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Running Head: Flow fields at curved-bar racks for fish guidance

Hydraulic performance of fish guidance structures with curved bars – Part
2: Flow fields
ABSTRACT
The current geometric designs of fish guidance structures with vertical bars for run-of-river hydropower
plants result in high head losses and asymmetric turbine admission flow. To address these issues, we
develop innovative curved bar designs and experimentally investigate different rack configurations with
curved bars in a laboratory flume. The present paper (part II) focuses on the hydraulic performance of the
novel curved bar designs with regard to flow fields, while the companion paper (part I) reports the results
on the head losses. The detailed flow fields obtained by 3D velocity measurements show that the curved
bars promote flow conditions favourable for both fish guidance and turbine operation. The flow
straightening effect of the curved bars leads to quasi-symmetrical turbine admission flow and reduced
head losses. The findings are discussed with regard to fish protection and guidance, and optimal
engineering application.

Keywords: curved-bar rack; fish downstream migration; fish guidance; flow field, hydraulic
perfomance
1

Introduction

Fish Guidance Structures (FGSs) with vertical bars are effective mechanical and behavioural
barriers to protect and guide downstream migrating fish at water intakes (Bates & Vinsonhaler,
1957; Electric Power Research Institute [EPRI] & Dominion Millstone Laboratories [DML],
2001; Amaral, Winchell, McMahon, & Dixon, 2003; Boes & Albayrak, 2017). However, the
current geometric design of these FGSs cause high head losses and unfavourable up- and
downstream flow fields, which are critical factors for the successful implementation of FGSs at
run-of-river HydroPower Plants (HPPs) (Raynal, Chatellier, Courret, Larinier, & David, 2013;
Moretti, 2015; Albayrak, Kriewitz, Hager, & Boes, 2017). To address these issues, we develop
innovative curved bar shapes for FGSs and investigate their hydraulic performances in a
laboratory flume. Part I of this study reports the results on the head losses (Beck, Albayrak,
Meister, & Boes, 2019) while the present paper (part II) focuses on the flow fields around the
FGSs with the novel curved bars. In the following, a brief literature review on FGSs, their
hydraulic performance and Fish Guidance Efficiency (FGE) are presented and the research gaps
are highlighted.
Fish guidance structures are bar racks installed in front of a water intake at an angle to the flow
direction in plan view, α = 15° ÷ 30°. Depending on the bar angle to the flow direction β in plan
view (also called flow attack angle), FGSs are classified as louvres with β = 90°, angled bar

racks with β = 90° − α, and Modified angled Bar Racks (MBRs) with β ≠ 90° − α (cf. Fig. 1 in

Beck et al., 2019; Amaral, 2003; EPRI & DML, 2001; Raynal et al., 2013; Albayrak et al.,
2017). The clear bar spacing typically ranges between s = 25 ÷ 100 mm. These FGSs induce

hydraulic cues such as turbulent shear zones around the bars, deflecting the flow along the rack
leading to a higher velocity component parallel to the rack vp compared to the velocity

component normal to the rack vn (EPRI & DML, 2001; Kriewitz 2015). When approaching a
FGS, fish perceive these hydraulic cues, react with avoidance and follow vp toward a bypass
system at the rack foot (Amaral, 2003). The bar and rack angles, bar shape, clear bar spacing and
bypass design are essential parameters strongly influencing the hydraulic performance, i.e. upand downstream flow fields and fish guidance efficiency of the FGSs.
The flow field upstream of various FGSs was investigated by means of laboratory experiments
(Katopodis, Ead, Standen, & Rajaratnam, 2005; Shepherd, Katopodis, & Rajaratnam, 2007;
Chatellier, Wang, David, Courret, & Larinier, 2011; Raynal et al., 2013; Albayrak, Kriewitz,
Beck, & Boes, 2015). These studies report that the flow velocity increases toward the bypass,
reaching up to Umax = (1.6 ÷ 2.5) Uo for louvres and (1.2 ÷ 1.6) Uo for MBRs, depending on the
rack angle and the bypass operation, with Umax = maximum mean flow velocity and Uo = mean
approach flow velocity (Bates & Vinsonhaler, 1957; Ducharme, 1972; EPRI & DML, 2001;

