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1. Abstract 

This paper describes the detailed testing of the characteristic velocity fields on the 
physical model of pool-type and vertical slot fishway. For the physical model setup, a 
18m long, 0.9m wide and 0.9m high hydraulic flume with rectangular cross-section was 
used. Each type of fishway was tested by a physical model in geometric scale 1:3 for the 
different gradient (12.5%, 10% and 7.5%), the pool length (45cm, 60cm and 90cm) and 
orifices or slots geometry. Raster of the measuring points is defined longitudinally, 
transversely and by the flow depth so that it includes all relevant positions that are of 
interest to estimate the hydraulic efficiency of the fishways. The results of experimental 
measurements were analysed by comparing the velocity field in pools for both types of 
fishways and all configurations within them. Flume experiments have shown that local 
variability of the flow field heavily influences the measurement quality and consequently 
the results. 

Keywords: pool-type fishway, vertical slot fishway, physical model, ADV, recirculation 
zone, slot zone. 

2. Introduction  

Small watercourses are currently being more and more exploited, i.e. for small 
hydropower facilities or restoration of traditional mills, whose construction has adverse 
effect on fish populations [1]. These structures usually traverse the entire river profile, 
thus disconnecting its longitudinal connectivity and blocking the movement of some fish 
species that require migration during different stages of their life cycle [2]. Fishways are 
structures used for mitigation of negative effects of aforementioned obstacles on fish 
migration which can facilitate both upstream and downstream fish migration [3] [4]. 
Their value is in visible through ecological engineering approach which involves 
creating and restoring a sustainable ecosystem for fish migration [5]. Fishways are 
usually designed for each location individually, adjusting their hydraulic efficiency 
(discharge, velocity, depth, power, turbulence fields, etc.) to the dominating fish 
population in the area, taking into account their swimming capacity, behaviour, and 
motivation [6] . Most common classification of fishways is based on their design type, 
where 4 main groups are recognized: pool-type, vertical slot, Denil, and culvert fishways 
[1]. Swimming ability and desired flow path of the target fish species are the key factors 
in hydraulic design of fishways - hydraulic conditions in each fishway type are suitable 
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for target fish species, while at the same limiting factor for the other. 

Guiny et al. [7] investigated different types fishways and found that majority of fish species 
moved through submerged orifices and vertical slots rather than through overflow weirs, 
independent of discharge, flow velocity and head loss. They also found that at equal 
velocities orifices may be more suitable than vertical slots. The pool-type fishway is 
oriented towards the strong swimming fish species. It is composed of consecutive vertical 
walls that divide the fishway into pools, with orifice(s) on the bottom. Main goal of such 
design is to ensure adequate energy dissipation contained within the singe pool, and to 
offer resting sections within them [8]. The downside of the pool-type fishway installation 
is the narrow range of operating flow [9]. Vertical slot fishway design enables fish to pass 
through the fishway at any desired depth of water column. Rajaratnam et al. [10] conducted 
initial investigation for 7 different designs of vertical slot fishways and defined a linear 
relationship between the dimensionless discharge and relative flow depth. Later on, they 
experimentally investigated 18 different designs of vertical slot fishways experimentally 
and recommended some for practical use.  

The complex 3D turbulent flow field in fishways can be most conveniently investigated 
using 3D numerical models [11] [12] which allow for detailed numerical mesh 
computation, as well as adaptive display of relevant results. In this regard, they have 
advantage over experimental investigations on physical models, but on the other hand 
they require extensive mesh preparation and must be calibrated using field surveys or 
physical model results. Therefore, in order to fully exploit the advantages of numerical 
model for understanding of turbulent structures and flow pattern in fishways, they must 
be complemented/preceded with investigations on physical model conducted in smaller 
extent. 

 
Figure 1. Conversion of baffle fishway into pool fishway on SHPP Ilovac 

In hydraulic laboratory under University of Zagreb, Faculty of Civil Engineering, 
physical and numerical model of fish passes for typical weir obstacles in small 
watercourses is established [13] [14] [15]. Physical model is used for calculation of 
reference flow field characteristics in one pool under current constraints of the 
infrastructure in the laboratory (e.g. flume width, length and height and pump capacity). 
Numerical model is used to calculate hydraulic characteristics across several pools that 
form single fishway with finer step in discretization of discharge, flow depth and fishway 
geometry. This paper presents the results of the first phase of pool-type and vertical slot 
type fishway investigation: experimental investigations of the flow velocity field and 
turbulence structure that affect the hydraulic performance on physical model.  
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3. Experimental setup 

