes in model parameters. This 
means that a small change in model parameters gives a significant change in 
dimensionless discharges and water depths. In vertical slot and Denil fishways, the change 
is not as great. In addition, it should be kept in mind that the dimensionless discharge 
values and the respective dimensionless water depths describe the situation inside the 
fishway, in the region of fully developed flow. These equations do not give the relation 
between the upper water level and fishway discharge. 



Table 7. Suggested dimensionless discharge equations for different fishway types with 
Equation (22) used for scaling discharges and the distance between the weirs used for 
scaling lengths. 

Fishway model Scaling factor Dimensionless discharge equation 

Vertical slot fishway * 2 3
0 0

QQ
gS b L

=  Q* = 0.85

0.9
0y
L

Ê ˆ
Á ˜Ë ¯

 

Denil fishway * 2 3
0 0

QQ
gS b L

=  Q*= 1.0

1.5
0y
L

Ê ˆ
Á ˜Ë ¯

 

Pool-and-weir fishway * 2 3
0 0

QQ
gS b L

=  Q*= 2.5

1.7
0y
L

Ê ˆ
Á ˜Ë ¯

 

4.6  A practical example of application 

At the Sindi Dam, in the River Pärnu, Estonia, stands an old pool-and-weir fishway with 
alternating notches. The pools are 4 meters long and 3 meters wide with 1.3-meter-high 
weirs. The slope of the fishway is 5 % and the estimated drop between the pools is about 
0.2 meters. Among the most important fish species in this river are whitefish and vimba, 
which are weak swimmers. Fish do not use the existing fishway and thus there are plans 
to improve it. 

The structure is very massive having concrete sidewalls of 1.0 meters wide and the 
width of the weirs being 0.5 meters. The construction costs should be kept as low as 
possible, and thus dividing the pools into half is seen as the best option for improvement. 
Due to the poor swimming ability of the fishes for whom the fishway is meant, a vertical 
slot fishway would best fulfill the demands for the fishway. The new pool length would be 
2.0 meters, the slot width should be at least 0.25 meters, and for reasonable energy 
dissipation, the slots should either alternate from side to side or be equipped with baffles 
below the slots.  

It should be possible to estimate the fishway discharge in the changed situation. With 
the suggested energy dissipating schemes, it is estimated dimensionless analysis can be 
used. The procedures developed both the previously and for this study can be applied.  

Rajaratnam et al. (1992) introduces a variety of possible vertical slot fishway 
modifications. One good choice for the present analysis is Design 6 (App. 4, Fig. 1). 
Uncertainties in this choice are caused by the width of the pool, which in this example is 
more than twice that of Design 6. Now, the scaling factor for dimensionless discharges Q* 
is  

 * 5
o o

QQ
gS b

=  

where Q is the discharge, So is the bottom slope and bo is free opening. Dimensionless 
discharge for Design 6 is expressed as 
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Q* = 3.77 yo/bo - 1.11  for  yo/bo < 10 

where yo is the water depth at the slot. From these equations we get 

 * 5 5 0.029.81*0.05*0.25o o

Q Q QQ
gS b

= = =  

 => 

 Q = 0.02Q* = 0.02(3.77 yo/bo - 1.11). 

For the water depth equal to the highest weir height 1.3 m we get with this procedure  

 Q=0.410 m3/s and vm=1.26 m/s. 

According to the procedure developed in this study, the scaling factor for dimensionless 
discharges is  

 * 2 3
o o

QQ
gS b L

=  

where Q is the discharge, So is the bottom slope, bo is free opening, and L is the pool 
length. Now 

 * 2 5 2 3 0.509.81*0.05*0.25 *2.0o o

Q Q QQ
gS b L

= = =  

 => Q=0.50 Q*. 

The general dimensionless discharge equation is  

 
1.88

* 1.18 oyQ
L

Ê ˆ= Á ˜Ë ¯
 

where yo is the water depth at the slot. For the water depth equal to the highest weir height 
(1.3 m), this procedure yields (L=2.0 m) 

Q=0.262 m3/s and vm=0.80 m/s. 

The dimensionless discharge equation for vertical slot fishways (from Table 7, p. 56) is  

 
0.9

* 0.85 .oyQ
L

Ê ˆ= Á ˜Ë ¯
 

For the water depth equal to the highest weir height (1.3 m), this procedure then yields 

 Q=0.286 m3/s and vm=0.88 m/s. 

When approaching velocity is not taken into account, slot velocities with a drop of 0.1 
meters can be estimated with the equation  

 v=(2g∆h)0.5 = (2*9.81*0.1)0.5 = 1.4 m/s. 
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According to the observations of Kamula (1995), a better estimate for the velocities 
would be  

 v=0.7(2g∆h)0.5 = 0.7(2*9.81*0.1)0.5 = 0.98 m/s. 

When these two values are compared, it can readily be seen that all the results reasonably 
well support the procedure used. The general equation (22) probably gave too low 
discharge values, which actually was predictable. The discharge value calculated by using 
the previously developed procedure probably gave slightly too high discharges. The best 
fit of these three is probably given by the equation for vertical slot fishways developed 
during this study. The real value of the procedure can be estimated only if the results are 
compared with measurements in actual structures and situations. 



5 Hydraulic conditions at the water outlet of fish passage 
facilities 

In fishways, one of the most crucial places is the entrance. First of all, it must be properly 
situated, and secondly, it must operate in a way that attracts fish. There is a great variety 
in the successful fishway designs that are used for species with similar swimming 
capabilities (Orsborn 1986). In addition, different salmonids have unique requirements for 
water flow and velocity for optimal entry and passage.  

At the Isohaara fishway, Northern Finland, the number of large salmon entering the 
fishway increased after the entrance was changed from a Denil fishway into a pool-and-
weir fishway. To understand the difference in hydraulic conditions below the fishway 
before and after the change, a study was carried out at the hydraulics laboratory at the 
University of Oulu, Finland. Flow into standing water with no backwater or drawdown 
effect was chosen for further studies. In these studies, flow decay and velocity distribution 
below the entrance was studied for pool-and-weir fishways with horizontal and V-shaped 
weir crest and for vertical slot and Denil fishways.  

5.1  Considerations of the scaling factors 

When studying the backwater or drawdown effect with different discharges, the 
previously used custom of scaling by the free opening can be used. The disadvantage with 
this procedure is that it can only be applied for one fishway type at a time; it is not 
applicable for comparing different fishway types. Therefore, when one needs to compare 
different fishway types, the scaling factor must be chosen in a different way. In studying 
the flow into standing water with no backwater or drawdown effect, the discharge from 
the fishway can be used as a scaling factor. The parameters that need to be scaled are 
velocity and length.  

Let us now consider the flow from the fishway. The discharge from the fishway is Q, 
which also is equal to the discharge in the flume or tailrace. Let us now define that the 
mean velocity at any cross section in the tailrace is V. Now 

 V Q A=  (23) 
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where A is the cross section area equal to B*Y, where B is the total width of the flume and 
Y is the water depth in the tailrace (Fig. 21). In these experiments, the flume width is set 
and it is independent on the scale of the model. In scaling the measured velocities the 
mean velocity at the cross section was chosen for a scaling factor. Now  

 ( )v v V v Q A vYB Q= = =  (24) 

where v* is dimensionless velocity at any point of the cross section and, v is the horizontal 
water velocity at any point. As a length scale, tailwater depth Y is used. The equations for 
the dimensionless distance, head and water depth at the weir are accordingly (25)  

 
.

x x Y
y y Y
=Ï

Ì =Ó
 (25) 

Fig. 21. Definition sketch for studies at the fishway entrance. 

A lower water depth Y was chosen for the scaling factor instead of the constant width B, 
because it describes, at the same time, the effect of discharge. It can be used because flow 
conditions in the tailrace are set by defining that no backwater or drawdown effect should 
appear.  

Due to the scaling and the accuracy of the velocity measurements, the lowest 
dimensionless velocities that could be distinguished were about 10 times the mean cross 
sectional velocities.  

5.2  Velocity distribution below different fishway types 

Velocity distribution below fishways is three dimensional, but in order to simplify the 
results, here only the velocity distribution at the mid-axis below the opening has been 
showed. Flow decay was visualized by dye and in addition, velocity measurements were 
made below each fishway entrance. The flow conditions below the fishway types studied 
differed from each other in both flow direction and the velocity distribution, and in the 
magnitude of the highest dimensionless velocity.  
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At the entrance of the pool-and-weir fishway, two different flow patterns could be 
distinguished depending on the discharge rate. With a very low discharge, the jet plunges 
immediately to the bottom, and vanishes there (Fig. 22 a). With high discharges, the flow 
from the fishway is directed away from the dam, mildly sloping towards the bottom, and 
the jet reaches the bottom only after a certain distance from the dam (Fig. 22 b). Velocities 
in the jet from pool-and-weir fishway were mostly 10 to 20 times the mean velocity at the 
cross section, and only in a limited area did the velocities exceed that (Fig. 23 a, b).  

For pool-and-weir fishway with a V-shaped sharp crested weir for low discharge, the 
jet was directed into the middle of the water mass (Fig. 22 c). With high discharge, the jet 
was directed towards the bottom (Fig. 22 d). Velocities in the jet were about 30 to 50 
times the mean velocity (Fig. 23 c, d).  

For a vertical slot fishway the jet was directed into the middle of the water mass (Fig. 
22 e). In the studies, velocity distribution across the cross section was measured. The 
highest velocities located directly downwards from the slot and almost in a straight line. 
The velocities in the jet were about 40 to 50 times the mean velocity at the cross section, 
with the highest velocities being as much as 80 times the mean velocity at the cross 
section (Fig. 23 e). Experiments for vertical slot fishway were carried out with only one 
discharge, as flow patterns in vertical slot fishways are independent of the flow depth, 
excluding very high or extremely low flow depths. 

For Denil fishway, it seems apparent that the flow from the fishway disappears on the 
surface (Fig. 22 f). As the highest velocities are not situated along the centerline but on 
the sides in Denil fishways, velocity distribution across the cross section was measured. 
The jet spread over the water surface, and the highest velocities were on the sides of the 
jet. Flow decay was fast, and the differences in the velocities inside the jet were only 10 to 
20 times the mean velocity at the cross section, independent of the discharge (Fig. 23 f). 
Due to the experimental arrangements, with the highest discharge (Q= 16.20 l/s) the jet 
from the fishway was so wide that the flow was affected by the walls. Thus no velocity 
measurements were made. However, it was observed in flow visualization that even in this 
case the jet was directed up to the surface. Even with drawdown effect, the jet was 
directed upwards to the surface. As in Denil fishways the highest velocities are located in 
the sides, dye was injected into the sides of the free opening immediately in the water 
outlet under a drawdown situation, and still the jet was up to the surface. Because of the 
colored water and high velocities, no photograps could be taken of the dye experiments 
with the highest discharge.  
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Fig. 22. Flow below fishway entrances visualized by dye for   a) pool-and-weir with low flow,   
b) pool-and-weir with high flow, c) pool-and-weir with a V-shaped crest with low flow, d)  
pool-and-weir with a V-shaped crest with high flow, e) vertical slot, and      f) Denil fishway. 
Flow direction is from left to right.  
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Fig. 23. Velocity distribution at the mid-axis below fishway entrances for a) pool-and-weir 
with low flow, b) pool-and-weir with high flow, c) pool-and-weir with a V-shaped crest with 
low flow, d) ) pool-and-weir with V-shaped crest with high flow, e) vertical slot, and f) Denil 
fishway. Flow direction is from left to right.  V is the mean velocity at the cross section, y is the 
water depth from the bottom, Y is the total water depth at the tailrace, and x is the distance 
from the fishway outlet. Q is the discharge in the model.  
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5.3  Flow conditions below fishway entrances 

All the studied designs differed from each other both in the flow development and jet 
formation and location. Velocities in the jet from pool-and-weir fishway were mostly 10 
to 20 times the mean velocity at the cross section, only in a few points did the velocities 
exceed that. The jet was wide and with high discharges, the flow was directed mildly 
sloping towards the bottom. With low discharge, the flow was directed strongly towards 
the bottom immediately below the weir.   

For Denil fishway, the differences in the velocities inside the jet were only 10 to 20 
times the mean velocity at the cross section, independent of the discharge. The jet from 
the Denil fishway was spread over the water surface, and the highest velocities were on 
the sides of the surface jet. Even the highest velocities below the entrance of a Denil 
fishway were not higher than 20 times the mean velocity at the cross section. Flow decay 
was very fast, and flow from a Denil fishway disappears on the surface.  

For pool-and-weir fishway with a V-shaped sharp crested weir, velocities in the jet 
were higher in the jet than for pool-and-weir or Denil fishways, about 30 to 50 times the 
mean velocity. With higher discharge, the jet was directed towards the bottom, and for 
lower discharges the jet was directed into the middle of the water mass. 

For a vertical slot fishway, the velocities in the jet were higher than for other designs, 
about 40 to 50 times the mean velocity at the cross section with the highest velocities 
being as much as 80 times the mean velocity at the cross section. The jet was directed into 
the middle of the water mass. In the studies, velocity distribution across the cross section 
was measured. The highest velocities were observed to be located directly downwards 
from the slot and almost in a straight line. 

The differences in maximum velocities in different fishway types are due to the three 
dimensional character of the flow. Flow from pool-and-weir and Denil fishways is spread 
widely over the cross-section. The flow from pool-and-weir fishway with the V-shaped 
crest and from the vertical slot fishway is concentrated into a narrower range over the 
cross-section. 

All of the models, except for the Denil fishway model, were about the same in scale. 
The scale of Denil fishway model was larger, which actually gives too good of results 
about how discernible the flow from the fishway is, both vertically and horizontally, as 
well as concerning the velocities .  



6 Velocity distribution at v-shaped sharp crested weirs  

The velocity distribution at V-shaped sharp crested weirs was studied at a single weir and 
at a weir in the middle part of a pool-and-weir fishway with a V-shaped crest. Studies on a 
single V-shaped sharp crested weir were carried out in a flume of zero slope. Zero slope 
was chosen because flow pattern was to be observed only very close to the weir. The 
results were compared with the flow patterns in fishways, in which flume slopes are quite 
mild, less than 15 %. At the highest slopes in an unobstructed open channel, the approach 
velocities will grow and the flow is supercritical, but in obstructed channels like fishways, 
due to considerable flow friction, the approach velocities will remain lower. The results 
were transformed into dimensionless values. 