Shepherd et al., 2007 and Albayrak et al., 2015). The results from field and laboratory tests with
live-fish revealed that the FGE through a bypass could be impaired by unfavourable hydraulic
conditions at the bypass entrance, i.e. locally decreased flow velocities, even if fish guidance
along the rack was high. The ratio of approach flow velocity to bypass entrance velocity of 1.1 ÷
1.5 is recommended for louvres (United States Bureau of Reclamation USBR, 2006) and is
expected to be similar for other FGSs. Albayrak et al. (2015) further report a strong flow
deflection for louvres leading to a non-uniform flow distribution along the rack and a negative
transverse component through the rack of up to −0.5 Uo directly in front of the bypass entrance.
Despite similar flow patterns, Albayrak et al. (2015) also report that flow deflection and
acceleration reduced and flow diversion through the rack was more uniform along the rack for
MBRs compared to louvres. To allow fish to actively remain in front of the rack and hence avoid
fish entrainment through the rack, Bates & Vinsonhaler (1957) suggest that vn should be smaller
than the sustained swimming speed of fish, which is around 0.5 m s-1 for many fish but can be
lower for small fish or eels (Ebel, 2016). Courret & Larinier (2008) further proposed the
criterion of vp/vn > 1 along the rack to effectively guide fish along the rack toward the bypass.
Various studies link the observed fish behaviour to hydrodynamic cues such as spatial velocity
gradients or turbulence flow characteristics (Enders, Gessel, Anderson, & Williams, 2012; Silva,
Katopodis, Tachie, Santos, & Ferreira, 2016). Haro, Odeh, Noreika, & Castros-Santos (1998)
and Nestler, Goodwin, Smith, Anderson, & Li (2008) observed that fish avoided sudden velocity
changes and used mild velocity gradients to optimize their energy expenditure during migration.

Studies report significantly increased FGE when bypass design and operation are adapted to
meet the above mentioned criteria (Nestler et al., 2008; USBR, 2011). Furthermore, live-fish
experiments revealed higher FGEs for louvres of small angle α = 15°, leading to milder velocity
gradients compared to louvres with larger angles (α = 45°) (EPRI & DML, 2001; Amaral et al.,
2003). A recent study demonstrates that the FGEs are significantly higher for MBRs than for
louvres for European fish species (Boes, Albayrak, Kriewitz, & Peter, 2016).
Energy losses originate not only from the rack head losses but also from decreased turbine
efficiency associated with the rack effect on the downstream flow. The flow field properties at
the turbine intake significantly affect the turbine efficiency. According to Godde (1994), the
following criteria for the turbine admission flow should be met for a symmetrical flow
distribution and hence high turbine efficiency: (i) The mean flow velocity in each intake
quadrant should not deviate by more than 10% from the mean admission flow velocity, (ii) the
mean flow discharge in each vertical intake half should amount to between 47.5% and 52.5% of
the total admission flow discharge. Raynal et al. (2013) reported a highly asymmetric flow field
downstream of an angled bar rack with α = 45°, with a large recirculation zone on the flume
side downstream of the rack foot leading to accelerated flow on the opposite flume side.
Kriewitz (2015) and Moretti (2015) reported similar flow patterns for louvres and MBRs. Bates
and Vinsonhaler (1957) suggested flow straightening vanes to reorganize the flow downstream
of a louvre, eliminate the backwater effect, and achieve an evenly distributed flow diversion
toward the turbines. Shepherd et al. (2007) introduced curved bars and showed that these
improved the upstream flow field with Umax = 1.7 Uo compared to the rectangular bars with Umax
= 2.5 Uo. Although the authors did not quantify the downstream flow fields, these results
indicate that curved bars can be an alternative to vanes not only for louvres but also for MBRs.
In the present study, we therefore developed and tested racks with innovative curved bar shapes
(termed ‘Curved-Bar Racks’ (CBRs) hereafter) to further improve the hydraulic performance of
such FGSs. This paper reports the results from the systematic laboratory investigation of CBRs
with a focus on (i) effects of basic rack and bar shape parameters on the flow field; (ii) effects of
top, top & bottom, and bottom overlays; and (iii) the implications of the findings for an optimum
engineering design of FGSs. Optimizing the design of FGSs will not only lead to a higher FGE
but also mitigate negative economic impacts on hydropower production from head losses and
asymmetric turbine admission flow.
2

