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a  b  s  t  r  a  c  t

Design  of  effective  fishways  is  becoming  increasingly  important.  This  paper  focuses  on the effect  of  the
angle  of  deflection  (�) between  small  and  large  baffles  in  a vertical  slot  fishway  (VSF).  A reliable  depth-
averaged  two-dimensional  numerical  model  PCFLOW2D  was  used  to perform  simulations  of  various  VSF
configurations,  including  six  angles  of  deflection,  two  slot  sizes,  two large  baffle  sizes  and  four  water  level
differences  between  adjacent  pools.  The  results  showed  the important  influence  of  �  on  depth-discharge
curves  and  maximum  velocities  at the  slot  which  both  strongly  affect  the fishway  efficiency.  With larger
�,  up  to 42%  smaller  discharges  and  up  to 33%  smaller  maximum  velocities  were  calculated.  In cases
with  small  �  and  larger  slot  sizes  much  greater  maximum  velocities  than theoretically  calculated  using
over  simplified  formula  were  modeled  (up  to 62%).  The  important  effect  of  transverse  displacement  of
ydraulic model
elocity field

the  slot  on  discharge  and  maximum  velocity  was evaluated.  As  expected,  the  most  important  parameter
that  determines  the  discharge  and  maximum  velocity  in  the  fishway  is  water  level  difference  between
adjacent  pools.  With  slot  layout  optimization  it is possible  to achieve  the  same  discharge  and  maximum
velocity  even  at  larger  water  level  differences  between  adjacent  pools which  obviously  reduce  fishway

construction  costs.

. Introduction

The purpose of fish migration is to reach suitable spawning
reas, find food, avoid adverse conditions, or simply to spread the
abitat of certain species. These migration routes become inter-
upted with the construction of a river dam. Effective fishways
ridge the interruption and thus greatly improve natural wildlife
orridors and biodiversity in the river.

Designers of fishways are confronted with contrary demands of
uropean directives dealing with preservation of wildlife corridors
nd biodiversity on one hand, and renewable energy on the other
and. EU Water Frame Directive (RL 2000/60/EC) aim is to restore
ater bodies to reach the good ecological status. Operation of any
shway bypass system means a reduction of the usable water for
ower production and therefore a long lasting negative economical
ffect to the producer. Therefore the aim is to design a biologically

ffective fishway while reducing the flow required for its operation.

The literature lists several different types of fishways, including
ature-like fishways and technical fishways, such as weir, Denil,
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culvert and vertical slot fishway (VSF) type (Larinier et al., 2002;
Maddock et al., 2013). The subject of this paper is the VSF type with
one vertical slot, similar to VSF types studied by Rajaratnam et al.
(1986,1992), which proved to be very effective for fish migration in
many cases (Bermúdez et al., 2010; Marriner et al., 2016; Puertas
et al., 2012; Rodriguez et al., 2006). A VSF is constructed in a sloping
rectangular, usually concrete channel, which is divided into a series
of pools by vertical baffles. Water travels from one pool to the next
through a vertical slot between two  baffles. In the slot region a
water jet with maximum velocity is formed, which also creates
recirculation regions in the pool with much smaller velocity where
the fish can rest before their way up through the next slot. The slot
opening extends from surface to the channel bed enabling fish and
other aquatic organisms to choose their favorable migration course.

The first VSF was constructed in Canada in 1961 (Wu  et al.,
1999). The first systematic study of flow in VSF was performed by
Rajaratnam et al. (1986, 1992), who investigated a total of 18 pool
designs with different pool width and length. They found the lin-
ear correlation between water depth and discharge. The equation
for the maximum velocity at the slot vmax = (2g�h)1/2 was pro-

posed (Rajaratnam et al., 1986). This relation was repeated in a
number of recent design manuals (Larinier, 2002; Maddock et al.,
2013), and studies (Calluaud et al., 2014; Liu et al., 2006; Puertas
et al., 2004). However, extensive field measurements and numer-
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M. Bombač et al. / Ecological Engin