The experiments were designed to examine the hydraulic conditions of several different 
geometries and boundary conditions on two types of fishway: pool-type and vertical slot 
fishway. For the establishment of a physical model, a 18m long, 0.9m wide and 0.9m 
high recirculating hydraulic flume with rectangular cross-section was used. Working 
section of the flume is currently 13m long, 0.9m wide and 0.7m deep. The discharge in 
the flume is controlled by frequency-regulated pump with maximum capacity of 35l/s, 
and water level is controlled by hinged flap gate. A permeable flow straightening system 
was constructed on the pump inlet in the upstream flume boundary to reduce turbulence 
in the inflow section. The fishway model itself was built in scale 1:3 to prototype, using 
Froude scaling which results with following equations for extrapolation of the results to 
prototype scale:  𝐿 = 3 ∙ 𝐿  (1) 𝑣 = √3 ∙ 𝑣  (2) 𝑄 = √243 ∙ 𝑄  (3) 

where: L = length [m], v = flow velocity [m/s], Q = discharge [m3/s], subscripts P and M 
denote prototype and model values, respectively. 

Model scale was selected in order to fully exploit the flume capacity, taking into account 
the limitations of flume, where the flume depth was proven to be limiting dimension. 
Therefore, the fishway model width and length had to be reduced to 0,45cm and 3m, 
respectively. Fishway models were constructed in the flume using waterproof plyboard 
as its inner wall and the flume glass as the outer wall, using best practices [16]. Fishway 
walls are fixed, while its bottom and cross-walls, are modular so that model geometry 
can be adjusted to desired gradient, orifice/slot opening size and pool length. Following 
figure shows the flume with fishway model constructed inside (Figure 2). 

  
Figure 2. Hydraulic flume (left), hinged flap gate (right). 

Measurement of flow velocity field characteristics was performed by a Vectrino 
Acoustic Doppler Velocimeter (ADV) mounted on a cart, which was supported on the 
walls of the hydraulic flume allowing it to be positioned on pre-set positions. ADV 
selected for the application is able to collect data with a 25Hz sampling frequency. 
Seeding particles were introduced into the pumping basin to increase the number of 
acoustically reflective particles in the water, and subsequently the measured data quality. 
To ensure the statistical significance of the velocity record, velocity measurements were 
recorded over 3 min duration [17]. Values of quality control variables, correlation 
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coefficient COR and signal/noise ratio SNR, was within the limits reported in the 
literature for the highly turbulent flow [18] [19]: correlation coefficient fluctuated 
between 30% and 85%, while signal/noise ratio varied between 50dB and 80dB for all 
experiments. For flow over rough boundaries, the lower correlation values can be used 
[20]. Therefore, the raw data were filtered to eliminate poor signals based on a filtering 
scheme of SNR ≥ 30dB and COR ≥ 55% [17], and spikes were eliminated using the 
method of Goring and Nikora [21] using Velocity Signal Analyser [22] before 
calculating the flow field characteristics. After filtering, more than 70% of the original 
velocity time series data was preserved, which is deemed enough for Reynolds stress 
calculation [19]. If all of the noise could be filtered out, the velocity spectra exhibit 
“−5=3” slope at higher frequencies, i.e. the inertial subrange [23].  

The following convention was used when referring to the measured instantaneous 
velocity: u represents streamwise velocity component, positive in the downstream 
direction; v represents spanwise velocity component, positive towards the right and w 
represents vertical velocity component, positive in the direction opposite of gravity. 
Sampling volume of the ADV is set 5cm from the instrument, which has influenced the 
raster of measurement points. Raster of the measuring points is defined longitudinally, 
transversely and by the flow depth so that it includes all relevant positions that are of 
interest to estimate the hydraulic efficiency of the fishways. Raster of velocity 
measurement points is defined with constant spacing of 7cm between points across the 
fishway and 9cm along the fishway. Points nearest to the wall were displaced from it up 
to 5cm, depending on the configuration. Measurements were taken at 3 different depths: 
surface (level A), middle (level B) and bottom (level C).  

4. Experimental procedure 

The fishway model has been built according to the schematic below (Figure 3,    

  
Figure 4). Depending on the pool length, at least three pools were formed for the tests: a 
head pool receiving the water from an upstream reservoir, at least one active pool and a 
tail pool. Each fishway type was tested by a physical model for the different gradient 
(12.5%, 10% and 7.5%) [24] [1], the pool length (45cm, 60cm and 90cm) and orifices 
8cmx8cm, 10cmx10cm, 12cmx12cm or slots geometry. Investigations on pool fishway 
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type consisted of 27 different gradient/pool length/orifice size combinations: gradient 
was varied for 12.5%, 10% and 7.5%, pool length was varied for 45cm, 60cm and 90cm, 
orifice size vas varied for 8cmx8cm, 10cmx10cm and 12cmx12cm. For distinctive 
purposes, configurations were labelled “gradient – pool length – orifice”. Orifices are 
positioned on the bottom of cross-wall, with alternating positions between successive 
cross-walls, next to the fishway sidewall (Figure 3). 