Experimentation

Velocity measurements were conducted at a 1:2 Froude-scaled detail model in an open channel
flume. A detailed description of the flume setup is given in the accompanied paper of Part I
(Beck et al., 2019).

2.1

Parameter range and test programme

A top view of the experimental set-up and the velocity measurement grid is shown in Fig. 1a.
The flume coordinates in the streamwise, spanwise and vertical directions are defined as x, y and
z, respectively (Fig. 1a), while the rack coordinates in the rack normal, parallel and vertical
directions are x', y' and z, respectively (grey line in Fig. 1a). Two types of curved bars differing
from each other with an angle of attack β = 45° and 90° were used. Both bar types have an
outflow angle of δ = 0° parallel to the downstream channel walls (Fig. 1b). The bars are rounded
at both ends with r = t/2 and have a thickness t = 10 mm and a bar depth d = 100 mm at
prototype scale. The investigated CBRs were horizontally angled to the flow with α = 15°, 30°
and 45° with corresponding rack lengths of lR = 1.93 m, 1.0 m and 0.71 m, respectively.
Additionally, the effects of top and/or bottom overlays with overlay height hTo and hBo, on the
flow field were investigated. The relevant hydraulic parameters are the flume width wch, the
approach flow depth ho and the approach flow velocity Uo = Q/(ho·wch).
The test matrix included CBR configurations with α = 15°, 30° and 45°, β = 45° and 90° and
clear bar spacing s = 0.025 m (s = 0.05 m in prototype, Table 1). The dimensionless bar spacing
is defined as σ = t/(t + s) = 0.17. The effect of overlays was investigated for one CBR
configuration with α = 30°, β = 45° and s = 0.05 m. Relative overlay heights of hTo/ho or hBo/ho =
10, 15, 25% were tested for top and bottom overlays separately. For the combination of top and
bottom overlays, hv/ho = 20 and 30% were considered corresponding to 10% and 15% for each
top and bottom overlay, respectively, with hv = hTo + hBo. Identical to the companion paper (Part
I), all CBR configurations were tested at a steady approach flow depth ho = 0.4 m for a discharge
of Q = 100 l s-1 resulting in an averaged approach flow velocity Uo = 0.5 m s-1, a bar Reynolds
number Rb = t ∙ Uo/ν = 2,500 with ν = 1.01∙10-6 for water of 20°C, approach flow Reynolds
number R = 4∙ Rh ∙ Uo/ν = 3.1 ·105 based on the hydraulic radius Rh = h ∙ wch/(2h + wch), and the
approach flow Froude number F = Uo/(g ∙ ho)0.5 = 0.25 (all previous numbers in model
dimensions).
2.2

Experimental procedure

The streamwise u, spanwise v, and vertical w instantaneous velocities were measured with a
down-looking Acoustic Doppler Velocimetry probe (ADV; Sontek) at 25 Hz for a sampling
period of 30-120 s. Post-processing was carried out with WinADV, data points with less than
70% correlation were excluded and all data were de-spiked with the Goring & Nikora filter
(Lane, S. M., Biron, K. F., Bradbrook, K. F., Butler, J. B., Chandler, J. H., Crowell, M. D.,
McLelland, S. J., Richards, K. S., & Roy, A.G., 1998; Goring, D. G. & Nikora V. I., 2002). The
time-averaged velocity components in streamwise, spanwise and vertical directions are denoted
by U, V and W, respectively, so that the resulting velocity Ur = (U2 + V2 + W2)0.5.