Nomenclature

Notation
b0 Slot width [m]
Cq Discharge coefficient [−]
dx Short baffle pier width [m]
dy Short baffle pier length [m]
Dy Large baffle pier length [m]
g Gravity acceleration [ms−2]
h Water depth [m]
k Mean flow kinetic energy per unit mass [m2 s−2]
k’ Turbulent kinetic energy per unit mass [m2 s−2]
L Pool length [m]
ng Manning’s roughness coefficient [sm−1/3]
Q Discharge [m3 s−1]
Qspec Discharge per unit width [m2 s−1]
S0 Longitudinal slope [−]
vmax Maximum velocity in the slot of a VSF [ms−1]
vx Mean longitudinal velocity component [ms−1]
W Pool width [m]
x Longitudinal coordinate [m]
y Transverse coordinate [m]
� Angle of deflection between small and large baffle

[◦]
�h  Head difference between two adjacent pools [m]
�sy Transverse displacement of slot [m]
�t  Time step [s]
�x  Cell size in longitudinal direction [m]
�y  Dell size in transverse direction [m]
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ε Dissipation rate per unit mass [m2 s−3]

cal simulations by Bombač et al. (2015) showed this equation is
ased on a somewhat unrealistic assumption that the velocity in the
pstream pool is negligible (Bermúdez et al., 2010), and presented
esults indicating the actual maximum flow velocity at the slot
an reach up to values which are 50% higher from those obtained
rom vmax = (2g�h)1/2 equation. Velocities which are greater than
ssumed during the design process can cause several problems:
he weakest swimmers which present the velocity-decisive fish
annot migrate upstream, the discharge in the VSF is uneconomi-
ally higher, and finally some other fishway elements such as intake
tructure are non-optimal.

In this paper a detailed hydraulic study of several different slot
eometries shows the effect of the angle of deflection � between
mall and large baffles on the maximum velocity in the slot region
nd also on the flow field in the pool.

There is a number of researches dealing with the hydraulics of a
SF in terms of different parameters such as pool dimensions, slope
nd slot size (Bermúdez et al., 2010; Cea et al., 2007; Liu et al., 2006;
arriner et al., 2014, 2016; Rajaratnam et al., 1986, 1992; Rodriguez

t al., 2006; Tarrade et al., 2008, 2011), but none of these focused
n the angle of deflection � between small and large baffles. To
rovide some insight into this important parameter and thus enable
ptimization of a VSF design, the present study considers six angles
f deflection, two slot sizes, two large baffle sizes and four water

evel differences between adjacent pools.

. Material and methods

.1. Numerical model
Numerical simulations were performed using the PCFLOW2D
odel (Četina, 1988, 2000) which solves the depth-averaged shal-

ow water equations coupled with a turbulence model, as presented
eering 107 (2017) 126–136 127

in Bombač et al. (2015). In accordance with previous research by
Bombač et al. (2014) the depth averaged k − ε turbulence model of
Rastogi and Rodi (1978) was  used.

The same basic geometric data of the numerical model as in
research by Bombač et al. (2015) was used. Modeled VSF is a 2.2 m
wide channel with longitudinal slope S0 = 1.67% which is sepa-
rated by vertical baffles into pools of length L = 3.0 m with slots
between them (slot width b0 = 0.59 m).  Numerical model of VSF
consisted of nine active pools (each with length L = 3.00 m), an inlet
reach (0.5 x L) and an outlet reach (3.2 × L), as shown in Fig. 1. Such
model dimensions ensure uniform flow in the central pools, with
no potential effects of the model inlet and outlet boundary con-
ditions (Chorda et al., 2010; Liu et al., 2006). Comparison of flow
fields in adjacent central pools showed no differences. Therefore, all
presented numerical results refer to the fifth (middle) pool. Inves-
tigated configurations were variants of the geometry of the VSF at
the hydropower plant (HPP) Arto-Blanca, Slovenia (Fig. 1).