6.1  Scaling factor for velocities 

As a scaling factor for velocities, basically the same procedure was applied as when 
scaling velocities below fishway entrances, and similar definitions were used (Fig. 24).  

For scaling, the mean velocity at the cross section was used. From Fig. 24 we get 

 
2

* tan 2
o

m

vyvv
v Q

= = b  (26) 

where v* is the dimensionless velocity, v is the measured velocity, vm is the mean velocity 
at the weir, ho is the mean depth of flow at the weir, Q is the discharge, and β is the 
opening angle.  
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Fig. 24. Definition sketch for studies on a separate V-shaped weir. 

Accordingly, as a scaling factor for depths, the mean depth of flow at the weir was taken 
as (27) 

 *
o

yy
y

=  (27) 

where y* is the dimensionless water depth, y is the water depth measured from the bottom 
of the V-notch, and yo is the mean depth of flow at the weir. The same procedure was 
applied for analyzing the results both of the studies on a single weir and on a weir in a 
fishway.  

6.2  A single V-shaped sharp crested weir  

In the studies on a single V-shaped sharp crested weir, the opening angle was 90o. When 
plotting all the dimensionless velocity profiles into the same graph, it can be seen that the 
trend is the same with all the curves: velocities are highest near the bottom of the opening 
for all the discharges and heads (Fig. 25). With even high submergence, the velocity 
distribution remains the same. 

It can be seen from the plot that with free nappe the dimensionless velocities near the 
bottom are remarkably higher than the velocities near the surface. With higher 
submergence, velocity distribution from the bottom to the surface is more even. However, 
always in the case of a single weir velocities near the bottom are always higher than near 
the surface. It can be concluded from the plot that velocities at the sides are lower than at 
the mid-axis because velocities at the mid-axis are much higher than the mean velocity of 
the cross-section.  

Longitudinal profile Plan view 

Longitudinal profile                                     Plan view
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Fig. 25. Dimensionless velocities at a single V-shaped sharp-crested weir for different heads 
∆∆∆∆h and discharges Q. 

6.3  The flow over a chain of V-shaped sharp crested weirs  

The results of the studies on the flow over a chain of V-shaped sharp crested weir were 
transformed into dimensionless values. Equation (26) was used as a scaling factor for 
velocities. In these studies, the opening angle was β = 120o. For scaling discharges, Eq. 20 
was applied.  

All the dimensionless velocity profiles for flows in a pool-and-weir fishway with a V-
shaped crest are plotted into the same graph (Fig. 25). It can be seen that velocities are 
lower near the bottom of the opening for higher dimensionless discharges. As the 
dimensionless discharge decreases, velocity distribution at the middle of the weir 
becomes more even, and finally, with the smallest dimensionless discharges, velocities at 
the bottom are higher than at the surface.  
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Fig. 26. Dimensionless velocities v* at the V-shaped sharp-crested weir of a pool-and-weir 
fishway with different pool lengths L and dimensionless discharges Q*. 

Velocities at the mid-axis of the cross section are approximately one, which means that 
they are nearly the same as the mean velocity of the cross-section. The highest velocities 
are near the surface and the lowest are near the bottom of the opening. 

6.4  Considerations of the velocity distribution at V-shaped sharp 

crested weirs 

Velocity distribution at a weir was studied for a single weir with a sharp V-shaped crest 
and for a chain of weirs with almost similar crests. In the case of a single weir and zero 
bed slope, the approach velocity is nearly zero and only backwater and submergence 
affect to the flow over the weir. In the case of a chain of weirs, even though the approach 
velocity is higher, the chain of weirs more efficiently dissipates the energy of the flowing 
water.  

The dimensionless velocity profiles of a chain of weirs were plotted into the same 
graph. It can be seen that the trend is mainly the same for all the curves: velocities are 
lower near the bottom of the opening for almost all the discharges and heads (Fig. 26). 
The only differences are for the lowest dimensionless discharges. With very low 
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dimensionless discharges, the velocities at the weir are lowest at the surface and highest at 
the bottom. When the discharge increases, the velocity distribution gradually changes. At 
first, the velocities near the surface and near the bottom of the V are about the same, and 
with further increase in discharge, the velocities near the bottom of the V decrease and the 
highest velocities are found near the surface.  

Velocities at a single weir are higher near the bottom of the V than near the surface 
(Fig. 25). The basic velocity distribution pattern does not change with the change of the 
head at the weir and the submergence ratio.  

Velocity measurements at weirs are often included in studies on weirs and also in 
studies on fishways. These measurements are, however, occasional and not very precise, 
and the results are usually not included in the reports. However, some studies have been 
reported. According to Katopodis (1995), velocity distribution at a weir of a pool-and-
weir fishway depends on the mode of flow, whether it is plunging or streaming. In the 
plunging mode, when the relative depth of flow is small, velocities near the weir crest are 
slightly higher than the velocities at the surface. In the streaming mode, velocities are 
highest at the middle of the flow depth of the weir, decreasing to the surface and to the 
weir crest (Fig. 27). Compared with the velocity distribution pattern in a pool-and-weir 
fishway with a V-shaped crest, the highest velocities are located higher in the opening. 

Fig. 27. Typical velocity profiles at the weir of a pool-and-weir fishway. y is the water depth 
measured from the bottom of the V-notch and d is the water depth perpendicular to the 
bottom (redrawn from  Katopodis 1995). 

Boiten (1989) studied a pool-and-weir fishway with a V-shaped crest (Appendix 6). In the 
studies, the pools were long and the depth of flow over the weir was so low compared to 
the pool length, that the weirs acted like separate/ local roughness elements. According to 
the measurements, the velocities were highest at the middle of the opening (Fig. 28). For 
comparison, the results were transformed into dimensionless values using equation (26) 
for scaling velocities and equation 20 for scaling discharges. Velocity distribution at the 
weir was similar to that of a single weir or that of a chain of weirs with very low 
dimensionless discharge (Fig. 29). The lower the discharge is, the closer to the mean 
velocity of the cross section the velocities at the mid-axis are. In this structure, however, 
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the crest is so mildly sloping that it is almost horizontal. Actual water depths at the weir 
are very low, and because of this, flow friction at the sides is considerably high. 

Fig. 28. Velocity distribution at a weir for a pool-and-weir fishway with a V-shaped crest at a 
flow of 2 m3/s. Velocities in m/s (redrawn from Boiten 1990). 

Fig. 29. Dimensionless velocity distribution at the mid-axis of a pool-and-weir fishway with a 
V-shaped weir. 

The velocity distribution with intermediate or high flows at the weirs in pool-and-weir 
fishways with a V-shaped crest resembles that of Denil fishways (Fig. 30 and 31). The 
velocity distribution is only more even in pool-and-weir fishways compared with Denil 
fishways. In Denil fishways, the energy dissipation rate is higher due to the strong 
inclination of baffles (45o to the bottom of the channel) and the wall baffles. Velocities 
near the bottom are directed upwards and velocities in the direction of flow are low near 
the bottom. Also in Denil fishways, when the flow depth increases, the energy dissipation 
rate and, accordingly, velocity distribution at the weir changes.   
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Fig. 30. Centerplane velocity vector plots for a Denil fishway with large baffle spacing 
(Katopodis et al. 1997). 

In vertical slot fishways, the velocity distribution is even almost from the bottom of the 
slot up to the surface, independent of the flow rate (Rajaratnam et al. 1986). The 
differences in velocity profiles indicate the differences in the energy dissipation patterns 
in vertical slot fishways compared with pool-and-weir and Denil fishways. 
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Fig. 31. Velocity profiles for Denil fishways for slopes of a) 10 %, b) 20 % and c) 30 % 
(Katopodis 1995).
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7 Discussion  

In terms of hydraulics, fishways are energy dissipating structures. According to an energy 
dissipation scheme, three basic types are usually recognized: the vertical slot, the Denil, 
and the pool-and-weir fishway (Katopodis & Rajaratnam 1983).  

It is often asked, whether there is one special fishway type that is superior over the 
others. Unfortunately, the fishway type is defined by the fish species in concern and the 
site specific characteristics, e.g. available space, discharge, and material, economical 
resources, scenery, and the values placed on nature, etc. There are no such fishway types 
that could fulfil all these demands and all the fishway types should be considered for use.  

Of the three basic types, pool-and-weir fishways are suitable for sites where the upper 
and lower water level are almost constant, and where there is enough space. Pool-and-
weir fishways can be modified to tolerate water level fluctuations to some extent by 
forming the weir crest or adding notches or orifices. Denil fishways are suitable for sites 
where the space is a limiting factor and the slope of the fishway would become steep. 
Denil fishways tolerate water level fluctuations better than pool-and-weir fishways, and 
may carry a large amount of water. According to this study, the attraction of Denil 
fishways to fish may be weak, although with improvements and a preceding entrance 
pool the situation could be improved. Vertical slot fishways are suitable for sites where 
water level fluctuations are extensive, and where a large number of fish species with 
varying swimming ability is in concern.  

The entrance conditions are actually more important for the proper operation of a 
fishway than the actual fishway type, especially when it comes to fish passage. One 
important point is that flow pattern both inside the fishway and at the fishway entrance 
should be clear and concise. All this does not, however, mean that the exit is of minor 
importance. On the contrary, it is important to locate the fishway exit far enough from 
possible water intakes in order to avoid unnecessary migration back downstream. 

In this paper, flows in fishways have been considered partly as flows over weirs and 
partly using the procedures developed for uniform flow. Fishways with sharp crested 
weirs, baffles and vanes are dealt with, in addition to flows over sharp crested weirs. In 
addition, flow conditions below different fishway structures have been evaluated. 
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7.1  Flow over weirs 

Practically all hydraulic investigations of weir flows aim at studying the relation between 
the discharge coefficient and the parameters influencing the flow. Lakshamana Rao 
(1975) stated that the factors influencing the flow over weirs may be categorized into 
three groups, which are channel conditions, weir characteristics, and liquid properties. 
The influence of approach velocity was realized long ago, already in the late 1880’s. In 
the 1950’s, it was shown that the approach velocity head term can easily be eliminated 
while dealing with standing wave weirs and thus discharge can be expressed in terms of 
the water depth at the weir crest. The distribution of velocities in the approach channel 
definitely influences the discharge over the weir. It is well known that the cross-sectional 
shape of the channel influences the velocity distribution. Boundary irregularities of 
sufficiently large magnitude, and obstructions in flow create considerable loss of energy 
and make the approach flow nonuniform, resulting in increased α values (Lakshamana 
Rao 1975).  

When rapidly varied flow occurs in a sudden-transition structure, the physical 
characteristics of the flow are basically fixed by the boundary geometry of the structure 
as well as by the state of flow (Chow 1959). The separation zones, eddies, and rollers that 
may occur in rapidly varied flow tend to complicate the flow pattern and to distort the 
actual velocity distribution in the stream. In such cases, the flow is actually confined by 
one or more separation zones, rather than solid boundaries (Chow 1959).  

Experimental formulas developed for the discharge over sharp-crested weir can be 
expressed in a general form 

 
3

2Q CBH=  (28) 

where C is the discharge coefficient, B is the effective width of the weir crest, and H is 
the measured head above the crest, excluding the velocity head. Experiments have shown 
that the coefficient C in Eq. (28) remains approximately constant for sharp crested weirs 
under varying heads if the nappe is aerated. Insufficient aeration below the nappe means a 
reduction of pressure beneath the nappe due to the removal of air by the overfalling jet. 
This reduction of pressure will cause, among other things, an increase in discharge, 
sometimes accompanied by fluctuations or pulsation of the nappe, and unstable 
performance of the hydraulic model (Chow 1959). 

For sharp-crested weirs, it has been noticed that the discharge coefficient is highly 
sensitive and varies with modified nappe conditions. At low heads, the nappe is found to 
be depressed; and as the head increases, the nappe varies from the clinging type to the 
drowned or wetted underneath type (nappe types are shown in Fig. 32). When compared 
with the free nappe conditions, there was about an 8% increase and about a 28% increase 
in the discharge coefficient for depressed nappes and clinging nappes, respectively. When 
the nappe became drowned (plunging type), the increase dropped to 19%, and with 
further increase in head the increase was only 12%. In all these cases, the discharge 
coefficient was not influenced by the tailwater elevation below the weir crest, but only by 
the head-weir height ratio. With further increase in tailwater elevation, the nappe became 
the riding type and the discharge was influenced by both the upstream and downstream 
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water levels. For submerged flows, the estimation is more difficult to give, depending 
greatly on the submergence factor h1/h2, where h1 and h2 are upstream and downstream 
heads, respectively. However, modification of the nappe conditions results in small 
variations of 1 to2 % in the discharge, and therefore needs to be considered only for 
accurate gagings (Lakshamana Rao 1975).  

Fig. 32. Different nappe types (Lakshamana Rao 1975). 

Submergence of a weir will reduce the coefficient of discharge of the corresponding 
unsubmerged flow (Chow 1959). Weirs are said to be submerged when the tailwater is 
higher than the crest. In submerged weirs, the nappe is always unaerated. Submerged 
flow is usually unstable, having considerable surface disturbance immediately 
downstream. For submerged flow, the flow resistance is higher compared with 
unsubmerged flow. 

For a given discharge, as submergence increases, the submerged-flow over the 
rectangular sharp-crested weir passes through several regimes, as indicated in Fig. 33 (a-
d). From an exploratory experimental study, Wu and Rajaratnam (1996) found that these 
regimes can be classified as (1) the impinging jet, (2) breaking wave (or surface jump), 
(3) surface wave, and (4) surface jet. For the impinging jet regime, the flow over the weir 
plunges into the tailwater, diffuses as a plane submerged jet, and eventually hits the bed 
of the downstream channel. For the other three regimes, which might be collectively 
called the surface flow regime, the flow remains as a jet at the surface in the downstream 
channel, with its thickness increasing downstream because of turbulent mixing.  
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Fig. 33. Regimes of flow for rectangular sharp-crested weirs a) impinging jet, b) breaking 
waves, c) surface wave, d) surface jet (Wu & Rajaratnam 1996). 