Due to geometrical restrictions of the ADV probe, measurements were taken at least 0.05 m
away from each flume wall and 0.06 m below the water surface. For the six basic CBR
configurations without overlays (Tests A1-A6), flow velocities were measured in three
horizontal planes at z/ho = 0.25, 0.50, 0.75 (Table 1). The streamwise distance between
measuring points was 0.1 m in the vicinity of the rack and 0.5 m further up- and downstream,
while the spanwise distances were 0.1 m and 0.2 m, respectively. Additional measurements were
taken along the rack at a perpendicular distance of 50 mm upstream of the rack. The velocity
components in x', y' and z directions, i.e. the rack coordinate system (grey line in Fig. 1a), are
denoted by vn, vp and vz, respectively. To assess the turbine admission flow distribution, flow
velocities were measured at several cross sections downstream of the rack.
Various blockage ratios of top, top & bottom, and bottom overlays were investigated only for
test A3. This configuration was selected since its rack head loss coefficient ξR is the lowest
amongst others (cf. Table 1 and Beck et al., 2019) and its FGE is expected to be similar to the
high FGE of the corresponding MBR configuration tested with various fish species (Boes &
Albayrak, 2017). To assess the effect of overlays on the flow field, velocity measurements were
conducted in the horizontal plane close to the bottom at z/ho = 0.075 for the bottom overlay and
close to the water surface at z/ho = 0.85 for the top overlay (Tests B1-B6, Table 1).
3
3.1

Results
Up- and downstream flow fields

Figure 2 shows the time-averaged longitudinal and transversal flow velocities U and V
normalized by Uo for the tests A3 and A4 measured at z/ho = 0.5. The rack starts affecting the
flow distribution from approx. x/ho = −3.25. Starting at the rack head (x/ho = −2.5) velocities
gradually increase to the maximum value Umax = 1.27 Uo and Umax = 1.87 Uo toward the rack
foot for β = 45° (A3) and β = 90° (A4), respectively (Fig. 2a and c, Table 2). The projected area
of the bars in the flow cross section decreases with decreasing β values, resulting in a mild flow
deflection and a more gradual velocity increase for A3 compared to A4.
The maximum spatial velocity gradient toward the rack foot is (ΔUr/Δx)max = 0.7 s-1 for A4,
which is significantly higher than for A3 with (ΔUr/Δx)max = 0.4 s-1. Positive transverse
velocities V along the upstream side of the rack are observed for both A3 and A4 (Fig. 2b and d).
Although V decreases toward the rack foot, it remains positive.
For A4 with β = 90° the more pronounced upstream flow deflection leads to negative transverse
flow velocities of up to −0.8 Uo and highly asymmetric flow distribution with a return flow zone
downstream of the rack, which extends up to the end of the experimental flume (x/ho = 5.5) (Fig.
2c). Compared to A4, the more mildly curved bars of A3 with β = 45° cause a strong flow

straightening effect resulting in a quasi-symmetrical velocity distribution downstream of the rack
with only a slight velocity decrease close to the left channel wall (Fig. 2a). The up- and
downstream flow fields described for A3 and A4 are similar for A1, A5 with β = 45° and A2, A6
with β = 90°, respectively (Table 2).
3.2