A relatively dense and uniform numerical mesh was  used
(�x = 0.01 m;  �y  = 0.02 m).  Such a dense mesh had to be used in
order to ensure results without any significant effect of numerical
diffusion (Bombač et al., 2014). To ensure numerical stability and
convergence, the time step was  set to �t  = 0.1 s. All simulations
were calculated to the final time of 3600 s.

At the inlet boundary a constant discharge with uniform velocity
distribution normal to the inlet was set. A depth-discharge rela-
tion at the outlet boundary was determined iteratively to obtain
the same water depth in middle sections of central pools (uniform
flow conditions). Influence of bed friction was described using Man-
ning’s roughness coefficient ng . As shown in Bombač et al. (2014),
bed friction does not play an important role for this type of flow.
A more detailed description of numerical mesh analysis, effect of
appropriate turbulence model and Manning’s roughness coefficient
can be found in Bombač et al. (2014), while a complete description
of the numerical model can be found in Četina (1988, 2000).

2.2. Model validation

Numerical model was  validated with field measurements of
the VSF at the HPP Arto-Blanca (Bombač et al., 2015). Results of
simulations were in good agreement with field measurements,
demonstrating that PCFLOW2D provides accurate simulations of
VSF flow and can be used for the optimization of such fishways.

2.3. Scope of the research

The present paper systematically focuses on various angles
between short and large baffles, and demonstrates that these angles
govern the flow in a slot. Our research considered three basic
groups of geometries. Each group included six variants of angles
between baffles, i.e. � = 0◦, 10◦, 20◦, 30◦, 40◦ and 50◦. Geometries
of the first group had slot width b0 = 0.59 m and large baffle length
Dy = 1.40 m (Fig. 2a). Geometries of the second group had smaller
slot width b0 = 0.30 m (Fig. 2b). Geometries of the third group dif-
fered from those in group one by the transverse displacement of
slot for �sy = 0.20 m to the center of the pool (Fig. 2c). This modifi-
cation meant shorter large baffle Dy = 1.20 m and for 0.20 m larger
small baffle.

In all those cases the head difference between adjacent pools
was relatively small, �h  = 0.05 m,  with the water surface slope
S0 = 0.0167.
Finally, three additional simulations were conducted to investi-
gate various head differences between pools, including �h = 0.10,
0.15 and 0.20 m for the basic geometry from group one with � = 20◦.
All cases are listed in Table 1.
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Fig. 1. Plan view of numerical model (above), details of a pool at the HPP Arto–Blanca (below). Dimensions are in meters.

Fig. 2. Geometries of studied groups of variants: (2a) group of base geometries with slot width b = 0.59 m;  (2b) group of geometries with smaller slot width b = 0.30 m; (2c)
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roup  of geometries with transverse displacement of the slot for �sy = 0.20 m to th

. Results and discussion

This section is divided into six sub-sections. Sections 3.1–3.4
eal with the effect the angle � has on those hydraulic parame-
ers which are most important in terms of VSF design. With this in

ind and to provide a clearer picture, these sub-sections consider
eometries of the first two groups (denoted S1A0 to S2A5 in Table 1,

hown in Fig. 2a and b).

Section 3.5 presents an analysis of the effect of transverse posi-
ion of the slot. Displacing the slot transversely away from the
0 0

er of the pool and slot width b0 = 0.59 m.  Dimensions are in meters.

longitudinal wall of the VSF (i.e. lengthening the short baffle, see
Fig. 2c) changes the flow velocity fields significantly.