Investigations on vertical slot fishway type consisted of 9 different gradient/pool length 
combinations, same as for the pool fishway, and configurations were labelled 
accordingly “gradient – pool length”. Slot is formed using two cross-walls [25], in such 
a way that its vertical section that forms the slot is L-shaped cross-wall with baffle 
protruding into the upstream pool  

  
Figure 3. Physical model of pool-type fishway: photo (left), design scheme for all pool lengths 

(right)  

     
Figure 4. Physical model of vertical slot type fishway: photo (left), design scheme for all pool 

lengths (right). 

For each configuration velocity measurements were conducted in representative active 
pool, selected in the middle section of the fishway which is unaffected by the upstream 
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and downstream boundary conditions. For pool length of 45cm and 60cm third pool from 
the upstream was selected, while for pol length of 90cm it was second pool. Defined 
raster of measurement points consisted of 25 measurement points in a single level for 
pool length 45cm, 49 measurement points for pool length 60cm and 70 measurement 
points for pool length 90cm. Naming convention was defined according to the matrix, 
level, row, column, where number of rows is for all configuration 7 because fishway 
width is constant across all experiments, column number varies from 5 to 10, depending 
on the pool length. The following figure shows schematic of a measurement point raster 
for both fishway types. 

5. Results and discussion 

The results of experimental measurements were analysed by comparing the velocity field 
in pools for both types of fishways and all configurations within them. Each 
configuration contains three measured flow velocity components at all three planes for 
slopes 7.5%, 10% and 12.5%, different orifice opening and discharge span from 6.5l/s 
to 12.9l/s, depending on the orifice size. Observations of the flow velocity field 
characteristics in the pools and at the slots are described and derived conclusions 
regarding the design guidelines conforming to requirements and restrictions for specific 
locations on small watercourses. Flow velocity vectors in analysis are represented by 
scaled arrows in horizontal plane view, by coneplot in 3D view for comparison between 
different models. Results are singled out for fishway with slope 12.5% because it enables 
the use of the most space-consuming fishway, and gives representative values for other 
slopes at the same time. 

The following figure (Figure 5) shows plane view of flow velocity vectors for pool 
fishway model 125-45-10 at each of the three measured planes (from top to bottom: A, 
B and C). All 3 planes have similar flow velocity pattern: at the pool inlet orifice situated 
on the left side of the upstream cross-wall flow velocity vectors are immediately 
deflected towards the left sidewall. Flow entering the pool creates the clockwise vortex 
on the outside of the pool that spans across the entire pool. Flow vortex has clockwise 
orientation due to the position of the inlet orifice and alternate positioning of the outlet 
orifice next to the right-side pool wall. Flow velocity vortex is largest for the plane C, 
which is expected because height position of the measurement points on plane C 
corresponds to the orifice position. Flow velocity vector with the largest magnitude of 
1.15m/s was measured on point 1-7, adjacent to the inlet orifice. Largest flow velocities 
were measured along the vortex next to the left and downstream pool cross-wall after 
which majority of the flow momentum is transferred to the downstream pool through the 
orifice. This part of the vortex is formed by two lines of measurement points along the 
left sidewall (rows 1-5, columns 1-2) and one line of points next to the downstream wall 
(5,3-5,7), with velocity magnitude on average 0.52m/s. On the point 5-1 flow velocity is 
negligible because it is situated between the orifice and the right sidewall, therefore 
relatively unaffected with the general flow field. The remainder of the vortex is formed 
by two lines of measurement points along the right sidewall and one line of measurement 
points along the upstream cross-wall (1,1-2,5 and 1,1-7,1). Flow velocity magnitude, on 
average, in this part of vortex is 0.36m/s. The middle part of the pool, points 3,2-5,4 also 
follow the direction of the large vortex, but velocities in this zone are negligible, on 
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average 0.26m/s.  

  
Figure 5. Plane view of flow velocity vectors for pool fishway model 125-45-10 at 

measurement planes A (left), B (centre) and C (right). 