Flow field along the rack

Figure 3 shows the velocity components vn, vp and vz normalized with Uo measured along the
rack for the tests A1-A6. Since the trends are similar at different measuring planes, only the
results at z/ho = 0.5 are shown in Fig. 3. The vn/Uo and vp/Uo values increase along the rack for
all CBRs with the highest values at the rack foot (y’/lR = 0.9) with vp being the dominant
component. The streamwise velocity increase toward the rack foot is less pronounced for lower
α values leading to lower vn/Uo values (Fig. 3a). The increase rate of vn/Uo along the rack also
becomes significantly lower with decreasing α and β values (Fig. 3a) indicating less flow
deflection and a more uniform flow distribution along the rack for low α and β values. The
dashed line in Fig. 3a marks the criterion vn < 0.5 m s-1 for Uo = 0.5 m s-1, hence the threshold is
only exceeded at the rack foot for A2. Note that for higher Uo values, the threshold line is shifted
to the left. The parallel velocity components vp/Uo generally increase with decreasing α values.
The highest vp/Uo values occur for A4 (Fig. 3b). The vertical velocity components vz/Uo are
almost zero along the rack. Slightly negative vz/Uo values are measured at the rack foot.
The vp/vn ratios are above 1 for all CBR configurations meeting the criterion vp/vn > 1 proposed
by Courret & Larinier (2008) (Fig. 3c). The vp/vn ratios decrease along the rack indicating the
strongest flow deflection toward the opposite channel wall at the rack head and more flow being
diverted to the downstream channel at the rack foot. Lower α values lead to higher vp/vn ratios
due to the geometrical decomposition of vp and vn on the one hand. On the other hand, stronger
flow deflection for higher α and β values leads to higher vn values at the rack foot and hence
lower vp/vn ratios.
3.3

Hydraulics of CBRs with overlays

Different blockage ratios of top, top & bottom, and bottom overlays were investigated for CBR
test configuration A3 (B1 - B6). Figure 4 shows the time-averaged longitudinal and transversal
flow velocities U and V normalized by Uo for A3 without overlay and B6 (15% bottom overlay)
measured close to the flume bottom at z/ho = 0.075. The bottom overlay completely deflects the
flow toward the rack foot leading to significantly higher V values along the entire rack (Fig. 4d)
compared to the no-overlay configuration A3 (Fig. 4b). At this plane, no flow diversion through
the CBR occurs for B6 and hence the risk of fish entrainment near the bed is minimized. The
downstream flow field is symmetrical from x/ho = 0 for A3 and from x/ho = 2 for B6.

Figure 5 shows the contour plot of vp/vn ratios along the rack with the resulting velocity vectors
of parallel and vertical velocities vp,z/Uo for A3, B4, B5 and B6. For A3, a gradual decrease of
vp/vn is observed. With a top overlay (B4), vp/vn values are high in front of the overlay with a
uniform distribution along the rack (Fig. 5b). Minimum vp/vn values for B4 are lower compared
to A3 and are shifted from the rack foot toward the rack centre. Analogous effects are observed
for a bottom overlay (B6). With a top and a bottom overlay combined (B5), vp/vn values are
highest in front of both overlays.
The resulting velocity vectors vp,z/Uo are parallel for A3 indicating low vz values. The vp,z/Uo
vectors in front of top or bottom overlays show that flow is diverted downwards or upwards,
respectively, leading to higher velocities between the overlays, hence locally reducing vp/vn
values. Despite this fact, the vp/vn values are higher than 1 for all rack configurations.
3.4