Cases in Sections 3.1–3.5 are characterized by relatively small
�h between adjacent pools, while Section 3.6 presents cases with
greater �h  and its effect on the VSF velocity field. Four variants of
�h are compared for both the same shape and size of baffles.
3.1. Depth-discharge curves

Depth-discharge curves were calculated for all geometries in
the first two  groups (cases S1A0 to S2A5), and their comparison
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Table  1
Cases of pool geometry simulated using PCFLOW2D numerical model.

case slot width b0 [m]  slot angle � [◦] large baffle length Dy [m]  head difference between pools �h [m]  surface slope S0 []

S1A0 0.59 0 1.40 0.05 0.0167
S1A1  0.59 10 1.40 0.05 0.0167
S1A2  0.59 20 1.40 0.05 0.0167
S1A3  0.59 30 1.40 0.05 0.0167
S1A4  0.59 40 1.40 0.05 0.0167
S1A5  0.59 50 1.40 0.05 0.0167
S2A0  0.30 0 1.40 0.05 0.0167
S2A1  0.30 10 1.40 0.05 0.0167
S2A2  0.30 20 1.40 0.05 0.0167
S2A3  0.30 30 1.40 0.05 0.0167
S2A4  0.30 40 1.40 0.05 0.0167
S2A5  0.30 50 1.40 0.05 0.0167
S3A0  0.59 0 1.20 0.05 0.0167
S3A1  0.59 10 1.20 0.05 0.0167
S3A2  0.59 20 1.20 0.05 0.0167
S3A3  0.59 30 1.20 0.05 0.0167
S3A4  0.59 40 1.20 0.05 0.0167
S3A5  0.59 50 1.20 0.05 0.0167
S1A2H2 0.59 20 1.40 0.10 0.0333
S1A2H3 0.59 20 1.40 0.15 0.0500
S1A2H4 0.59 20 1.40 0.20 0.0667

Denotations S, A and H in Table 1 mean slot, angle and head, respectively.
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Table 2
Values of coefficients x1, x2, x3, x4 and x5 for geometry groups a and b.

coefficient values for b0 = 0,59 m values for b0 = 0,30 m

x1 1.39648485 1.00503411
x2 0.10226141 0.03460622
x3 −0.00717306 −0.00158651
x4 −0.01514534 −0.00509518
x5 −0.00013413 −0.00005663
Fig. 3. Depth-discharge relationships for cases S1A0 to S2A5.

s given in Fig. 3. The first group with slot size b0 = 0.59 m con-
eyed discharges Q = 0.4, 0.8, 1.2, 1.6 and 2.0 m3s−1, while the
econd group with smaller slot size b0 = 0.30 m conveyed smaller
ischarges Q = 0.2, 0.4, 0.6, 0.8 and 1.0 m3s−1. This means the results
re comparable since the specific discharges (per slot width) are the
ame for both geometries (S1 and S2 in Table 1). Depth-discharge
urves are presented in Fig. 3.

Fig. 3 confirms that discharge Q in a VSF is practically linear to
ater depth h (Chorda et al., 2010; Rajaratnam et al., 1986, 1992;
u et al., 1999), and can be described in terms of Q = k · h(where k

s a coefficient). A more hydraulically suitable equation is:

 = Cq · b0 · h ·
√

2 · g · �h  (1)

The coefficient Cq in Eq. (1) depends both on the angle of deflec-
ion � and water depth in the pool h, and can be expressed as:

q = x1 + x2 · h + x3 ·  ̨ + x4 · h2 + x5 · ˛2 (2)

A set of values of the coefficients x1, x2, x3, x4 and x5 in Eq. (2)
hanges for each separate group of geometry (i.e. slots a, b and c

n Fig. 2), as shown in Fig. 4. A set of coefficients values is given in
able 2.

Figs. 3 and 4 indicate that the flow strongly depends on the
ngle of deflection �. However, � is not taken into consideration
in the theoretical equation vmax = (2g�h)1/2 and this could be an
explanation why  this equation is not adequate. Increasing angle �
decreases discharge capacity, so that at � = 50◦ (case S1A5, Table 1)
discharge amounts only to 57.6% of the value at � = 0◦ (case S1A0).
It should be noted that in VSF the angle of deflection � should be
between 20◦ (for small fishways, as stated by Gebler (1991)) to 45◦

(Larinier, 1992; Rajaratnam et al., 1986). In our study the small-
est angles � were below that limit, including � = 0◦ and � = 10◦, to
allow determination of reference values and trends of hydraulic
characteristics.