The plane C is most appropriate for comparison of different fishway geometry due to the 
majority of fish species using bottom zone for migration. On the C plane flow velocity 
vectors have greatest magnitude, induced by the flow entering and exiting the pool, while 
on the other two upper planes, A and B, flow velocity field in general is of lower 
magnitude. Outside vortex is visible on both A and B planes, as well as low velocity 
zone in the inner pool. Size of the outside vortex is larger for the A and B plane than 
plane C - vortex is formed by two lines of measurement points along the downstream 
cross-wall, rather than one as for plane C. Consequently, the inner low velocity zone is 
smaller, spanning the points from 3,2 to 5,3. Average velocity of the outer vortex is 
0.30m/s and 0.31m/s for planes A and B, respectively, while in the inner zone flow 
velocity is less than 0.14m/s. It can be seen that orifice opening has influence on flow 
velocity field magnitude and size of the outer vortex – both flow velocity and vortex size 
are increasing with the increase of the orifice opening. Average flow velocity of the outer 
vortex of the model 125-45-8 is vortex is 0.23m/s, 0.28m/s and 0.47m/s for planes A, B 
and C, respectively, while in the inner zone flow velocity is less than 0.20m/s. Average 
flow velocity of the outer vortex of the model 125-45-12 is vortex is 0.39m/s, 0.42m/s 
and 47m/s for planes A, B and C, respectively, while in the inner zone flow velocity is 
less than 0.23m/s. The following figure shows comparison of flow velocity field for 
plane C of pool fishway with all analysed orifice sizes and the same slope (12.5%) and 
pool length (45cm).  

   
Figure 6. Plane view of flow velocity vectors for pool fishway model 125-45-8 (left), 125-45-10 

(centre) and 125-45-12 (right) at measurement plane C  

If comparison is made of the same slope (12.5%) and orifice size (10x10cm) and 
different pool lengths (45cm, 60cm and 90cm) similar flow velocity field characteristics 
are observed, with characteristic outer vortex. For all pool lengths the largest velocity 
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magnitudes were measured on the bottom plane C. For the pool length of 60 cm outer 
vortex is formed by two lines of measurement points along the left and downstream 
cross-wall, while on the right and the upstream cross-wall it is formed by three lines of 
measurement points (Figure 7). Low flow zone is then reduced to only 4 inner points 
(4,4-5,5). At the B plane outer vortex is smallest, formed by two lines of measurement 
points along the all of the pool walls, reducing the low flow zone to 9 inner points (3,3-
5,5). On the plane A outer vortex is formed by one line of measurement points along the 
upstream pool cross-wall, three measurement points along the left sidewall, and two 
measurement points along the right and downstream sidewall, with the low flow zone 
consisting of 8 inner points (3,2-5,5).  

For the pool length of 90 cm outer vortex has the largest area on the C plane: it is formed 
by two lines of measurement points along the left and upstream cross-wall, one 
measurement point on the downstream cross-wall and four measurement points on the 
right sidewall (Figure 7). Low flow zone is then reduced to only 7 inner points on one 
line (5,3-5,9). At the B plane outer vortex is smallest, formed by two lines of 
measurement points along the all of the pool walls, reducing the low flow zone to 14 
inner points along the 2 measurement lines (3,3-5,9). On the plane A outer vortex is 
formed by two measurement points along the left, right and downstream pool wall. 
Along the upstream cross-wall one there are no significant velocity magnitudes and are 
part of the low flow zone (3,1-5,9). 

  
Figure 7. Plane view of flow velocity vectors for pool fishway model 125-60-10 (left) and 125-

90-10 (right) at measurement plane C 

From the analysis it can be concluded that larger pools with same slope and orifice size 
area of low flow velocity increases. Flow velocity lower than 0.5m/s is favourable for 
rest of fish migrating through the fishway before continuing to next pool [26]. Therefore, 
this area is desirable to be as large as possible, and according to the applied scale this 
cut-off velocity in model conditions is 0.29m/s. The following figure (Figure 8) shows 
measured flow velocity vectors in measurement plane C with highlighted area of 
velocities <0.29m/s for model with slope 12.5%, length 60cm and different orifice 
openings. It can be seen that the largest area of resting flow velocities is for the smallest 
orifice, and smallest for largest orifice. For 8x8cm orifices low flow zone is adjacent to 
the inlet and outlet orifice, enabling fish to enter resting zone immediately upon entry to 
the pool, and exit the pool almost directly from it. For 10x10cm and 12x12cm orifices 
low flow zone is adjacent to the downstream orifice, but rather dislocated from the 
upstream orifice.  

Most important flow field characteristics for fishway with the steepest slope are 
summarized in the following table (Table 1), including discharge, maximum flow 
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velocity in the orifice, maximum flow velocity in the pool and percentage of the pool 
suitable for resting. 