Downstream flow field and turbine admission flow

Figure 6 shows the effect of β and top & bottom overlay on the admission flow distribution with
contour plots of the resulting velocity Ur normalized with Uo for the tests A3 and A4 at x/ho =
3.5. The flow cross section, which is defined by the downstream flow depth and width, is
divided in four equal quadrants to evaluate the deviation of the flow velocity in each quadrant
from the mean flow velocity in the cross section according to Godde (1994). The downstream
flow field for A4 (β = 90°) is highly asymmetric with high flow concentration along the right
downstream channel wall. None of the two turbine admission flow criteria are fulfilled (Fig. 6a).
For A3 (β = 45°), quasi-symmetrical admission flow is seen and both velocity and discharge
criteria are fulfilled (Fig. 6b). The flow straightening effect of the curved bars is stronger for
lower β values causing a smaller recirculation zone downstream of the rack. Note the difference
between the downstream water levels of A3 and A4 indicating significantly higher head losses
for A4 compared to A3 (cf. Table 2).
The values of velocities per intake quadrant and discharges per intake half are listed for all rack
configurations in Table 2. The column to the right of the admission flow distribution criterion
indicates whether the criterion is fully (+), nearly (o) or not (−) met. For β = 45° (A1, A3, A5)
both criteria are fully met. For β = 90°, values slightly deviate from the criteria for α = 15° (A6),
whereas the criteria are not met for α = 30°, 45° (A2, A4). Although the application of a bottom
overlay leads to lower flow velocities near the water surface (first and second quadrant), both
admission flow criteria for B3 and B6 are fulfilled. Conversely, the application of a top overlay
leads to lower flow velocities near the bottom (third and fourth quadrant) and only the discharge
criterion is fulfilled for B1 and B4. If both top and bottom overlays are applied (B2, B5), the
flow concentrates on the right side of the downstream channel, i.e. the admission flow quality
deteriorates further and the criteria are no longer fulfilled for B5 (Fig. 6c).

4
4.1

Discussion
Comparison with literature data

Kriewitz (2015) conducted PIV measurements assessing the flow field of louvres and MBRs.
The comparison to the flow fields of CBRs shown in the present study reveals that the curved
bar shape leads to a significant reduction of Umax compared to the equivalent rack configurations
with straight bars from 1.75 Uo for the MBR to 1.25 Uo for the equivalent CBR A1 (α = 45°, β =
45°), from 2.25 Uo to 1.66 Uo for A2 (α = 45°, β = 90°), and from 1.70 Uo to 1.27 Uo for A3 (α =
30°, β = 45°) (Table 2). These results demonstrate that the curved bars reduce the flow deflection
leading to a more uniform flow distribution along the rack, hence reducing Umax compared to
straight bars.
Velocity components along the rack were studied for angled bar racks with s = 10 ÷ 30 mm

clear bar spacing by Raynal et al. (2013). For α = 45°, angled bar racks are comparable to CBRs
since β is 45° for both FGS-types. The vp/Uo distributions are similar for angled bar racks with s
= 15 mm and CBRs with s = 50 mm in the present study (upscaled to 1:1). The vn values are
similar at the rack head but increase more sharply for angled bar racks up to 1.2 Uo as compared
to CBRs up to 0.8 Uo. This comparison indicates that the narrow bar spacing of s = 15 mm
increases the flow contraction toward the rack foot hence increasing the normal velocities. Since
the sustained swimming speed of many fish lies around 0.5 m s-1 (Ebel, 2016), angled bar racks
with s = 15 mm can be more suitable for HPPs with low approach flow velocities Uo to avoid the
risk of fish entrainment while CBRs with s = 50 mm are suitable for a wide range of approach
flow velocities. Flow fields downstream of louvres and MBRs were studied by Kriewitz (2015)
and Moretti (2015). These studies were conducted for a similar parameter range as the present
research and are hence comparable. Acceptable turbine admission flow conditions were only met
for the MBR configuration with α = 15° and β = 45°, but not for the other racks with α = 30° or
β = 90°, indicating that the curved bars lead to a more sustainable hydropower production.
The knowledge on the behaviour of migrating fish when encountering a migration barrier is still
incomplete. It was observed that fish reacted sensitively to high velocity gradients and shied
away from sudden velocity changes (Enders et al., 2012). This observation was confirmed by
life-fish experiments comparing louvres with MBRs (Kriewitz, 2015; Boes & Albayrak, 2017).
MBRs leading to milder velocity gradients along the rack as compared to louvres resulted in
significantly higher FGEs. Enders et al. (2012) found that salmon smolts started showing
avoidance reactions for spatial velocity gradients ΔUr/Δx ≈ 1.0 ÷ 1.2 s-1 and proposed that this
threshold is associated with the energetically optimum swimming speed of fish, which

corresponds to about 1 body length s-1. Similar threshold values for salmonids were found by
Haro et al. (1998) and Goodwin, Nestler, Anderson, Weber, & Loucks, (2006). No definite

threshold values are reported for potamodromous fish species, however. These findings indicate
that CBRs leading to spatial velocity gradients along the rack lower than 1.0 s-1 therefore have
the potential to guide even fish with weaker swimming capacities.
4.2