Flow characteristics are very similar for various discharges or
depths. An example for case S1A2 is given in Fig. 5.

It is evident from Fig. 5 that the only significant difference of
flow field is the maximum velocity − its value is greater for the
cases with greater discharge.

Calculated longitudinal velocity components vx at cross section
x = 0.5 m for discharges Q = 0.4, 0.8, 1.2, 1.6 and 2.0 m3 s−1 for case
S1A2 are shown in Fig. 6. Increasing the discharge for as much as
400% resulted in only 12% higher maximum velocity.

Water surface elevations within VSF are dependent only on the
water level at both upstream and downstream end of the VSF. If all
slots are the same, than the water surface slope along them is the
same. In other words, flow depth depends on the water levels at
both ends of the VSF, while the shape of the slots determines the
discharge. Therefore, to compare the effect of variants of geometry
one has to consider results obtained for cases with equal depth of
the flow. We  chose to compare cases with h = 1.30 m, as described
in the following sections.
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Fig. 4. Discharge coefficient Cq for cases with slot width b0 = 0.59 m (left) and for cases with slot width b0 = 0.30 m (right).
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Fig. 5. Velocity vectors and calculated isovels in the central poo

.2. Effect of angle of deflection between baffles on discharge in
SF

As mentioned, angle of deflection between baffles strongly
ffects the discharge in VSF. Fig. 7 shows the discharge for vari-
nts of � in the normalized relation to the referential case of � = 0◦.

hen � increases, discharge decreases. In cases with b0 = 0.59 m
he increase of � resulted in greater decrease of discharge than
n the cases with b0 = 0.30 m.  For both b0 the increase of � = 0◦ to

 = 10◦ caused only a fraction smaller discharge. At � = 50◦ the dis-
harge for case b0 = 0.59 m (case S1A5) and b0 = 0.30 m (case S2A5)
as 42.4% and 18.6%◦, respectively, smaller than at � = 0.

Fig. 8 shows relations Q(�) for b0 = 0.30 m and 0.59 m,  respec-
ively, both relations are given for h = 1.30 m.  It is evident that at
mall angles � discharges in slots with wider opening are almost
hree-times bigger than in slots with narrower opening. This can
e attributed to the contraction of the flow, which has relatively

arger effect in smaller openings.

To get a better comparison one needs to consider discharge per

nit width of b0 (Fig. 9). Interestingly,
this specific discharge at � = 0◦ through narrower opening is 27%

maller than through wider opening, but the difference decreases
SF for discharges Q = 0.4, 0.8, 1.2, 1.6 and 2.0 m3s−1 (case S1A2).

as � increases, and finally at � = 50◦ the specific discharge through
narrower opening is 3% larger than through wider opening.

Table 3 summarizes discharges and maximum velocities for all
cases with h = 1.30 m.

3.3. Effect of angle between baffles on maximum velocity in the
slot

One of the most important hydraulic parameters affecting the
overall effectiveness of a VSF is the maximum velocity of the flow.
It has to be smaller than the burst speed of the weakest fish migrat-
ing through VSF. Velocity of the flow reaches its maximum in the
opening between slots, and is highly dependent on the angle of
deflection between baffles, as the present study indicates. Fig. 10
shows the relation between the maximum velocity and the angle of
deflection for geometries type a and type b. It is evident the value of
maximum velocity vmax is greater at smaller angle �, and decreases
as � increases. Larger angle between baffles directs the flow to cir-

culate into the region between larger baffles, resulting in greater
dissipation of energy and thus smaller velocities. At smaller angles
this effect is much smaller and the kinetic energy is transported to
the next slot almost without dissipation.
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Fig. 6. Calculated longitudinal velocity components vx at cross section x = 0.5 m for discharges Q = 0.4, 0.8, 1.2, 1.6 and 2.0 m3s−1 (case S1A2).