The surface jet regime (Fig 33 d) was studied by Rajaratnam and Muralidhar (1969), who 
found that the flow forms into a surface jet over a longitudinal distance of 2t, where t is 
the depth of flow below the weir, measured from the weir crest. After that, the flow 
behaves like a turbulent surface jet. Furthermore, Rajaratnam and Muralidhar (1969) 
found that a large recirculation region was formed below the expanding surface jet, 
having a length of about seven to eight times the height of the weir, P. They also found 
that in deeply submerged flow, an eddying region, or standing eddy,  is formed below 
rectangular weirs with sharp crest (Fig. 34).   

Lakshamana Rao (1975) stated that ratio h/P, where h is the head over the weir and P 
is the height of the weir, can be considered as a depth or area contraction and 
consequently a measure of approach velocity. In studies, this has been observed to be a 
very important factor that affects the discharge coefficient. Also, other geometric 
parameters become important in influencing the coefficient. For smaller weir heights or 
for a given weir height at larger heads, the reduction in discharge coefficient becomes 
more gradual. These trends may be attributed to the fact that with smaller weir heights, 
the downstream eddy becomes smaller in size and consumes less energy. In the studies of 
Wu and Rajaratnam (1996), relative weir heights h/P varied from 0.076 to 1.5. In this 
range, the height of the weir did not affect the discharge to a great extent.  
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Fig. 34. Definition sketch for flow below a deeply submerged rectangular weir; a general view 
of the flow (from Rajaratnam & Muralidhar 1969).  

In fishways, weirs and vanes that produce the energy dissipation may be considered to be 
constrictions in an open channel. A constriction in an open channel constitutes a reach of 
a sudden reduction in a channel cross section. The effect of a constriction on the flow 
depends mainly on the boundary geometry, the discharge, and the state of flow. The 
phenomenon is usually so complicated that the resulting flow pattern is not readily 
subject to any analytical solution. The flow through constriction may be subcritical or 
supercritical. When the flow is subcritical, the constriction will induce a pronounced 
backwater effect that extends a long distance upstream. When the flow is supercritical, 
the constriction will disturb only the water surface that is adjacent to the upstream side of 
the constriction and will not extend farther upstream (Chow 1959). Usually, the depth of 
approaching flow in fishways is higher than the critical flow depth, and the flow is in 
subcritical state.  

7.2  Procedure for modeling flows in fishways 

In an open uniform channel, mean velocity and flow depth are independent. In an open 
channel which is obstructed by a weir (i.e. in an obstructed channel), flow velocity is a 
function of the depth of flow and of the size and shape of the weir. Flows in fishways can 
be considered as flows over a chain of weirs. Flows over a weir with submergence are 
difficult to analyze purely theoretically, and even empirically. When there are several 
weirs in chain, each one affecting to the other, the hydraulic problems are even more 
difficult to solve. In these cases, dimensionless parameters are useful in evaluating 
beforehand the water depths and discharges. In this paper, a new scaling factor for 
creating dimensionless parameters for fishways has been established. The goal of this 
study has been mainly practical: the aim was to create a basis for practical design 
procedures. Empirical laws for flows over weirs were taken as the basis in addition to the 
assumptions that  

eddying region
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− fishways are hydraulically rough open channels,  
− flow is uniform and flow friction can be expressed with the channel width, distance 

between the weirs, and the slope of the channel, and  
− flow always runs over sharp-crested weirs. 

The constant boundary conditions in a fishway are channel width, distance between 
weirs, bottom slope, weir height and possible roughness elements on the channel walls. 
Flow is determined by the depth of the flow over the weir. The use of scaling factors is 
based on the empirical equation for flows over weirs (Eq. (28), p. 76). In fishways, the 
main factors affecting the discharge coefficient C are  

− the contraction ratio, which depends on the ratio b/B, where b is the contracted 
channel width and B is the uncontracted approach channel width,  

− the longitudinal contraction ratio which depends on the ratio b/L, where b is the 
contracted channel width and L is the longitudinal distance between the contractions, 

− the Froude number at the contraction (approach section), 
− the submergence ratio.  

Most fishway structures are characterized by sudden changes in the channel cross section, 
actually making the flow rapidly varied at every constriction. The rapid variation in flow 
regime often takes place in a relatively short reach. Accordingly, the boundary friction, 
which could play a primary role in a gradually varied flow, is comparatively small and in 
most cases insignificant. It can be said that boundary friction is replaced by ‘local 
roughness’ and local losses due to it.  

In many studies on fishways, it has been observed that pool length is one essential 
factor that affects to the rate of flow (e.g. Veijalainen 1985, Rajaratnam et al. 1988, 
Sikora et al. 1996). Boiten (1990) stated that pool length is an important factor that 
affects the energy dissipation pattern, and through it the hydraulic operation of the 
fishway. When the discharge and, accordingly, depth of flow over the weir is low 
compared to the pool length, the flow could be classified as plunging, according to the 
definition of Clay (1961). Rajaratnam et al. (1988) stated that for the streaming flow, pool 
length is an important factor. They also stated that for the streaming mode, dimensionless 
discharge varied with the relation L/d where L is the pool length and d is the depth of 
flow.  

In fishways, velocity distribution between the weirs is strongly affected by the flow 
over the upper weir. In pool-and-weir fishways, when the flow is over the weirs, the way 
the jet from the upper weir enters the pool makes a great difference in the velocity 
distribution in the pool. The higher the discharge and, accordingly, the depth of flow over 
the weir is compared to the pool length, the closer to the lower weir the jet from the upper 
weir hits the floor. When pools are long compared to the discharge (or the depth of flow), 
the jet plunges into the pool near the upper weir. In this case, the flow over the lower weir 
is not affected to a great extent by the flow over an upper weir. Below the jet there is an 
eddying region. This is the so-called plunging flow stage. When the depth of flow 
increases, the jet gradually hits the floor closer and closer to the lower weir, and finally 
streams over the lower weir almost without any mixing with the water mass in the pool. 
The eddying region fills the pool and the friction between the circulating water mass in 
the pool and the streaming flow above the weirs causes turbulence in the pools between. 
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Between these two flow stages, there is a large variety of flow depths, which can be 
called as transitional flow depths. Weir height affects to the limits of the different flow 
stages, but the effect is not as clear as in the case of a single weir.  

According to observations, pool-and-weir and Denil fishways are actually very similar 
in their hydraulic operation. If the pool length compared to the depth of flow is so large 
that the eddying region is fully developed and flow can be assumed to be uniform at least 
for a short distance, the weirs act as individuals. The same phenomenon can be seen in 
pool-and-weir fishways as well as in Denil fishways if the flow is low enough. If the 
eddying region in these fishway types reaches the next weir, this changes the hydraulic 
characteristics of the flow and actually, in this case, the weirs act as a chain. By choosing 
the right scaling factors, a variety of overflow fishways can be classified into the same 
category and a general dimensionless discharge equation can be created. In vertical slot 
fishways, the jet from the upper pool enters the lower pool through a narrow vertical slot 
(compared to the width of the channel). The energy dissipation scheme differs from that 
of the Denil and pool-and-weir fishways, as well as the overall hydraulic operation of the 
fishway. Thus, it was predictable that even in this analysis, the results would be different 
for vertical slot fishways. Despite of that, the developed model and procedure is 
applicable, but the model parameters differ more.   

The basis of this study has been to create a general procedure and model to predict 
flows in fishways in several fishway structures for design purposes. The longitudinal 
distance between the weirs or baffles, L, is used for scaling distances and water depths. 
As a measure of discharge, the water depth at the weir was chosen instead of the head. In 
practice, in most cases the difference between the head at the weir and the depth of flow 
at the weir is not too large, and in field conditions the depth of flow at the weir is easier to 
measure. In addition, in most fishways the flow is submerged, which means that the flow 
is usually unstable with considerable surface undulations also at the weirs. In their studies 
on submerged weir flows, Wu and Rajaratnam (1996) noticed that in a transition flow 
state, the flow could be switched from one to the other by an external disturbance. 
Applied to fishway flows, this means that there always is ‘an external disturbance’ in the 
form of adjacent weirs making the flows unstable and making changes from plunging 
flow into a streaming flow unpredictable.  

In this paper, a new scaling factor for dimensionless discharges was developed (page 
44, Eq. 20). Equation (20) can be considered as a mean expression, which explains the 
differences in dimensionless discharges. Dimensionless discharge depends on several 
factors that are dependent on each other. For practical reasons (easiness of calculations), 
the power regression equation was selected as the form for the dimensionless discharge 
equation. This gives equations that are structurally similar to those of the conveyance 
factor and the general form of discharge rating curve. Equation (20) was applied to the 
author’s study results on different type fishways, and a general equation for 
dimensionless discharge in fishways (page 45, Eq. 22) was generated. For verification, 
the same procedure was applied to the results of several fishway types and studies 
reported in literature. It was noticed that dimensionless discharge-dimensionless depth –
pairs fit quite well in the developed fitting curve. The regression was 0.96 for author’s 
data on pool-and-weir, Denil, and vertical slot fishways. Despite the high regression, the 
general model fails in predicting flow rates even with moderate accuracy. This can be 
seen from the results of the Student’s paired t-test, which gives reasonable mean 
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percentage deviations, but far too high standard deviations. This can also be seen from the 
scatter in the results. The scatter is quite high with values of dimensionless depths yo/L 
being about 0.2, with y as the normal water depth at the weir and L as the pool length. 
The parameters in equation (22) are defined based on the measured data, which always 
includes inaccuracy. Due to this, the parameters are somewhat a matter of chance. This 
means that for a different data, the parameters would be different, as well as the 
regression. These model parameters would be basically as good and valid as the other 
parameters. The basic model and the procedure are still valid. 

Basically, the created model is a dimensionless discharge rating curve for fishways 
based on the depth of flow inside the fishway, in the region of fully developed flow. In 
creating discharge rating curves from the data on discharge-water depth pairs, a 
logarithmic representation is commonly used. The logarithmic form of the rating curve 
may be described by a simple mathematical equation that is easily handled. A rating 
curve based on discharge-water depth –measurements is developed by balancing it 
through a scatter-plot of measurements. The measurements and observations of all kinds 
are invariably subject to error of observation. The error of observation is generally 
composed of several independent errors that may be considered independent of each 
other, and the associated errors may therefore be regarded as random variables. Thus, the 
composite error, i.e. the error of observation, may be regarded as normally distributed. 
The error of measurement is not independent but depends on the magnitude of the 
measured discharge. The absolute error of observation is proportional to the magnitude of 
the measured discharge over each range having the same station control. With proper 
measuring procedures it should be possible to keep the error of observation in the order of 
3-5 % of the measured discharge. The basic assumption for a valid estimation of the 
standard deviation of the error of observation is that the error of observation is normally 
distributed and independent. For regression (i.e. the depth-discharge curve) this is 
achieved by a simple transformation to relative values.  

The use of a general equation for different fishway types and different flow stages 
contains uncertainties. It should be noticed that it is not actually possible to create a 
precise equation for fishway flows which covers several fishway types and, in pool-and-
weir fishways, both plunging and streaming flows. However, this procedure can be used 
to roughly estimate discharges and water depths in designing fishways. Caution should, 
however, be exercised when applying this procedure. The use of the general equation (22) 
would cause in mean an error of + 50 % in the discharge with the same relative depth of 
flow inside the fishway. The general equation is best applicable for Denil fishways. It 
should not be used to estimate flows in pool-and-weir fishways with horizontal weir.  

The use of special equations for different fishway types will give better results. The 
more homogenous the family of structures is in defining the model parameters, the better 
results will be received. Parameters given in this paper (page 56, Table 7) are based on a 
large variety of different structures, slopes and discharges. Parameters are subjects to 
changes when the data they are based on dates back to different observations. Of these 
three basic fishway types, changes in parameters in the equations for vertical slot 
fishways does not drastically change the values of dimensionless discharges in the normal 
operation range of dimensionless water depths yo/L = 0.15…1.5. In Denil fishways, for 
the low dimensionless water depths yo/L from about 0.5 to 1.2, the change in parameters 
does not affect the dimensionless discharge to an extremely large extend. The normal 
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operation range in Denil fishways, however, extends to about 2.2. For the normal 
operation range from about 0.02 to 0.4 of dimensionless water depths in pool-and-weir 
fishways, even small changes in model parameters result in noticeable changes in 
dimensionless discharges. 

The designer should take care that energy dissipation in the design stays in the limits 
of these procedures. This can be ensured, for example, by avoiding structures that differ 
to a great extent from the structures introduced in the literature. Some variation, however, 
can be done.  

Discharge rating curves are usually based on changes in the upper water level above a 
control section. A control is any feature which determines the depth-discharge 
relationship. In pool-and-weir fishways, a weir inside is not an unequivocal control, but 
depending on the flow mode, the same depth of flow may be produced by several 
different rates of discharge. The same phenomenon is not present in vertical slot and 
Denil fishways, where vertical friction elements cause the greater part of the flow friction.  
Overall, a better measure for defining the discharge rate in fishways would be the upper 
water level instead of the depth of flow at the weir inside a fishway. This would eliminate 
the inconvenience of fluctuating water levels inside the fishway and the inaccuracy of 
measurements due to it. In addition, there would be no need to differentiate between 
different modes of flow. Because water depths in fishways, especially at weirs, are 
important for successful fish passage, there is still a clear need for equations that will 
generate water depths at weirs.  