Engineering application

The flow field at FGSs is affected by several parameters. The bar angle β has the most
significant impact on the flow field up- and downstream of the CBRs. CBRs with β = 45° clearly
show the flow straightening effect of curved bars resulting in a quasi-symmetrical admission
flow distribution downstream of the rack. According to Boes & Albayrak (2017), the FGEs for
five European fish species in etho-hydraulic laboratory tests are significantly higher for MBRs
with β = 45° than for β = 90°. Since upstream velocity gradients are decreased, admission flow
distribution is improved, head losses are significantly lower, and the FGEs of CBRs are assumed
to be similar to those of MBRs, the authors recommend CBRs with β = 45° (tests A1, A3 and
A5) over those with β = 90° (tests A2, A4 and A6).
For β = 45° the rack angle α has a minor effect on the flow fields, i.e. Umax, spatial velocity
gradients and admission flow distribution. For β = 90°, however, flow conditions improve for α
= 15° as compared to α = 30° or 45°. Furthermore, vp/vn values are more favourable for fish
guidance with decreasing α. The life-fish test results reported by Boes & Albayrak (2017) reveal
similar FGEs for MBRs with α = 15° or 30° with a bottom overlay for five tested fish species.
EPRI & DML (2001) showed high FGE for milder rack angles, i.e. α = 15° for the tested North
American fish species. Therefore, we expect similar or even higher FGEs for CBR than for
louvres and MBRs because of the improved flow fields. The criterion vp/vn > 1 proposed by
Courret & Larinier (2008) is fulfilled for all tested CBR configurations. For CBRs with a clear
bar spacing s = 50 mm, the criterion vn > 0.5 m s-1 (Ebel, 2016) might be particularly critical for
small fish due to their reduced sustained swimming speed. Small fish might get entrained
between the bars if vn values are high. For CBRs, the vn/Uo values decrease with decreasing α.
Consequently, a smaller rack angle might be suitable for HPPs with higher approach flow
velocities Uo in order to decrease vn. The authors therefore recommend CBRs with α = 15°÷ 30°
(A3 and A5) and to select α by consulting Fig. 3a considering site-specific parameters, i.e. Uo or
geometric restrictions.
Top and bottom overlays not only provide a physical barrier for fish, they also increase the
guidance effect for fish migrating close to the water surface or the channel bed (Odeh & Orvis,
1998; Amaral et al., 2003; EPRI & DML, 2001; Boes & Albayrak, 2017). A top overlay further
guides large drift wood along the rack preventing wood accumulations at the rack (Gudde, 2016),
while a bottom overlay may promote the guidance of sediments to the bypass. Between the
overlays, however, vp/vn values are decreased, which locally reduces the guidance effect.

Additional overlay blockage slightly deteriorates the turbine admission flow distribution but only
marginally increases the head loss (Table 2). The vp values increase while vn values decrease in
front of the overlays reducing the risk of fish entrainment through the CBR. Ebel (2016)
recommends minimum absolute values of hBo ≥ 0.5 m and hTo ≥ 1.0 m. Based on our findings,
however, we recommend the application of both top and bottom overlay not exceeding hv = 0.20
÷ 0.30 ∙ ho (B2 or B5) for high FGE and mitigation of operational issues by considering

geometrical and operational site-specific conditions.