Table 3
Hydraulic characteristics in VSF slots for simulations with water depth h = 1.30 m.

Case discharge Q [m3 s−1] max. velocity vmax [ms−1]

S1A0 1.094 1.603
S1A1 1.076 1.564
S1A2 1.000 1.479
S1A3 0.874 1.336
S1A4 0.746 1.194
S1A5 0.630 1.066
S2A0 0.397 1.143
S2A1 0.394 1.105
S2A2 0.390 1.070
S2A3 0.364 1.009
S2A4 0.333 0.932
S2A5 0.323 0.918
S3A0 0.915 1.356
S3A1 0.907 1.324
S3A2 0.851 1.252
S3A3 0.770 1.167
S3A4 0.669 1.047
S3A5 0.579 0.944
S1A2H2 1.398 2.080
S1A2H3 1.586 2.532
S1A2H4 1.765 2.937

Fig. 7. Normalized discharge Q/Q0 (where Q0 means Q(� = 0◦) in relation to ˛.

Fig. 8. Relation Q(�) for both variants of b0, with h = 1.30 m.
Fig. 9. Relation between discharge per unit width (Qspec . = Q/b0) and � for h = 1.30 m.

In all observed cases of the present study the maximum veloc-

ity was  greater than the theoretical value obtained from equation
vmax = (2g�h)1/2. This can be attributed to the fact that this equa-
tion considers neither � nor b0, although both affect the velocity, as
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Fig. 10. Maximum velocity v max of the flow with h = 1.30 m for both openings b0

and various angles �.
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of the slot for 0.20 m results in an average 14% reduction of maxi-
ig. 11. Difference between PCFLOW2D and theoretical values of v max at h = 1.30 m.

ig. 10 shows. The difference between PCFLOW2D and theoretical
alues of vmax is given in Fig. 11.

In variant S1A0 the difference amounts to as much as 62%.
his difference decreases as � increases, finally amounting to 8%
t � = 50◦ (case S1A5). Interestingly, the difference between v max

alues is significantly smaller for smaller slot sizes (cases S2). In
ase of S2A0 the PCFLOW2D value of vmax is 15% greater than the
heoretical, but becomes even 7% smaller than theoretical in case
ith � = 50◦ (case S2A5). Results clearly show that the size of the

lots affects the dissipation of kinetic energy of the flow and can
 combined with smaller angles of deflection − lead to maximum
elocities which are significantly larger than theoretical values of
max = (2 g�h)1/2. This difference underlines the important role of
ydraulic modeling at optimizing the design of VSF.

Fig. 12 shows the effect of angle of deflection on longitudi-
al location of the profile with maximum velocity. It is evident
hat maximum velocity takes place at a more downstream loca-
ion when � is larger. This follows from the fact that maximum
elocity occurs in the region of smaller baffle, which is positioned
arther in the downstream direction when � is larger.

.4. Effect of angle between baffles on flow field in VSF

Angle between baffles and the size of the slot both significantly
ffect not only discharge and maximum velocity but also flow char-

cteristics such as flow field, recirculating flow region, turbulent
inetic energy k’, and dissipation of turbulent kinetic energy ε.
mong the characteristics mentioned, this paper focuses only on
Fig. 12. Location of the profile with maximum velocity for h = 1.30 m and b0 = 0.59 m.

the flow field. Calculated isovels in the central pool of the VSF for
all geometries with �h  = 0.05 m are shown in Fig. 13. In this section,
only the first two columns of the figure (geometries of group a and
b) will be discussed, while the third column, showing the effect
of the displacement of the slot (geometries c) will be discussed
separately in Section 3.5.

Fig. 13 shows that increasing the angle of deflection changes
direction of the flow towards the wall opposite to the smaller baffle,
causing recirculation zone between larger baffles to decrease, while
the recirculation zone between smaller baffles increases. This effect
is more evident in variants with smaller slot width (geometries
group b) than in those with larger slot width (group a). In case S2A5
the recirculation zone between larger baffles almost disappears, but
at the same time a larger one appears behind the smaller baffle.