7.3  Flow below fishways 

In fishways, the entrance is important for successful fish ascent. Different salmonids have 
unique requirements for water flow and velocity for optimal entry and passage as well as 
specific behavior patterns in the fishway. Orsborn (1986) conducted abroad survey among 
those who had designed and operated fishways. According to the results of this 
questionnaire, there was a great variety in the successful designs, that were used for 
species with similar swimming capabilities. No one has actually attempted to determine 
the main reasons for this. In 1941, in discussion of pool-and-weir fishways, McLeod and 
Nemenyi stated that the overfall-type has the advantage of being attractive to the fish. 
Previously several fishways were equipped with an additional entrance tank mostly with 
overflow. For example, at the Frazer dam, in Alaska, a steeppass fishway is equipped with 
a U-shaped entrance to form the enclosed tank with a submerged vertical slot opening 
(adjustable from 22 cm to 30 cm). The construction proved out to be successful for the 
ascent of sockeye salmon (Blackett 1987). Orsborn (1986) stated that the factors affecting 
success of the passage opening are difference in pool elevation, width and type of the 
opening, jet geometry, and flow control. These factors are interdependent.  

In the laboratory studies at the University of Oulu, Finland, it was observed that jet 
geometry below the fishway entrance varies with fishway type and discharge. Also jet 
dispersion and flow decay varies for different types, as does the distance from the fishway 
entrance at which the jet is still noticeable. Flow decay below the entrance was studied 
for pool-and-weir fishways with horizontal and V-shaped weir crests and for vertical slot 
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and Denil fishways. The highest velocities inside the discharging jet differed with fishway 
type from about 10 to 20 times the mean velocity at the cross section in Denil and pool-
and-weir fishways to about 30 to 50 times the mean velocity for pool-and-weir fishway 
with V-shaped sharp crested weir and up to about 40 to 50 times the mean velocity at the 
cross section with the highest velocities being as much as 80 times the mean velocity at 
the cross section for the vertical slot fishway.  

The differences in highest velocities in different fishway types are due to the three 
dimensional character of the flow. Flow from pool-and-weir and Denil fishways is widely 
spread over the cross-section. The flow from Denil fishway is directed up to the water 
surface, while the flow from pool-and-weir fishway is directed downwards the bottom. 
The flow from pool-and-weir fishways with a V-shaped crest and from vertical slot 
fishways is concentrated into a narrower range over the cross-section.  

The results of the studies can be used in determining the most appropriate solution for 
the fishway entrance at different sites and for different fish species. Because the nature of 
the flow from different fishway types differs so, special attention should be paid to what 
the desired flow pattern below the fishway entrance is. Guidelines for this are given by 
biologists. 

7.4  Velocity distribution at a weir with a V-shaped crest 

Velocity distribution was studied at a single V-shaped sharp crested weir and at almost a 
similar weir located in the middle of the fishway. For analysis, velocities, lengths, and 
discharges were transformed into dimensionless values.  

It was observed that at a single weir with a V-shaped crest, velocity distribution was 
almost independent of the flow rate and the submergence. The highest velocities were 
located near the bottom. With high submergence, velocity distribution was more even 
compared to free nappe conditions.  

With high relative water depths, i.e. high flows, at a weir inside a pool-and-weir 
fishway with a V-shaped crest, the highest velocities were located in the upper parts of the 
cross section near the surface. The velocity distribution resembles that of a Denil fishway. 
When the pool length was large compared to the depth of flow at the weir, the velocity 
distribution was different, having the lowest velocities located near the surface.  

It was concluded that the difference was to be due to the flow from the upper weir, 
which has a great effect on the hydraulic conditions both inside the pool and at the weir. 
The same effect was missing when the flow was over a single weir in a channel with zero 
slope. The velocity distribution of the fishway flows with low relative depth of flow, i.e. 
when the pool length was large compared to the depth of flow over the weir, was the 
same as the velocity distribution characteristic of a single weir. This indicates that the 
weirs act like single weirs. 

Velocity distribution over the weir for a chain of weirs changes depending on the 
relative depth of flow (compared to the pool length). When the relative depth of flow is 
small, the highest velocities occur near the region closest to the weir crest. In pool-and-
weir fishways this mode of flow is actually called as plunging flow. When the relative 
depth of flow increases, the velocity distribution changes at the weir gradually, and the 
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highest velocities are found near the water surface. Depending on the structure, the 
difference between the velocities at the upper part of the water mass changes compared 
with those at the lower part of the water mass. 
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Fishway scale model studies at the University of Oulu 
during 1991-1995 

Fishways have been studied at the University of Oulu, Finland, since the early 1980’s. 
The first laboratory studies in the beginning of the 1980’s were theoretical, and dealt with 
head loss in rapidly varying channels (Veijalainen 1985). Head loss was studied with 
weir, orifice and vertical slot fishway models in different situations. Studies on fishway 
hydraulics began on a larger scale in the beginning of the 1990's when a laboratory 
fishway scale model was constructed (Fig. A1.1). Most of the studies have been reported 
in Finnish, and some of them in other languages also. All of the reports have not been 
published.  

Fig. A1.1. Fishway modeling flume at the Hydraulic and Water Resources Engineering 
Laboratory (Photo Antti Aitto-oja). 
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Most of the scale model studies in the beginning of the 1990’s were conducted for 
practical purposes. This directly affected the studies and defined the dimensions of the 
studied structures. In addition, this enabled the comparisons with prototypes. The fishway 
types studied were mainly Denil and vertical slot fishways. Orifice flows were studied to 
a smaller extent. The new laboratory scale model was constructed in 1991, originally to 
improve hydraulic conditions of the Pöyry fishway in the River Siikajoki. Later it has 
been used in improving other fishways and in studying hydraulics of the vertical slot and 
Denil fishways. The scale model is also used in the design process of the Isohaara 
fishway in the River Kemijoki. Studies have also been made for determining discharge 
rates of fishways (correlation between water levels and discharges) and function of 
stilling basins. In the scale models, water velocities and water surface profiles were 
measured and the function of stilling basins in Denil fishways was studied. Also, the 
significance of tolerances in constructions and the effect of turnings on the functioning of 
the fishways were studied.  

The fishway scale model at the Hydraulic and Water Resources Engineering 
Laboratory consisted of a transparent polycarbonate flume and a water circulating 
system. The basic experimental arrangements are shown in Fig. A1.2. Water was pumped 
from the collection tank into the equalizing flume and conducted from there through the 
head tank with a well-designed inlet into the model and through the tail tank back into the 
collection tank. A simple tilting arrangement was used to set the model to slopes of        
0-30%. Discharge was controlled by valves. The walls of the flume were made of 
polycarbonate plates and the baffles of plywood. The flume could be fitted with different 
kinds of baffles and vanes. At the beginning the model was about 9 meters long, later it 
was shortened to 5 meters. The inner width of the flume was 0,24 meters.  

Fig. A1.2. Study arrangements and water circulation: 1) collection tank, 2) equalizing flume, 
3) head tank, 4) tail tank (Kamula and Bärthel 2000). 

Discharges were determined by volumetric measurements and, for some of the tests,  
confirmed afterwards by using a magnetic flow meter. The water depths were measured 
from the bottom of the flume using a ruler. Time-averaged velocities were measured 
parallel to the flow by using a current meter with a propeller of 8 mm surrounded by an 
external ring of 11 mm in diameter. Discharges, water depths, and water velocities were 
measured several times to minimize the effects of fluctuations and mean values were used 
in the analyses.  



Appendix 1/ 

 

3

In the model studies on vertical slot fishways, velocities were measured at several 
water depths in the middle of the slot. Water depths were measured in the middle of the 
pools. Water depths and velocities in the Denil fishway models were measured at the 
centerline of the flume, in the middle of the baffles perpendicular to the bottom.  

Studies on vertical slot fishways concentrated on the main hydraulic function of the 
fishway and on slot velocities of different vertical slot fishway types (Fig. A.3). Studies 
on Denil fishways concentrated on a structure where the rate b/B (free opening versus 
total width of the flume) was 0.5. Studies on the arrangements in the upper part of Denil 
fishway were also carried out by using different angles (40o, 45o, 50o) between the bottom 
of the flume and the baffles. In addition, the effect of additional baffles was tested by 
dividing the baffle spacing in half at the three uppermost spaces (Heikkinen 2000). In 
order to gain information on the hydraulic function of stilling basins between Denil 
sections, some arrangements were tested (Fig. A1.4).  

Fig. A1.3.The vertical slot fishway types studied. 
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Fig. A1.4. The stilling basin structures tested. Measuring lines are marked with dashed lines.  

Flume and baffle dimensions for the studies in Denil fishways were the same in all the 
experiments (Fig. A1.5). The ratio between the total flume width B and the width of the 
opening b was B/b = 2, and the ratio between the distance between the baffles a and the 
width of the opening b was a/b = 1.17. The baffle angle ψ was 45o. In the studies for the 
effect of the baffle angle, additional baffle angles ψ of 40o and 50o were used. The studies 
were done with different slopes and discharges. Because of the poor pump capacity, only 
small values of relative water depths could be reached. 



Appendix 1/ 

 

5

Fig. A1.5. The dimensions of the baffles for the model studies of Denil fishways (Kamula and 
Bärthel 2000). 

The results of the fishway studies have been used in improving conditions for fish 
migration in several existing fishways and in designing new fishways. One of the first 
actual fishways in which the results were applied was the Pöyry fishway. The flow 
conditions in the original fishway were poor and partly unsuitable for fish. Its upper part 
was especially unsuitable. Based on the studies, the inner parts of the fishway were 
rearranged, and weirs, vertical slots and vanes were relocated. The structural changes 
took place in the spring of 1992. After the reparations, the flow conditions improved 
considerably.   

The scale model was also used in the design process of the Isohaara fishway for 
determining the optimum pool dimensions in vertical slot sections and baffle spacing in 
Denil sections. It was used to determine the discharge rating curve of the fishway, 
hydraulic compatibility of different kinds of fishway sections, and the function of stilling 
basins in the fishway.   

120 mm

 44 mm     

 44 mm     

240 mm
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Pool and weir fishways – studies at the University of 
Alberta, Canada 

The experimental work at the University of Alberta on pool-and-weir fishways was 
performed in a 0.31-meter-wide flume with an aluminum bed and plexiglass sides of a 
height of 0.57 meters and a length of 4.9 meters. The flume was equipped with weirs. The 
height of the weirs was 0.21 m, and they were cut from 6-mm-thick aluminum plates.  

Water was supplied at the upstream end of the flume from two parallel pumps and the 
flow rates were measured with magnetic flow meters. A tailgate was provided at the 
downstream end of the flume for downstream depth control. The flow depths, head over 
the weirs, as well as the depth of the streaming flow, were measured to the precision of 1 
mm. The flow pattern in the pools in the middle of the flume was observed with a tuft-
grid. In every experiment, using the tuft-grid and dye-injection, the flow was classified as 
either plunging or streaming. Depending on the state of flow, either the head over the 
weir or the depth of the flow over the weirs was measured (Fig. A2.1). For the transition 
state, both depths were measured.  

Three series of experiments were conducted with four slopes of 2%, 5%, 10% and 
15%. For each of the slopes, experiments were performed with several increasing flow 
rates so that the flow passed (generally) from plunging to streaming states. For the first 
series, nine pools were constructed in this flume, with the length of each pool equal to 
0.376 m. For the second series, the pool length was 0.18 m and for the third series the 
pool length was 0.57 m. Experimental data is given in Rajaratnam et al. (1987). 

In general, it was observed that for a given slope and a given pool length, the transition 
from plunging to streaming flow occurred when flow rate exceeded a certain value. This 
transition occurred earlier as the pool length was reduced or as the slope was reduced. For 
smaller slopes and shorter pools, the streaming flow was smooth and the surface stream 
had an almost constant thickness, whereas for the larger slopes with longer pools, the 
streaming flow had a wavy appearance and in some cases, contained undular surface 
jumps over a portion of its total length.  
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Fig. A2.1. Definition sketches for a) plunging flow and b) streaming flow.   

Reports and papers 

Rajaratnam N, Katopodis C & Mainali A (1987) Pool and weir fishways. Technical report (WRE 
87-1). Department of Civil Engineering, University of Alberta, Edmonton, Alberta. 10 p. + 
figures and tables.  

Rajaratnam N, Katopodis C & Mainali A (1988) Plunging and streaming flows in pool and weir 
fishways. Journal of Hydraulic Engineering, ASCE 114: 939-944. 

Sikora G, Rajaratnam N & Katopodis C (1996) A photographic study of pool and weir fishways. 
Technical report (August 1996-SRK1), Department of Civil Engineering, University of Alberta, 
Canada. i-v, 224 p. photos. 
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 Denil fishways – studies at the University of Alberta, 
Canada 

The Denil fishway is probably the most extensively studied fishway design at the 
University of Alberta. Studies have dealt with several aspects concerning the hydraulics 
of Denil fishways and they have been carried out with a large variety of bed slopes and 
discharges.  

In the beginning of 1980’s, the first study on Denil fishways was carried out with three 
Denil fishway designs, of which one a steeppass fishway and the others rather simple 
Denil designs recommended already in 1941 (Katopodis & Rajaratnam 1983). The 
studies were carried out on a full-scale model. The experiments were conducted in a 
steel-framed flume with plexiglass sidewalls. The flume measured 4.9 m in length, 0.56 
m in width and 0.69 m in height. Prefabricated vanes were fitted in the flume. A head 
tank, equipped with stilling arrangements, was attached to the flume inlet. Water was 
pumped into the head tank. Discharges were measured by a magnetic flow meter installed 
in the pipeline. For the water surface profiles, a point gauge with a least count of 0.3 mm 
was used. The velocity readings were obtained using a mini current meter or sensing 
probe, which had an external ring diameter of 15 mm. All velocity readings were parallel 
to the bed. Experimental data is given in Katopodis & Rajaratnam (1983). 

The first study lead to a number of other studies. Among other things, the similarity of 
scale models of Denil fishways was studied in order to find out whether air entrainment 
would cause significant errors in the results (Katopodis & Rajaratnam 1984, including the 
experimental data). Large studies on the hydraulics of steeppass fishways (Rajaratnam & 
Katopodis 1990, 1991) and modified simple Denil fishways were carried out (Rajaratnam 
& Katopodis 1984). The effect of backwater on the velocities below the outlet of a Denil 
fishway was also studied (Rajaratnam et al. 1985) and a Denil fishway design for high 
relative water depths was developed (Rajaratnam et al. 1987). Hydraulics of the resting 
pools between Denil sections were studied (Rajaratnam et al. 1997). In the late 1990’s, 
studies on Denil fishways with varying geometry were compiled (Katopodis et al. 1997). 
In all the studies, the experimental arrangements have been essentially the same as in the 
first studies. Only the flume dimensions have varied, as well as scales and model 
dimensions. A set of the designs with design dimensions studied is shown in Fig. A3.1. 
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Design B/b0 L/bo yo/bo  range 

Denil 1 
Denil 2  
Denil 3  
Denil 4  
Denil 5 
Denil 6 

1.58 
1.58 
1.58 

2 
2 
2 

0.715 
0.715 
1.07 
0.91 
1.82 
2.58 

0.1-4.0 
0.5-5.8 
0.5-1.2 

1-5 
1.3-4.6 
0.8-4.3 

 
Fig. A3.1. A set of the studied designs with design dimensions (Katopodis 1992). 