   
Figure 8. Plane view of flow velocity vectors for pool fishway model 125-60-8 (left) 125-60-10 

(centre) and 125-60-12 (right) at measurement plane C with highlighted areas <0.29m/s 

Table 1. Flow velocity field characteristics 
Model 

Discharge 
[l/s] 

Maximum flow 
velocity in the 

orifice 
[m/s] 

maximum flow 
velocity in the 

pool 
[m/s] 

Pool area with 
v<0.29m/s [%] 

Pool-type 

125-45-8 6.5 2.39 2.24 45 
125-45-10 8.5 1.14 1.15 37 
125-45-12 11.5 1.05 1.13 35 
125-60-8 6.4 1.32 1.22 48 

125-60-10 9,0 1.10 1.15 34 
125-60-12 11.5 1.14 1.02 36 
125-90-8 5.9 1.17 1.26 61 

125-90-10 9.2 1.20 1.28 55 
125-90-12 12.9 1.35 1.29 34 

Vertical 
slot type 

125-45 17.7 1.21 0.88 49 
125-60 17.7 1.46 1.10 47 
125-90 17.7 1.35 1.05 27 

For all pool fishways flow at the inlet is concentrated next to the left sidewall, and highest 
velocities are measured along this wall. After colliding with the downstream wall flow 
is deflected towards the right side and downstream orifice, with still large velocity 
magnitude, but in smaller jet width. Majority of the flow momentum is transferred into 
the downstream pool, and part of it is deflected upstream in the pool along the right 
sidewall, forming clockwise vortex and consequently low flow velocity zone in the 
middle pool area. Largest flow velocities are concentrated in the bottom plane, while the 
lowest velocities occur in the surface layer. This flow characteristics are mutual to all 
pool fishway configurations. For vertical slot fishways flow is concentrated next to the 
right sidewall, following the shortest path between the inlet and outlet. Majority of the 
flow momentum is transferred into the downstream pool, while part of it is deflected 
upstream in the pool along the downstream cross-wall and left sidewall, forming counter-
clockwise vortex and consequently low flow velocity zone in the middle pool area. Flow 
field does not differ significantly between measurement planes, regarding flow velocity 
magnitude and direction. The following coneplot shows comparison of 3D flow velocity 
field for pool-type and vertical slot type fishway with same geometric and flow 
conditions (slope 12.5%, pool length 60cm Figure 9). 
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Flow depth in pools depends mostly on the orifice size and position, and less on the flow 
velocity characteristics. Average flow velocity through the orifice increases with 
increase in discharge, as well as head loss. Flow velocity increase rate is related to the 
local flow velocity next to the orifice that influences flow contraction and local loss. 
Flume experiments have shown that local variability of the flow field heavily influences 
the measurement quality and consequently the results. Instrument setup needs to be 
changed between the slower recirculation zone and accelerated slot zone. Transition 
between the recirculation zone and slot zone is not easily distinguished, therefore, the 
results have to be reviewed in real-time during survey to recognize the flow 
characteristics and adjust measurement accordingly. 

  
a)     b) 

  
c)      d) 

Figure 9. Coneplot of 3D flow velocity field for 125-60 pool-type and vertical slot type fishway 
with same geometric and flow conditions: a) 125-60-8, b) 125-60-10, c) 125-60-12, d) 125-60 

6. Conclusion 

Flume experiments conducted for series of fishway geometry and discharges have shown 
that complex flow field in fishways require detailed flow velocity measurements. 
Formation of the outer vortex and inner low flow zone needs to be measured with fine 
grid in order to accurately define the size of the vortex, low flow zone and transition 
between them. Special care needs to be taken near the orifice where the flow is deflected 



WMHE 2019                        16th International Symposium on Water Management and Hydraulic Engineering 

11 

into the downstream pool and contracted, which occurs in the vicinity of the orifice, 
making flow velocity measurements challenging if model scale is small. Therefore, 
investigations of flow pattern in the fishways must always be complemented with 
numerical model that can augment the information on the flow field collected in physical 
model. Vertical discretization of measurement planes is one more aspect that can be 
investigated in more detail if numerical model is used, considering that this research has 
shown significant differences of flow field in respect to its vertical position. For all 
models it was shown that highest velocities that affect the head loss, size of the vortex 
and rest zone are concentrated next to the pool walls. More turbulence is observed for 
smaller pool lengths, while in largest pools more energy is dissipated within the pool. 
Also, independent of the model it was shown that for pool fishways high velocity zone 
next to the downstream wall doesn’t exceed one point from the cross-wall. This might 
be key information for fishway design used to maximise the low flow zone in the pools. 
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