Figs. 14 and 15 shows calculated longitudinal velocity com-
ponents vx at different cross sections. In variants with slot
width b0 = 0.59 m (Fig. 14) the velocity profiles are similar for all
angles. Maximum velocities decrease as the angle between baffles
increases. Differences between maximum velocities increase as the
angle increases (the difference between variants S1A0 and S1A1 is
small).

In variants with slot width b0 = 0.30 m (Fig. 15) the velocity pro-
files are similar for angles up to � = 30◦, but change significantly
when � = 40◦ and � = 50◦. The main flow (and with it also the
maximum velocities) turns towards the lower (i.e. right-side) wall,
especially in the variant with � = 50◦.

3.5. Effect of transverse displacement of the slot

To investigate this effect the slot was  transversely displaced
0.20 m towards the centerline of the VSF, as shown in Fig. 2c, cre-
ating six geometry variants (group c) with longer small baffles and
shorter large baffles. Resulting discharges and maximum velocities
are listed in Table 3 (cases S3A0 to S3A5). The results show that dis-
charge capacity of the VSF decreases as the slot is displaced towards
the axis, as shown in Fig. 16.

It is evident that displacement of the slot for 0.20 m towards
the centerline of the VSF reduces its discharge capacity for 13% on
average. The largest reduction �Q  takes place at � = 0◦ amounting
to 16%, while larger � causes this reduction to decrease and finally
reach 8% at � = 50◦.

Comparison of maximum velocities in initial geometries and in
variants with transversely displaced slot is given in Fig. 17.

Velocities act similarly to discharges: transverse displacement
mum velocities. The largest reduction �v max takes place at � = 0◦

amounting to 15%, while larger � causes this reduction to decrease
and finally reach 11% at � = 50◦.
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Fig. 13. Calculated isovels in the central pool of the VSF.
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Fig. 14. Calculated longitudinal velocity components vx at cross sections x = 0.5, 1.0, 1.5, 2.0 and 2.5 m for geometries with slot width b0 = 0.59 m and different angle between
baffles  � = 0◦ , 10◦ , 20◦ , 30◦ , 40◦ and 50◦ .

Fig. 15. Calculated longitudinal velocity components vx at cross sections x = 0.5, 1.0, 1.5, 2.0 and 2.5 m for geometries with slot width b0 = 0.30 m and different angle between
baffles  � = 0◦ , 10◦ , 20◦ , 30◦ , 40◦ and 50◦ .
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Calculated isovels in the central pool of the VSF are shown in
he third column in Fig. 13. Displacing the slot towards the VSF
xis changes direction of the flow towards the wall opposite to
he smaller baffle, causing recirculation zone between larger baffles
o decrease, while the recirculation zone between smaller baffles
ncreases. This effect is the largest when � = 50◦. In case S3A5 the
ow hits the lower (i.e. right-side) wall and interrupts larger recir-
ulation zone between larger baffles, while in case S1A5 the flow
oves closer to the left wall, i.e. more in the region between the

lots.

.6. Effect of water level difference between adjacent pools
All cases described in previous sections had relatively small �h
etween adjacent pools. Such �h  was chosen on the basis of the ref-
rential VSF that operates at HPP Arto-Blanca, and it is this rather
small �h  that leads to small velocities and thus allows migration
of weaker swimmers. However, also VSFs with larger �h  are being
constructed or already are quite common, as larger �h  require
fewer slots to achieve a given difference between upstream and
downstream elevation (of course, only better swimmers can cope
with larger �h).

Results of simulations with �h = 0.10, 0.15 and 0.20 m are pre-
sented in Table 3 (cases S1A2H2, S1A2H3, and S1A2H4) and are
compared with the case S1A2 where �h  = 0.05 m.  Fig. 18 shows
how the discharge increases with �h.

At the same depth of the flow the discharge at �h = 0.20 m is 77%
larger than at �h  = 0.05 m.  Even more pronounced is the increase

of maximum velocities, as shown in Fig. 19.