Steeppass  - Design 1 

Plain Denil - Design 2 - 6 
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Vertical slot fishways – studies at the University of Alberta, 
Canada 

Vertical slot fishways have been studied at the University of Alberta in several separate 
studies. The studies have dealt with several aspects concerning the hydraulics of vertical 
slot fishways and they have been carried out with a variety of bed slopes and discharges.   

The first large study on vertical slot fishways was carried out in the beginning of 
1980’s (Rajaratnam et al. 1986). A total of seven designs were studied experimentally. 
Design 1 was similar to that in use at Hell’s Gate Canyon and commonly used in Canada. 
The experiments were performed in a 0.46-meter-wide flume with an aluminum bed and 
plexiglass sides of a height of 0.91 meters and a length of 5 meters. The flume was 
equipped with different kinds of weirs. Water was supplied at the upstream end of the 
flume from a pump, and the flow rates were measured with a magnetic flow meter. A 
tailgate was provided at the downstream end of the flume for downstream depth control. 
Water depths in the model were measured with either a precision gauge or a metal ruler 
fixed to the baffle near the centerline of the pools. Velocities were obtained with a 2-mm 
external diameter Prandtl tube. Experimental data is given in Rajaratnam et al. (1986). 

The studies were later continued with 11 additional designs. All 18 designs studied are 
shown in Fig. A4.1. The experimental data is given in Rajaratnam et al. (1989). The basic 
arrangements were the same, except the inner width of the 4.88-meter-long flume was 
0.305 m and the height of the sidewalls was 0.56 meters. The number of pools was nine. 
Uniform flow was the sole concern in this study. The tests were carried out for slopes of 
5%, 1% and (about) 15% with several discharges (Rajaratnam et al. 1989). Based on the 
results, they suggested that for a vertical slot fishway, a width of 8bo and a length of 10bo 

for the pools, where bo is the slot width, are satisfactory. However, minor variations can be 
made to these dimensions without affecting their performance.  

Later, additional studies on the hydraulics of vertical slot fishways were carried out. 
For example, an extensive study on the structure of flow in the pools of vertical slot 
fishway was carried out by Wu et al. (1999). The studies were carried out in a 0.912-
meter-wide flume with 0.60-meter-high sidewalls for the design number 18 (see Fig. 
A4.1). The length of the flume was 9.75 meters. The structure of flow in the pool and 
slot, the path of the jet, and the geometry of the recirculation regions in the pools were 
studied for a range of slopes and discharges.  
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Fig. A4.1. Vertical slot fishway design layouts including circulation patterns in the pools 
(Katopodis 1992). 
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Fish and boat pass channel – studies at the Public Works 
Research Institute, Japan 

Five fish and boat pass channel designs were studied at the Water Resources and 
Hydraulic Division of Public Works Research Institute (PWRI) in Japan at the end of 
1990’s. Four of the models were built to a scale of 1 to 5, and one of the models was 
actual size. The purpose of the actual size model was to study fish ascending in the 
model. The models were named Model 1, 2, 3,4, and 5. Model 1 was developed at the 
Oulu Polytechnics, Finland in the middle of 1990’s (Pohjamo 1995). The other models 
were based on Model 1 (Fig. A5.1). All the models are actually modifications of Denil 
fishways. Compared to a standard Denil fishway, these models are larger in channel width 
and smaller in relative water depths d/b with d denoting the depth of flow and b the free 
opening. The desired velocity distribution and energy dissipation were achieved by 
special stripes in the middle of the opening (Models 1 and 2) or by open slots in the 
middle of the vanes (Models 3, 4, and 5). 

In all the models, the baffles were fixed at 45o to the bed of the channel. Experiments 
were performed on slopes of 4% and 5% for Models 1 to 4 and for Model 5 the slope was 
10%. Discharges in Models 1 to 4 were 20, 30, and 40 l/s. The discharges for the studies 
on Model 5 were 50, 75, and 100 l/s. The discharges were measured by inductive 
discharge measurement devices located in the supply conduits of the flumes. Velocities 
were measured with a mini current meter with a data collector at the section of fully 
developed flow. Water surface profiles were measured with a point gauge along the length 
of the channel. During the course of the studies, photographs were also taken. The results 
of the studies are presented in Gurram and Kashiwai 1999. 
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Fig. A5.1. Schematic drawings of Models 1, 2, 3, 4, and 5 of fish and boat pass channel.  
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88 p. 
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Pool -type fishway with V-shaped overfalls– studies at the 
Delft Hydraulics and Agricultural University, Netherlands 

Pool-type fishways with V-shaped overfalls have been applied throughout the 
Netherlands, especially in small steep rivers. Design discharges have ranged from 0.35 to 
5.50 m3/s. In order to optimize the hydraulic design of the pool-type fishway with V-
shaped overfalls, in the late 1980’s the Dutch Ministry of Agriculture and Fisheries 
requested Delft Hydraulics to undertake model studies, which were carried out in close 
co-operation with the Agricultural University Wageningen.  

The design studied consisted of a series of pools, separated by overfalls at equal 
distances, L. Each of the overfalls consists of sheetpiling covered by a pattern which 
forms a crest. From a frontview the overfall is V-shaped with tan(α/2)=7 (Fig. A6.1). The 
bottom of the pools are at a depth of P below the deepest point of the overfallcrest at the 
end of the pool with Pmin being 0.40 m. The drop, ∆t, between adjacent pools is 0.2 to 0.3 
meters in most cases. The overfalls extend from bank to bank, or at least have a width of 
half the river width.  

The aim of the studies was to define the optimal dimensions for the pools (mainly the 
pool length L) when the design discharge for the prototype in a river is 2 m3/s, with a river 
width of 10 meters. In optimization, the number of pools was to be minimized in order to 
reduce construction costs. The studies were carried out in a hydraulic model with a scale 
of 1:5. The following dimensions were used: 

− Pool length L 4.50  m <  L < 9.00 m 
− Pool drop ∆t 0.15  m <  ∆t < 0.35 m 
− Pool depth P 0.40  m    and   0.80 m 
− V-shape tan(α/2)  5    and  7 

The following measurements were performed: 

− Discharges by electromagnetic flowmeter, 
− Water levels by pointgauges, 
− Flow velocities by electromagnetic sensors, 
− Stream patterns visually and by photographs, and 
− Length of energy dissipation visually and by velocity profiles. 

The results of the studies are presented in Boiten 1989, 1990a, and 1990b 
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Fig. A6.1. Layout of the V-shaped pool fishway (Boiten 1990b). 

Reports and papers 

Boiten W (1989) De V-vormige vistrap. Optimalisatie van het hydraulisch ontwerp (The V-shaped 
pool fishway, optimization of the hydraulic design), Report Q930 Delft Hydraulics, December. 
24 p. + app. In Dutch. 

Boiten W (1990a). Afvoerrelatie V-vormige vistrap (Discharge relation V-shaped pool fishways, 
optimization of the hydraulic design), Agricultural University Wageningen, July. 36 p. in Dutch. 

Boiten W (1990b) Hydraulic design of the pool-type fishway with v-shaped overfalls. Proc. Int. 
Symposium on Fishways '90 in Gifu, Japan, October 8-10. p. 483-490. 
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EXPERIMENTAL OBSERVATIONS, COMPUTED 
DISCHARGES AND STATISTICAL PARAMETERS 

This appendix contains a part of the data used in the analysis. The data is gathered from 
own experimental studies, and it is organized by fishway types.  
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 So Qmeasured bo L B yo yo/L Q* Qc p Qc* p 
Vertical slot fishway (Appendix 1) 

 0.12 0.001 0.05 0.400 0.24 0.07 0.163 0.078 0.039 100 0.101 -23 
 0.10 0.004 0.04 0.360 0.24 0.28 0.783 0.525 0.746 -30 0.492 7 
 0.10 0.003 0.04 0.360 0.24 0.21 0.589 0.380 0.436 -13 0.369 3 
 0.10 0.003 0.04 0.360 0.24 0.17 0.475 0.304 0.291 4 0.297 2 
 0.10 0.002 0.04 0.360 0.24 0.10 0.278 0.189 0.106 78 0.173 10 
 0.10 0.003 0.04 0.360 0.24 0.16 0.456 0.304 0.269 13 0.285 7 
 0.10 0.002 0.04 0.360 0.24 0.09 0.242 0.181 0.082 122 0.150 21 
 0.10 0.003 0.04 0.360 0.24 0.14 0.383 0.304 0.195 56 0.239 27 
 0.10 0.003 0.04 0.360 0.24 0.20 0.553 0.380 0.387 -2 0.346 10 
 0.10 0.004 0.04 0.360 0.24 0.26 0.728 0.525 0.649 -19 0.457 15 
 0.12 0.003 0.05 0.400 0.24 0.14 0.355 0.202 0.168 20 0.221 -9 
 0.12 0.004 0.05 0.400 0.24 0.23 0.568 0.302 0.407 -26 0.356 -15 
 0.12 0.005 0.05 0.400 0.24 0.27 0.665 0.367 0.548 -33 0.417 -12 
 0.12 0.005 0.05 0.400 0.24 0.27 0.663 0.373 0.544 -31 0.416 -10 
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 So Qmeasured bo L B yo yo/L Q* Qc p Qc* p 
Pool-and-weir fishway (Chapter 3.1) 
 0.05 0.000 0.28 0.17 0.28 0.007 0.04 0.010 0.009 15 0.015 -32 

 0.05 0.001 0.28 0.17 0.28 0.012 0.07 0.025 0.020 22 0.036 -31 
 0.05 0.002 0.28 0.17 0.28 0.019 0.11 0.040 0.041 -2 0.075 -47 
 0.05 0.003 0.28 0.17 0.28 0.026 0.15 0.078 0.067 17 0.125 -37 
 0.05 0.004 0.28 0.17 0.28 0.037 0.22 0.099 0.114 -13 0.221 -55 
 0.05 0.005 0.28 0.17 0.28 0.041 0.24 0.107 0.134 -20 0.260 -59 
 0.05 0.005 0.28 0.17 0.28 0.026 0.15 0.123 0.067 85 0.125 -1 
 0.05 0.006 0.28 0.17 0.28 0.030 0.18 0.132 0.083 59 0.157 -16 
 0.05 0.008 0.28 0.17 0.28 0.035 0.21 0.178 0.105 69 0.202 -12 
 0.05 0.012 0.28 0.17 0.28 0.044 0.26 0.281 0.149 88 0.292 -4 

 0.05 0.001 0.28 0.34 0.28 0.007 0.02 0.005 0.003 58 0.005 -1 
 0.05 0.001 0.28 0.34 0.28 0.013 0.04 0.008 0.008 1 0.013 -40 
 0.05 0.003 0.28 0.34 0.28 0.026 0.08 0.025 0.023 7 0.041 -40 
 0.05 0.004 0.28 0.34 0.28 0.033 0.10 0.032 0.033 -5 0.060 -47 
 0.05 0.005 0.28 0.34 0.28 0.035 0.10 0.040 0.036 9 0.066 -40 
 0.05 0.006 0.28 0.34 0.28 0.039 0.11 0.052 0.043 21 0.079 -34 
 0.05 0.008 0.28 0.34 0.28 0.053 0.16 0.068 0.069 -1 0.129 -47 
 0.05 0.010 0.28 0.34 0.28 0.064 0.19 0.084 0.092 -9 0.175 -52 
 0.05 0.014 0.28 0.34 0.28 0.068 0.20 0.117 0.101 16 0.193 -39 
 0.05 0.019 0.28 0.34 0.28 0.068 0.20 0.157 0.101 56 0.193 -19 
 0.05 0.001 0.28 0.50 0.28 0.012 0.02 0.005 0.004 15 0.006 -29 

 0.05 0.002 0.28 0.50 0.28 0.020 0.04 0.008 0.009 -3 0.014 -43 
 0.05 0.003 0.28 0.50 0.28 0.023 0.05 0.013 0.011 27 0.018 -26 
 0.05 0.004 0.28 0.50 0.28 0.036 0.07 0.018 0.021 -16 0.037 -52 
 0.05 0.005 0.28 0.50 0.28 0.042 0.08 0.023 0.027 -14 0.048 -52 
 0.05 0.006 0.28 0.50 0.28 0.045 0.09 0.029 0.030 -3 0.053 -46 
 0.05 0.008 0.28 0.50 0.28 0.050 0.10 0.035 0.035 1 0.063 -44 
 0.05 0.009 0.28 0.50 0.28 0.051 0.10 0.043 0.036 19 0.065 -34 
 0.05 0.012 0.28 0.50 0.28 0.062 0.12 0.057 0.048 17 0.089 -37 

 0.05 0.019 0.28 0.50 0.28 0.088 0.18 0.085 0.083 3 0.157 -46 
 0.07 0.001 0.28 0.17 0.28 0.011 0.06 0.037 0.018 107 0.031 18 
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Pool-and-weir fishway (Chapter 3.1, cont.) 
 So Qmeasured bo L B yo yo/L Q* Qc p Qc* p 

 0.07 0.001 0.28 0.17 0.28 0.014 0.08 0.076 0.026 193 0.046 64 
 0.07 0.002 0.28 0.17 0.28 0.020 0.12 0.151 0.045 238 0.082 84 

 0.07 0.003 0.28 0.17 0.28 0.028 0.16 0.215 0.075 188 0.141 53 
 0.07 0.002 0.28 0.34 0.28 0.018 0.05 0.041 0.013 211 0.023 80 
 0.07 0.003 0.28 0.34 0.28 0.024 0.07 0.064 0.020 214 0.036 78 
 0.07 0.004 0.28 0.34 0.28 0.028 0.08 0.082 0.026 219 0.046 79 
 0.07 0.004 0.28 0.34 0.28 0.036 0.11 0.096 0.038 153 0.069 39 
 0.07 0.006 0.28 0.34 0.28 0.033 0.10 0.125 0.033 276 0.060 108 
 0.07 0.007 0.28 0.34 0.28 0.039 0.11 0.155 0.043 261 0.079 97 
 0.07 0.008 0.28 0.34 0.28 0.047 0.14 0.182 0.057 218 0.106 71 
 0.07 0.010 0.28 0.34 0.28 0.063 0.19 0.223 0.089 149 0.170 31 
 0.07 0.001 0.28 0.50 0.28 0.024 0.05 0.011 0.011 -7 0.019 -46 
 0.07 0.002 0.28 0.50 0.28 0.031 0.06 0.022 0.017 32 0.029 -24 
 0.07 0.003 0.28 0.50 0.28 0.040 0.08 0.036 0.025 45 0.044 -18 
 0.07 0.004 0.28 0.50 0.28 0.045 0.09 0.051 0.030 73 0.053 -4 
 0.07 0.005 0.28 0.50 0.28 0.048 0.10 0.060 0.033 82 0.059 1 
 0.07 0.006 0.28 0.50 0.28 0.048 0.10 0.073 0.033 124 0.059 24 
 0.07 0.007 0.28 0.50 0.28 0.057 0.11 0.089 0.043 108 0.078 14 
 0.07 0.009 0.28 0.50 0.28 0.063 0.13 0.114 0.050 130 0.092 25 
 0.07 0.014 0.28 0.50 0.28 0.075 0.15 0.167 0.065 157 0.121 38 

 0.07 0.019 0.28 0.50 0.28 0.098 0.20 0.231 0.098 137 0.186 24 
 0.10 0.000 0.28 0.17 0.28 0.008 0.05 0.023 0.011 114 0.019 25 
 0.10 0.001 0.28 0.17 0.28 0.012 0.07 0.057 0.020 178 0.036 58 
 0.10 0.002 0.28 0.17 0.28 0.015 0.09 0.082 0.029 185 0.052 59 
 0.10 0.002 0.28 0.17 0.28 0.019 0.11 0.113 0.041 174 0.075 50 
 0.10 0.003 0.28 0.17 0.28 0.025 0.15 0.155 0.063 146 0.117 32 

 0.10 0.004 0.28 0.17 0.28 0.034 0.20 0.215 0.101 114 0.193 12 
 0.10 0.001 0.28 0.34 0.28 0.013 0.04 0.022 0.008 181 0.013 67 
 0.10 0.001 0.28 0.34 0.28 0.017 0.05 0.025 0.012 110 0.021 23 
 0.10 0.002 0.28 0.34 0.28 0.021 0.06 0.033 0.017 98 0.029 14 
 0.10 0.002 0.28 0.34 0.28 0.025 0.07 0.043 0.022 99 0.038 13 
 0.10 0.003 0.28 0.34 0.28 0.030 0.09 0.054 0.029 87 0.052 4 
 0.10 0.004 0.28 0.34 0.28 0.031 0.09 0.071 0.030 134 0.054 30 
 0.10 0.005 0.28 0.34 0.28 0.036 0.11 0.091 0.038 139 0.069 32 
 0.10 0.006 0.28 0.34 0.28 0.037 0.11 0.114 0.040 188 0.072 58 
 0.10 0.008 0.28 0.34 0.28 0.046 0.14 0.141 0.055 154 0.103 37 
 0.10 0.009 0.28 0.34 0.28 0.054 0.16 0.161 0.071 128 0.133 21 
 0.10 0.012 0.28 0.34 0.28 0.070 0.21 0.211 0.105 101 0.202 5 
 0.10 0.013 0.28 0.34 0.28 0.059 0.17 0.241 0.081 198 0.153 57 
 0.10 0.015 0.28 0.34 0.28 0.053 0.16 0.277 0.069 304 0.129 115 
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Pool-and-weir fishway (Chapter 3.1, cont.) 
 So Qmeasured bo L B yo yo/L Q* Qc p Qc* p 

 0.10 0.017 0.28 0.34 0.28 0.056 0.16 0.303 0.075 306 0.141 115 
 0.10 0.001 0.28 0.50 0.28 0.012 0.02 0.010 0.004 158 0.006 60 

 0.10 0.003 0.28 0.50 0.28 0.029 0.06 0.029 0.015 93 0.026 11 
 0.10 0.004 0.28 0.50 0.28 0.034 0.07 0.040 0.019 106 0.034 17 
 0.10 0.005 0.28 0.50 0.28 0.043 0.09 0.050 0.028 80 0.049 1 
 0.10 0.007 0.28 0.50 0.28 0.055 0.11 0.067 0.040 66 0.074 -9 
 0.10 0.008 0.28 0.50 0.28 0.066 0.13 0.080 0.053 51 0.099 -18 
 0.10 0.009 0.28 0.50 0.28 0.073 0.15 0.096 0.062 54 0.116 -18 
 0.10 0.011 0.28 0.50 0.28 0.058 0.12 0.114 0.044 162 0.080 43 
 0.10 0.013 0.28 0.50 0.28 0.064 0.13 0.133 0.051 162 0.094 42 
 0.10 0.019 0.28 0.50 0.28 0.089 0.18 0.196 0.084 133 0.160 23 
 0.10 0.028 0.28 0.50 0.28 0.089 0.18 0.289 0.084 243 0.160 81 
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 So Qmeasured bo L B yo yo/L Q* Qc p Qc* p 
Pool-and-weir fishway (Chapter 3.2) 
W35 0.05 0.002 0.56 0.35 0.56 0.04 0.11 0.025 0.019 29 0.024 4 
H2 0.05 0.003 0.56 0.35 0.56 0.05 0.14 0.037 0.029 26 0.039 -5 

 0.05 0.006 0.56 0.35 0.56 0.06 0.18 0.074 0.047 57 0.067 11 
 0.05 0.010 0.56 0.35 0.56 0.09 0.24 0.123 0.082 49 0.127 -3 
 0.05 0.013 0.56 0.35 0.56 0.10 0.27 0.160 0.104 54 0.166 -3 
 0.05 0.019 0.56 0.35 0.56 0.11 0.31 0.234 0.134 75 0.222 5 
 0.05 0.026 0.56 0.35 0.56 0.13 0.37 0.320 0.183 75 0.319 0 
 0.05 0.038 0.56 0.35 0.56 0.15 0.44 0.468 0.252 86 0.460 2 

W35 0.07 0.002 0.56 0.35 0.56 0.04 0.12 0.021 0.022 -5 0.028 -25 
H2 0.07 0.003 0.56 0.35 0.56 0.05 0.14 0.031 0.029 7 0.039 -19 

 0.07 0.006 0.56 0.35 0.56 0.07 0.19 0.062 0.051 22 0.074 -15 
 0.07 0.012 0.56 0.35 0.56 0.09 0.27 0.125 0.100 25 0.158 -21 
 0.07 0.019 0.56 0.35 0.56 0.10 0.30 0.198 0.121 64 0.197 0 
 0.07 0.027 0.56 0.35 0.56 0.12 0.35 0.281 0.168 68 0.288 -2 
 0.07 0.038 0.56 0.35 0.56 0.14 0.40 0.395 0.211 88 0.374 6 

W35 0.10 0.002 0.56 0.35 0.56 0.04 0.11 0.017 0.019 -9 0.024 -26 
H2 0.10 0.003 0.56 0.35 0.56 0.05 0.14 0.026 0.029 -11 0.039 -33 

 0.10 0.006 0.56 0.35 0.56 0.07 0.19 0.052 0.053 -1 0.076 -31 
 0.10 0.009 0.56 0.35 0.56 0.08 0.23 0.078 0.074 6 0.112 -30 
 0.10 0.013 0.56 0.35 0.56 0.09 0.26 0.113 0.092 23 0.144 -21 
 0.10 0.019 0.56 0.35 0.56 0.10 0.27 0.165 0.104 60 0.166 0 
 0.10 0.027 0.56 0.35 0.56 0.11 0.33 0.235 0.143 64 0.240 -2 
 0.10 0.038 0.56 0.35 0.56 0.14 0.39 0.331 0.197 68 0.346 -4 

W35 0.12 0.002 0.56 0.35 0.56 0.04 0.12 0.016 0.021 -24 0.026 -40 
H2 0.12 0.003 0.56 0.35 0.56 0.05 0.14 0.024 0.029 -19 0.039 -39 

 0.12 0.006 0.56 0.35 0.56 0.07 0.19 0.048 0.053 -10 0.076 -37 
 0.12 0.009 0.56 0.35 0.56 0.08 0.23 0.072 0.074 -3 0.112 -36 
 0.12 0.013 0.56 0.35 0.56 0.10 0.27 0.103 0.102 2 0.162 -36 
 0.12 0.019 0.56 0.35 0.56 0.10 0.29 0.151 0.112 35 0.181 -17 
 0.12 0.027 0.56 0.35 0.56 0.11 0.32 0.217 0.141 54 0.236 -8 
 0.12 0.038 0.56 0.35 0.56 0.13 0.38 0.302 0.191 58 0.335 -10 
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Pool-and-weir fishway (Chapter 3.2, cont.) 
 So Qmeasured bo L B yo yo/L Q* Qc p Qc* p 

W52 0.05 0.002 0.56 0.52 0.56 0.05 0.09 0.014 0.012 15 0.014 -1 
H2 0.05 0.003 0.56 0.52 0.56 0.05 0.10 0.020 0.016 27 0.020 4 
 0.05 0.006 0.56 0.52 0.56 0.07 0.13 0.041 0.027 50 0.036 15 
 0.05 0.010 0.56 0.52 0.56 0.09 0.17 0.067 0.044 54 0.061 10 

 0.05 0.016 0.56 0.52 0.56 0.11 0.21 0.108 0.064 70 0.095 14 
 0.05 0.025 0.56 0.52 0.56 0.13 0.25 0.172 0.087 98 0.136 27 
 0.05 0.036 0.56 0.52 0.56 0.16 0.30 0.245 0.126 95 0.207 18 

W52 0.07 0.002 0.56 0.52 0.56 0.04 0.08 0.011 0.010 10 0.012 -3 
H2 0.07 0.003 0.56 0.52 0.56 0.05 0.10 0.017 0.016 11 0.019 -8 

 0.07 0.006 0.56 0.52 0.56 0.07 0.14 0.034 0.029 17 0.039 -12 
 0.07 0.010 0.56 0.52 0.56 0.09 0.17 0.057 0.041 40 0.057 1 
 0.07 0.016 0.56 0.52 0.56 0.10 0.20 0.092 0.055 67 0.080 14 
 0.07 0.025 0.56 0.52 0.56 0.13 0.24 0.144 0.082 75 0.127 13 
 0.07 0.038 0.56 0.52 0.56 0.15 0.29 0.218 0.115 89 0.187 16 

W52 0.10 0.002 0.56 0.52 0.56 0.04 0.08 0.010 0.009 1 0.011 -10 
H2 0.10 0.003 0.56 0.52 0.56 0.05 0.09 0.014 0.013 8 0.016 -9 

 0.10 0.006 0.56 0.52 0.56 0.07 0.14 0.029 0.029 -2 0.039 -26 
 0.10 0.010 0.56 0.52 0.56 0.09 0.18 0.048 0.045 8 0.063 -23 
 0.10 0.016 0.56 0.52 0.56 0.11 0.20 0.077 0.058 32 0.086 -10 
 0.10 0.025 0.56 0.52 0.56 0.13 0.24 0.120 0.082 46 0.127 -5 
 0.10 0.038 0.56 0.52 0.56 0.15 0.29 0.183 0.114 60 0.185 -1 

W52 0.12 0.002 0.56 0.52 0.56 0.04 0.08 0.009 0.010 -16 0.012 -26 
H2 0.12 0.003 0.56 0.52 0.56 0.05 0.10 0.013 0.016 -18 0.020 -33 

 0.12 0.006 0.56 0.52 0.56 0.07 0.13 0.027 0.027 -2 0.036 -25 
 0.12 0.010 0.56 0.52 0.56 0.10 0.19 0.044 0.051 -14 0.074 -40 
 0.12 0.016 0.56 0.52 0.56 0.11 0.21 0.071 0.064 11 0.095 -25 
 0.12 0.026 0.56 0.52 0.56 0.13 0.25 0.112 0.088 27 0.138 -19 
 0.12 0.038 0.56 0.52 0.56 0.16 0.30 0.165 0.121 36 0.198 -17 

W70 0.05 0.002 0.56 0.70 0.56 0.04 0.06 0.009 0.005 60 0.006 56 
H2 0.05 0.003 0.56 0.70 0.56 0.05 0.07 0.013 0.009 52 0.009 38 

 0.05 0.006 0.56 0.70 0.56 0.07 0.10 0.026 0.017 55 0.021 27 
 0.05 0.010 0.56 0.70 0.56 0.10 0.14 0.044 0.028 55 0.037 17 
 0.05 0.016 0.56 0.70 0.56 0.11 0.16 0.070 0.036 91 0.050 40 
 0.05 0.025 0.56 0.70 0.56 0.13 0.19 0.110 0.051 118 0.073 52 
 0.05 0.038 0.56 0.70 0.56 0.15 0.21 0.163 0.064 154 0.096 70 

W70 0.07 0.002 0.56 0.70 0.56 0.04 0.05 0.007 0.004 74 0.004 75 
H2 0.07 0.003 0.56 0.70 0.56 0.04 0.06 0.011 0.006 70 0.007 61 

 0.07 0.006 0.56 0.70 0.56 0.07 0.10 0.022 0.016 38 0.019 14 
 0.07 0.010 0.56 0.70 0.56 0.10 0.14 0.037 0.028 31 0.037 -1 
 0.07 0.016 0.56 0.70 0.56 0.12 0.16 0.059 0.040 49 0.055 7 
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Pool-and-weir fishway (Chapter 3.2, cont.) 