It is evident that at �h  = 0.20 m the maximum velocity is 99%
larger than at �h  = 0.05 m.
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Fig. 16. Discharge at h = 1.30 m and b0 = 0.59 m for different transverse positions of
the  slot.

Fig. 17. Maximum velocities vmax for h = 1.30 m and b0 = 0.59 m with various dis-
placements of the slot.
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Fig. 18. Discharge at h = 1.30 m, b0 = 0.59 m,  � = 20◦ for �h = 0.05, 0.10, 0.15 and
0.20  m.

discharges for two observed slot sizes. At small � discharge is
almost three times bigger for the twice as wide slot opening.
This is a consequence of side contraction of the jet at the slot
which has bigger relative effect at smaller openings and higher
Calculated isovels in the central pool of the VSF are shown in
ig. 20. Increasing �h  between adjacent pools leads to the signif-
cant increase of velocities in the zone between slots, while other
arts of the flow remain mostly unaffected. This can be attributed
o the characteristics of the observed geometry (i.e. case S1A2
ith relatively small angle between baffles and relatively large slot
idth), as water flows practically straight between the slots and

here is no major circulation of the main flow. More comprehen-
ive evaluation of the effect of �h  requires additional hydraulic
odeling of specific cases of VSFs.
Fig. 20. Calculated isovels in the central pool of the VSF at h = 1.30
Fig. 19. Maximum velocities vmax at h = 1.30 m,  b0 = 0.59 m,  � = 20◦ for �h = 0.05,
0.10, 0.15 and 0.20 m.

4. Conclusions

Fish friendly flow conditions are necessary in an effective fish-
way. Research presented in this paper underlines the important
influence of slot layout on flow characteristics. The following main
conclusions can be drawn:

1) Depth discharge curves are strongly affected by the angle of
deflection (�) between small and large baffles in a vertical slot
fishway. So far − to our best knowledge − this effect has not
been examined yet. With larger � up to 42% smaller discharges
were obtained. There is also a big difference between specific
 m,  b0 = 0.59 m,  � = 20◦ for �h = 0.05, 0.10, 0.15 and 0.20 m.
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Wu,  S., Rajaratnam, N., Katopodis, C., 1999. Structure of flow in vertical slot
fishway. J. Hydraulic Eng. 125 (4), 351–360, http://dx.doi.org/10.1061/
(ASCE)0733-9429(1999)125:4(351).
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velocities (which are achieved at smaller �). There is also more
energy dissipation in cases with smaller slots. At both geometry
groups discharge drops with larger �, but for the wider opening,
this effect is twice as large.

) Angle of deflection strongly influences another important flow
characteristic − maximum velocity. Up to 33.5% smaller vmax

were obtained with larger �.
) Maximum velocities calculated with PCFLOW2D model were

significantly greater than analytically predicted by the over sim-
plified formula. If velocities greater than predicted occur in the
fishway, passage for the weakest swimmers is hindered or even
prevented. This demonstrates the importance of hydraulic mod-
eling in the process of an effective fishway design.

) Even a relatively small change in the slot geometry (e.g. trans-
verse displacement) can have a big impact on flow conditions
in a fishway. Transverse displacement of the slot for 0.2 m
decreases discharge for 8% to 16% and also decreases maximum
velocities for 11% to 15%.

) As expected the most important parameter that determines the
discharge and maximum velocity is the water level difference
between two  adjacent pools (along with the slot dimension). At
the same depth of the flow the discharge at �h  = 0.20 m is 77%
larger than at �h  = 0.05 m.  Even more pronounced is the increase
of maximum velocities. At �h  = 0.20 m the maximum velocity is
99% larger than at �h  = 0.05 m

) Optimization of VSF pool layout, especially the slot area, can
allow reduction of cost in the construction of fishways, as it
can lead to a design resulting in similar flow conditions at
larger water level difference between adjacent pools and thus
to smaller number of required pools.
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