 So Qmeasured bo L B yo yo/L Q* Qc p Qc* p 
W70 0.07 0.025 0.56 0.70 0.56 0.14 0.19 0.092 0.054 70 0.079 17 
H2 0.07 0.038 0.56 0.70 0.56 0.15 0.22 0.140 0.068 107 0.102 38 
 0.10 0.002 0.56 0.70 0.56 0.03 0.05 0.006 0.004 54 0.004 56 
 0.10 0.003 0.56 0.70 0.56 0.04 0.06 0.009 0.006 48 0.007 41 

 0.10 0.006 0.56 0.70 0.56 0.07 0.10 0.018 0.015 25 0.018 5 
 0.10 0.010 0.56 0.70 0.56 0.10 0.14 0.031 0.028 11 0.036 -15 
 0.10 0.016 0.56 0.70 0.56 0.12 0.18 0.049 0.045 10 0.063 -22 
 0.10 0.025 0.56 0.70 0.56 0.14 0.20 0.077 0.060 29 0.088 -12 
 0.10 0.038 0.56 0.70 0.56 0.17 0.24 0.117 0.078 50 0.119 -2 

W70 0.12 0.002 0.56 0.70 0.56 0.04 0.05 0.006 0.004 26 0.004 26 
H2 0.12 0.003 0.56 0.70 0.56 0.04 0.06 0.009 0.006 34 0.007 27 

 0.12 0.006 0.56 0.70 0.56 0.07 0.09 0.017 0.014 27 0.016 7 
 0.12 0.010 0.56 0.70 0.56 0.09 0.13 0.028 0.024 15 0.031 -11 
 0.12 0.016 0.56 0.70 0.56 0.12 0.17 0.045 0.042 7 0.059 -24 
 0.12 0.025 0.56 0.70 0.56 0.15 0.21 0.070 0.064 11 0.094 -26 
 0.12 0.038 0.56 0.70 0.56 0.17 0.24 0.107 0.081 32 0.124 -14 

W35 0.05 0.003 0.56 0.70 0.56 0.06 0.08 0.013 0.010 28 0.012 13 
H3 0.05 0.007 0.56 0.70 0.56 0.08 0.11 0.030 0.019 60 0.024 29 

 0.05 0.009 0.56 0.70 0.56 0.09 0.12 0.039 0.023 71 0.029 34 
 0.05 0.015 0.56 0.70 0.56 0.11 0.16 0.065 0.039 68 0.054 21 
 0.05 0.021 0.56 0.70 0.56 0.12 0.17 0.093 0.043 116 0.060 54 
 0.05 0.028 0.56 0.70 0.56 0.13 0.19 0.122 0.050 145 0.071 71 
 0.05 0.038 0.56 0.70 0.56 0.15 0.21 0.165 0.062 167 0.092 80 

W35 0.07 0.003 0.56 0.70 0.56 0.06 0.08 0.011 0.011 4 0.012 -8 
H3 0.07 0.006 0.56 0.70 0.56 0.07 0.10 0.022 0.017 31 0.021 8 

 0.07 0.008 0.56 0.70 0.56 0.08 0.12 0.029 0.021 41 0.026 12 
 0.07 0.012 0.56 0.70 0.56 0.10 0.14 0.043 0.030 43 0.040 8 
 0.07 0.015 0.56 0.70 0.56 0.11 0.15 0.056 0.035 61 0.047 19 
 0.07 0.019 0.56 0.70 0.56 0.11 0.16 0.070 0.036 93 0.050 41 
 0.07 0.028 0.56 0.70 0.56 0.13 0.18 0.102 0.047 117 0.067 53 
 0.07 0.038 0.56 0.70 0.56 0.14 0.20 0.138 0.056 148 0.081 70 

W35 0.10 0.003 0.56 0.70 0.56 0.05 0.08 0.009 0.010 -7 0.011 -17 
H3 0.10 0.006 0.56 0.70 0.56 0.08 0.11 0.018 0.019 -3 0.024 -22 

 0.10 0.008 0.56 0.70 0.56 0.08 0.12 0.025 0.021 15 0.027 -9 
 0.10 0.012 0.56 0.70 0.56 0.10 0.14 0.037 0.030 21 0.041 -9 
 0.10 0.015 0.56 0.70 0.56 0.11 0.15 0.046 0.034 36 0.046 1 
 0.10 0.018 0.56 0.70 0.56 0.11 0.15 0.054 0.033 62 0.045 20 
 0.10 0.028 0.56 0.70 0.56 0.11 0.16 0.086 0.036 137 0.050 73 
 0.10 0.038 0.56 0.70 0.56 0.14 0.20 0.117 0.060 96 0.088 33 

W35 0.12 0.003 0.56 0.70 0.56 0.06 0.08 0.008 0.010 -15 0.011 -24 
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Pool-and-weir fishway (Chapter 3.2) 

 So Qmeasured bo L B yo yo/L Q* Qc p Qc* p 
W35 0.12 0.006 0.56 0.70 0.56 0.08 0.11 0.017 0.018 -5 0.022 -23 
H3 0.12 0.014 0.56 0.70 0.56 0.11 0.15 0.039 0.033 18 0.045 -13 

 0.12 0.017 0.56 0.70 0.56 0.10 0.15 0.048 0.032 51 0.042 13 
 0.12 0.031 0.56 0.70 0.56 0.12 0.17 0.087 0.044 97 0.062 40 
 0.12 0.038 0.56 0.70 0.56 0.14 0.19 0.107 0.054 97 0.079 36 

W52 0.05 0.003 0.56 0.70 0.56 0.06 0.09 0.013 0.012 5 0.014 -9 
W52 0.05 0.006 0.56 0.70 0.56 0.08 0.12 0.026 0.020 28 0.026 2 
H3 0.05 0.010 0.56 0.70 0.56 0.10 0.14 0.044 0.029 49 0.039 12 

 0.05 0.016 0.56 0.70 0.56 0.11 0.16 0.070 0.038 82 0.053 32 
 0.05 0.025 0.56 0.70 0.56 0.14 0.19 0.109 0.054 101 0.079 38 
 0.05 0.038 0.56 0.70 0.56 0.16 0.23 0.165 0.074 125 0.112 48 

W52 0.07 0.003 0.56 0.70 0.56 0.06 0.09 0.011 0.013 -16 0.015 -29 
H3 0.07 0.006 0.56 0.70 0.56 0.08 0.12 0.022 0.020 8 0.026 -14 

 0.07 0.010 0.56 0.70 0.56 0.10 0.14 0.037 0.030 23 0.040 -7 
 0.07 0.016 0.56 0.70 0.56 0.11 0.16 0.059 0.036 65 0.049 21 
 0.07 0.025 0.56 0.70 0.56 0.13 0.19 0.092 0.052 77 0.075 23 
 0.07 0.032 0.56 0.70 0.56 0.15 0.21 0.118 0.064 83 0.096 23 
 0.07 0.038 0.56 0.70 0.56 0.15 0.22 0.140 0.068 107 0.102 38 

W52 0.10 0.003 0.56 0.70 0.56 0.06 0.09 0.010 0.013 -25 0.015 -36 
H3 0.10 0.006 0.56 0.70 0.56 0.09 0.12 0.018 0.022 -18 0.029 -35 

 0.10 0.010 0.56 0.70 0.56 0.10 0.14 0.031 0.029 5 0.039 -21 
 0.10 0.016 0.56 0.70 0.56 0.11 0.16 0.049 0.038 31 0.052 -5 
 0.10 0.020 0.56 0.70 0.56 0.12 0.17 0.062 0.043 44 0.060 3 
 0.10 0.025 0.56 0.70 0.56 0.13 0.19 0.077 0.052 48 0.075 3 
 0.10 0.030 0.56 0.70 0.56 0.14 0.20 0.092 0.060 55 0.088 5 
 0.10 0.038 0.56 0.70 0.56 0.15 0.22 0.117 0.066 77 0.099 19 

W52 0.12 0.002 0.56 0.70 0.56 0.05 0.08 0.006 0.009 -39 0.010 -45 
H3 0.12 0.006 0.56 0.70 0.56 0.08 0.12 0.017 0.021 -21 0.027 -38 

 0.12 0.010 0.56 0.70 0.56 0.10 0.14 0.028 0.030 -8 0.041 -31 
 0.12 0.016 0.56 0.70 0.56 0.11 0.16 0.045 0.038 17 0.053 -15 
 0.12 0.020 0.56 0.70 0.56 0.12 0.18 0.056 0.045 25 0.063 -11 
 0.12 0.025 0.56 0.70 0.56 0.14 0.19 0.070 0.053 31 0.077 -9 
 0.12 0.030 0.56 0.70 0.56 0.15 0.21 0.084 0.063 34 0.093 -9 
 0.12 0.038 0.56 0.70 0.56 0.17 0.24 0.107 0.082 29 0.127 -16 

W70 0.05 0.002 0.56 0.70 0.56 0.05 0.08 0.009 0.009 -6 0.010 -15 
H3 0.05 0.006 0.56 0.70 0.56 0.08 0.12 0.026 0.021 22 0.027 -4 

 0.05 0.010 0.56 0.70 0.56 0.10 0.14 0.044 0.030 43 0.041 7 
 0.05 0.016 0.56 0.70 0.56 0.12 0.17 0.070 0.041 72 0.057 23 
 0.05 0.020 0.56 0.70 0.56 0.13 0.18 0.087 0.047 85 0.067 30 
 0.05 0.030 0.56 0.70 0.56 0.14 0.20 0.131 0.060 119 0.088 49 
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Pool-and-weir fishway (Chapter 3.2) 

 So Qmeasured bo L B yo yo/L Q* Qc p Qc* p 
W70 0.07 0.003 0.56 0.70 0.56 0.06 0.08 0.011 0.010 8 0.012 -5 
H3 0.07 0.006 0.56 0.70 0.56 0.08 0.11 0.022 0.020 10 0.025 -12 

 0.07 0.010 0.56 0.70 0.56 0.10 0.15 0.037 0.032 14 0.043 -15 
 0.07 0.016 0.56 0.70 0.56 0.12 0.16 0.059 0.040 49 0.055 7 
 0.07 0.020 0.56 0.70 0.56 0.12 0.18 0.074 0.046 61 0.064 14 
 0.07 0.030 0.56 0.70 0.56 0.14 0.20 0.110 0.057 93 0.084 32 
 0.07 0.039 0.56 0.70 0.56 0.16 0.23 0.142 0.074 93 0.112 27 

W70 0.10 0.003 0.56 0.70 0.56 0.05 0.07 0.009 0.009 8 0.009 -2 
H3 0.10 0.006 0.56 0.70 0.56 0.08 0.11 0.018 0.018 2 0.022 -18 

 0.10 0.010 0.56 0.70 0.56 0.10 0.14 0.031 0.030 1 0.041 -24 
 0.10 0.016 0.56 0.70 0.56 0.12 0.17 0.049 0.042 19 0.058 -15 
 0.10 0.020 0.56 0.70 0.56 0.13 0.18 0.062 0.047 31 0.067 -8 
 0.10 0.030 0.56 0.70 0.56 0.15 0.21 0.092 0.062 49 0.092 1 
 0.10 0.039 0.56 0.70 0.56 0.16 0.23 0.119 0.074 62 0.112 7 

W70 0.12 0.003 0.56 0.70 0.56 0.05 0.07 0.008 0.008 6 0.009 -3 
H3 0.12 0.006 0.56 0.70 0.56 0.07 0.10 0.017 0.016 3 0.020 -15 

 0.12 0.010 0.56 0.70 0.56 0.10 0.14 0.028 0.029 -4 0.039 -28 
 0.12 0.020 0.56 0.70 0.56 0.13 0.19 0.056 0.050 13 0.071 -21 
 0.12 0.030 0.56 0.70 0.56 0.14 0.20 0.084 0.060 41 0.088 -4 
 0.12 0.038 0.56 0.70 0.56 0.16 0.23 0.107 0.074 43 0.113 -6 
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 So Qmeasured bo L B yo yo/L Q* Qc p Qc* p 
Denil fishway (Appendix 1) 

400 0.10 0.007 0.12 0.14 0.24 0.12 0.87 1.174 0.91 30 0.113 -6 
400 0.10 0.015 0.12 0.14 0.24 0.18 1.30 2.351 1.93 22 0.872 35 
400 0.10 0.017 0.12 0.14 0.24 0.20 1.44 2.713 2.35 15 1.786 32 
400 0.15 0.007 0.12 0.14 0.24 0.11 0.77 0.925 0.72 29 2.152 26 
400 0.15 0.014 0.12 0.14 0.24 0.16 1.16 1.869 1.57 19 0.697 33 
400 0.15 0.016 0.12 0.14 0.24 0.18 1.27 2.131 1.85 15 1.467 27 
400 0.20 0.007 0.12 0.14 0.24 0.10 0.74 0.780 0.66 17 1.718 24 
400 0.20 0.014 0.12 0.14 0.24 0.15 1.06 1.587 1.33 20 0.650 20 
400 0.20 0.016 0.12 0.14 0.24 0.16 1.17 1.805 1.60 13 1.252 27 
450 0.20 0.020 0.12 0.14 0.24 0.21 1.50 2.219 2.54 -12 1.490 21 
450 0.10 0.007 0.12 0.14 0.24 0.13 0.94 1.174 1.05 12 2.311 -4 
450 0.10 0.015 0.12 0.14 0.24 0.20 1.44 2.351 2.35 0 1.005 17 
450 0.10 0.017 0.12 0.14 0.24 0.22 1.55 2.713 2.69 1 2.152 9 
450 0.10 0.021 0.12 0.14 0.24 0.25 1.77 3.294 3.44 -4 2.446 11 
450 0.15 0.007 0.12 0.14 0.24 0.12 0.84 0.925 0.85 9 3.083 7 
450 0.15 0.014 0.12 0.14 0.24 0.18 1.27 1.869 1.85 1 0.818 13 
450 0.15 0.016 0.12 0.14 0.24 0.19 1.38 2.131 2.16 -1 1.718 9 
450 0.15 0.020 0.12 0.14 0.24 0.22 1.56 2.631 2.73 -3 1.988 7 
450 0.20 0.007 0.12 0.14 0.24 0.11 0.77 0.780 0.73 7 2.474 6 
450 0.20 0.014 0.12 0.14 0.24 0.17 1.21 1.587 1.69 -6 0.708 10 
450 0.20 0.016 0.12 0.14 0.24 0.18 1.32 1.805 1.99 -9 1.574 1 
450 0.20 0.020 0.12 0.14 0.24 0.21 1.47 2.219 2.42 -8 1.836 -2 
503 0.10 0.007 0.12 0.14 0.24 0.15 1.08 1.174 1.36 -14 2.212 0 
500 0.10 0.007 0.12 0.14 0.24 0.15 1.05 1.174 1.29 -9 1.282 -8 
500 0.10 0.015 0.12 0.14 0.24 0.22 1.55 2.351 2.69 -13 1.218 -4 
500 0.10 0.017 0.12 0.14 0.24 0.23 1.66 2.713 3.06 -11 2.446 -4 
500 0.15 0.007 0.12 0.14 0.24 0.13 0.91 0.925 0.99 -7 2.757 -2 
500 0.15 0.014 0.12 0.14 0.24 0.19 1.34 1.869 2.06 -9 0.948 -2 
500 0.15 0.016 0.12 0.14 0.24 0.21 1.49 2.131 2.49 -15 1.896 -1 
500 0.20 0.007 0.12 0.14 0.24 0.12 0.85 0.780 0.86 -9 2.274 -6 
500 0.20 0.014 0.12 0.14 0.24 0.18 1.28 1.587 1.89 -16 0.832 -6 

 
 



Appendix 7/11 

 

Denil fishway (Appendix 1, cont.) 
 So Qmeasured bo L B yo yo/L Q* Qc p Qc* p 

500 0.20 0.016 0.12 0.14 0.24 0.19 1.39 1.805 2.20 -18 1.746 -9 
403 0.10 0.007 0.12 0.14 0.24 0.14 0.98 1.174 1.13 4 2.020 -11 
403 0.10 0.015 0.12 0.14 0.24 0.20 1.41 2.351 2.24 5 1.074 9 
403 0.10 0.017 0.12 0.14 0.24 0.22 1.55 2.713 2.69 1 2.058 14 
403 0.15 0.007 0.12 0.14 0.24 0.12 0.84 0.925 0.85 9 2.446 11 
403 0.15 0.014 0.12 0.14 0.24 0.18 1.27 1.869 1.85 1 0.818 13 
403 0.15 0.016 0.12 0.14 0.24 0.19 1.38 2.131 2.16 -1 1.718 9 
403 0.20 0.007 0.12 0.14 0.24 0.11 0.81 0.780 0.79 -2 1.988 7 
403 0.20 0.014 0.12 0.14 0.24 0.16 1.17 1.587 1.60 -1 0.769 1 
403 0.20 0.016 0.12 0.14 0.24 0.18 1.28 1.805 1.89 -4 1.490 6 
402 0.10 0.007 0.12 0.14 0.24 0.13 0.90 1.174 0.98 20 1.746 3 
402 0.10 0.015 0.12 0.14 0.24 0.19 1.37 2.351 2.14 10 0.937 25 
402 0.10 0.017 0.12 0.14 0.24 0.21 1.52 2.713 2.58 5 1.965 20 
402 0.15 0.007 0.12 0.14 0.24 0.12 0.84 0.925 0.85 9 2.346 16 
402 0.15 0.014 0.12 0.14 0.24 0.17 1.24 1.869 1.76 6 0.818 13 
402 0.15 0.016 0.12 0.14 0.24 0.19 1.38 2.131 2.16 -1 1.633 14 
402 0.20 0.007 0.12 0.14 0.24 0.11 0.81 0.780 0.79 -2 1.988 7 
402 0.20 0.014 0.12 0.14 0.24 0.16 1.17 1.587 1.60 -1 0.769 1 
402 0.20 0.016 0.12 0.14 0.24 0.18 1.28 1.805 1.89 -4 1.490 6 
401 0.10 0.007 0.12 0.14 0.24 0.13 0.90 1.174 0.98 20 1.746 3 
401 0.10 0.015 0.12 0.14 0.24 0.19 1.34 2.351 2.03 16 0.937 25 
401 0.10 0.017 0.12 0.14 0.24 0.21 1.52 2.713 2.58 5 1.875 25 
401 0.15 0.007 0.12 0.14 0.24 0.12 0.84 0.925 0.85 9 2.346 16 
401 0.15 0.014 0.12 0.14 0.24 0.17 1.20 1.869 1.66 12 0.818 13 
401 0.15 0.016 0.12 0.14 0.24 0.19 1.34 2.131 2.06 4 1.549 21 
401 0.20 0.007 0.12 0.14 0.24 0.11 0.77 0.780 0.73 7 1.896 12 
401 0.20 0.014 0.12 0.14 0.24 0.16 1.14 1.587 1.50 6 0.708 10 
401 0.20 0.016 0.12 0.14 0.24 0.17 1.25 1.805 1.79 1 1.409 13 
453 0.10 0.007 0.12 0.14 0.24 0.14 1.01 1.174 1.21 -3 1.659 9 
453 0.10 0.015 0.12 0.14 0.24 0.21 1.52 2.351 2.58 -9 1.145 3 
453 0.10 0.017 0.12 0.14 0.24 0.23 1.66 2.713 3.06 -11 2.346 0 
453 0.10 0.021 0.12 0.14 0.24 0.25 1.80 3.294 3.57 -8 2.757 -2 
453 0.15 0.007 0.12 0.14 0.24 0.13 0.95 0.925 1.06 -13 3.196 3 
453 0.15 0.014 0.12 0.14 0.24 0.19 1.38 1.869 2.16 -14 1.016 -9 
453 0.15 0.016 0.12 0.14 0.24 0.21 1.52 2.131 2.61 -18 1.988 -6 
453 0.15 0.020 0.12 0.14 0.24 0.23 1.67 2.631 3.09 -15 2.373 -10 
453 0.20 0.007 0.12 0.14 0.24 0.12 0.85 0.780 0.86 -9 2.788 -6 
453 0.20 0.014 0.12 0.14 0.24 0.18 1.28 1.587 1.89 -16 0.832 -6 
453 0.20 0.016 0.12 0.14 0.24 0.19 1.39 1.805 2.20 -18 1.746 -9 
453 0.20 0.020 0.12 0.14 0.24 0.22 1.58 2.219 2.77 -20 2.020 -11 
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Denil fishway (Appendix 1, cont.) 
 So Qmeasured bo L B yo yo/L Q* Qc p Qc* p 

452 0.10 0.007 0.12 0.14 0.24 0.14 0.98 1.174 1.13 4 2.514 -12 
452 0.10 0.015 0.12 0.14 0.24 0.21 1.48 2.351 2.46 -5 1.074 9 
452 0.10 0.017 0.12 0.14 0.24 0.22 1.59 2.713 2.81 -4 2.248 5 
452 0.10 0.021 0.12 0.14 0.24 0.25 1.80 3.294 3.57 -8 2.548 6 
452 0.15 0.007 0.12 0.14 0.24 0.13 0.91 0.925 0.99 -7 3.196 3 
452 0.15 0.014 0.12 0.14 0.24 0.19 1.38 1.869 2.16 -14 0.948 -2 
452 0.15 0.016 0.12 0.14 0.24 0.21 1.49 2.131 2.49 -15 1.988 -6 
452 0.15 0.020 0.12 0.14 0.24 0.23 1.67 2.631 3.09 -15 2.274 -6 
452 0.20 0.007 0.12 0.14 0.24 0.12 0.85 0.780 0.86 -9 2.788 -6 
452 0.20 0.014 0.12 0.14 0.24 0.17 1.25 1.587 1.79 -11 0.832 -6 
452 0.20 0.016 0.12 0.14 0.24 0.19 1.39 1.805 2.20 -18 1.659 -4 
452 0.20 0.020 0.12 0.14 0.24 0.22 1.58 2.219 2.77 -20 2.020 -11 
451 0.10 0.007 0.12 0.14 0.24 0.14 0.98 1.174 1.13 4 2.514 -12 
451 0.10 0.015 0.12 0.14 0.24 0.21 1.48 2.351 2.46 -5 1.074 9 
451 0.10 0.017 0.12 0.14 0.24 0.22 1.59 2.713 2.81 -4 2.248 5 
451 0.10 0.021 0.12 0.14 0.24 0.25 1.80 3.294 3.57 -8 2.548 6 
451 0.15 0.007 0.12 0.14 0.24 0.13 0.91 0.925 0.99 -7 3.196 3 
451 0.15 0.014 0.12 0.14 0.24 0.19 1.34 1.869 2.06 -9 0.948 -2 
451 0.15 0.016 0.12 0.14 0.24 0.20 1.45 2.131 2.38 -10 1.896 -1 
451 0.15 0.020 0.12 0.14 0.24 0.23 1.63 2.631 2.97 -11 2.177 -2 
451 0.20 0.007 0.12 0.14 0.24 0.12 0.85 0.780 0.86 -9 2.682 -2 
451 0.20 0.014 0.12 0.14 0.24 0.17 1.25 1.587 1.79 -11 0.832 -6 
451 0.20 0.016 0.12 0.14 0.24 0.19 1.36 1.805 2.09 -14 1.659 -4 
503 0.10 0.007 0.12 0.14 0.24 0.15 1.08 1.174 1.37 -15 1.927 -6 
503 0.10 0.015 0.12 0.14 0.24 0.20 1.44 2.351 2.35 0 1.294 -9 
503 0.10 0.017 0.12 0.14 0.24 0.23 1.66 2.713 3.06 -11 2.152 9 
503 0.15 0.007 0.12 0.14 0.24 0.14 0.98 0.925 1.14 -19 2.757 -2 
503 0.15 0.014 0.12 0.14 0.24 0.19 1.38 1.869 2.16 -14 1.086 -15 
503 0.15 0.016 0.12 0.14 0.24 0.21 1.52 2.131 2.61 -18 1.988 -6 
503 0.20 0.007 0.12 0.14 0.24 0.12 0.88 0.780 0.93 -16 2.373 -10 
503 0.20 0.014 0.12 0.14 0.24 0.18 1.32 1.587 1.99 -20 0.897 -13 
503 0.20 0.016 0.12 0.14 0.24 0.19 1.39 1.805 2.20 -18 1.836 -14 
502 0.10 0.007 0.12 0.14 0.24 0.15 1.08 1.174 1.37 -15 2.020 -11 
502 0.10 0.015 0.12 0.14 0.24 0.22 1.55 2.351 2.69 -13 1.294 -9 
502 0.10 0.017 0.12 0.14 0.24 0.23 1.66 2.713 3.06 -11 2.446 -4 
502 0.15 0.007 0.12 0.14 0.24 0.14 0.98 0.925 1.14 -19 2.757 -2 
502 0.15 0.014 0.12 0.14 0.24 0.19 1.38 1.869 2.16 -14 1.086 -15 
502 0.15 0.016 0.12 0.14 0.24 0.21 1.52 2.131 2.61 -18 1.988 -6 
502 0.20 0.007 0.12 0.14 0.24 0.12 0.88 0.780 0.93 -16 2.373 -10 
502 0.20 0.014 0.12 0.14 0.24 0.18 1.32 1.587 1.99 -20 0.897 -13 
502 0.20 0.016 0.12 0.14 0.24 0.19 1.39 1.805 2.20 -18 1.836 -14 
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Denil fishway (Appendix 1, cont.) 
 So Qmeasured bo L B yo yo/L Q* Qc p Qc* p 

501 0.10 0.007 0.12 0.14 0.24 0.15 1.08 1.174 1.37 -15 2.020 -11 
501 0.10 0.015 0.12 0.14 0.24 0.22 1.55 2.351 2.69 -13 1.294 -9 
501 0.10 0.017 0.12 0.14 0.24 0.23 1.66 2.713 3.06 -11 2.446 -4 
501 0.15 0.007 0.12 0.14 0.24 0.14 0.98 0.925 1.14 -19 2.757 -2 
501 0.15 0.014 0.12 0.14 0.24 0.19 1.38 1.869 2.16 -14 1.086 -15 
501 0.15 0.016 0.12 0.14 0.24 0.21 1.52 2.131 2.61 -18 1.988 -6 
501 0.20 0.007 0.12 0.14 0.24 0.12 0.88 0.780 0.93 -16 2.373 -10 
501 0.20 0.014 0.12 0.14 0.24 0.18 1.32 1.587 1.99 -20 0.897 -13 
501 0.20 0.016 0.12 0.14 0.24 0.19 1.39 1.805 2.20 -18 1.836 -14 

 0.15 0.006 0.12 0.17 0.24 0.13 0.77 0.549 0.72 -24 2.020 -11 
 0.15 0.010 0.12 0.17 0.24 0.17 0.98 0.980 1.13 -14 0.704 -22 
 0.15 0.014 0.12 0.17 0.24 0.20 1.16 1.372 1.56 -12 1.079 -9 
 0.15 0.016 0.12 0.17 0.24 0.21 1.21 1.568 1.69 -7 1.463 -6 
 0.20 0.006 0.12 0.17 0.24 0.12 0.70 0.475 0.61 -22 1.577 -1 
 0.20 0.010 0.12 0.17 0.24 0.16 0.92 0.849 1.02 -16 0.598 -21 
 0.20 0.014 0.12 0.17 0.24 0.19 1.12 1.188 1.45 -18 0.972 -13 
 0.20 0.016 0.12 0.17 0.24 0.19 1.09 1.358 1.40 -3 1.365 -13 
 0.25 0.006 0.12 0.17 0.24 0.12 0.68 0.425 0.58 -26 1.314 3 
 0.25 0.010 0.12 0.17 0.24 0.15 0.87 0.759 0.90 -16 0.567 -25 
 0.25 0.014 0.12 0.17 0.24 0.18 1.03 1.063 1.25 -15 0.870 -13 
 0.25 0.016 0.12 0.17 0.24 0.18 1.04 1.215 1.27 -4 1.179 -10 
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