Overall, the present results imply that the use of the recommended CBR configurations as fish
guidance structures (A3, A5, B2 or B5) at HPPs neither negatively affect turbine admission flow
nor hydropower production. With the demonstrated hydraulic performance, CBRs can also be an
alternative to horizontal bar racks commonly used at small HPPs (Ebel, 2016) with an advantage
of mitigating common clogging problems of those racks.
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Conclusions

The hydraulics of selected curved-bar rack configurations were systematically investigated at 1:2
Froude-scaled detail models in a laboratory flume. Maximum velocities and velocity gradients
upstream of the rack, normal, parallel and vertical velocity components along the rack, and
downstream flow distributions were assessed and discussed with regard to fish-biological and
turbine admission flow criteria. The key findings of the present research are:
1. Maximum velocities and velocity gradients at the foot of curved-bar racks are
significantly lower as compared to the equivalent rack configurations with rectangular
bars leading to a more uniform flow distribution along the rack thereby expecting an
increased fish guidance.
2. The curved bar shapes promote a flow straightening effect resulting in a quasisymmetric downstream flow field and favourable turbine admission flow.
3. The application of top and/or bottom overlays only slightly deteriorates the turbine
admission flow but potentially improves fish guidance as well as diversion of drift wood
and sediment transport, respectively.
4. The recommended CBR configuration has a rack angle of α = 15° ÷ 30°, a bar angle of

β = 45°, a clear bar spacing of 50 mm and both bottom and top overlays.

Given the highly reduced head loss and the improved up- and downstream hydraulic conditions,
curved-bar racks present a promising potential for fish protection and guidance at hydropower
plants and water intakes, minimizing economic and operational impacts.
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Notation

d = bar depth (m)
F = Uo/(g ∙ ho)0.5 = Froude number (-)
hBo = bottom overlay height (m)
ho = approach flow depth (m)
hTo = top overlay height (m)
hv = total overlay height as a combination of top and bottom overlays hTo + hBo (m)
lR = rack length (m)
Q = discharge (m3 s-1)
R = 4∙ Rh ∙ Uo/ν = Reynolds number (-)
Rb = t ∙ Uo/ν = bar Reynolds number
Rh = h ∙ wch/(2h + wch) = hydraulic radius (m)
s = clear spacing between bars (m)
t = bar thickness (m)
u, v, w = streamwise, spanwise, vertical local, instantaneous velocity component (m s-1)
U, V, W = streamwise, spanwise, vertical local, time-averaged velocity component (m s-1)
Uo = mean approach flow velocity (m s-1)
Umax = maximum upstream velocity at the rack foot (m s-1)
Ur = resulting flow velocity (m s-1)
vn = velocity component normal to the rack (m s-1)

vp = velocity component parallel to the rack (m s-1)
vz = vertical velocity component in the rack cross section (m s-1)
wch = flume width (m)
x, y, z = streamwise, spanwise and vertical directions (m)
x’, y’ = streamwise and spanwise directions in the rack cross section (m)
α = rack angle to flow direction or from wall (°)
β = bar angle to flow direction (°)
δ = bar angle to downstream or power channel (°)
∆hR = rack head loss (m)
(∆Ur/∆x)max = maximum spatial velocity gradient (s-1)
ξR = rack head loss coefficient (-)
σ = = t / (t+s) = non-dimensional axial distance between bars (-)
9
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β

σ

hv

45°
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90°
45°
90°

-

0.25, 0.50, 0.75

45°

0.25, 0.50, 0.75

90°

0.25, 0.50, 0.75
hTo = 0.10 ho

B2

hTo = 0.10 ho
hBo = 0.10 ho

B4

0.25, 0.50, 0.75
0.075, 0.25, 0.50, 0.75, 0.85

0.17

B1

B3

z/ho

30° 45° 0.17

hBo = 0.10 ho
hTo = 0.15 ho

B5

hTo = 0.15 ho
hBo = 0.15 ho

B6

hBo = 0.15 ho

0.075, 0.85
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Test

ξR

hv

Umax/Uo

Discharge per
intake half (%)

Velocity per intake
quadrant (%)

A1

0.70

0

1.25

47.9 / 52.1

+

A2

4.05

0

1.66

35.6 / 64.4

−

A3

0.57

0

1.27

48.7 / 51.3

+

A4

3.83

0

1.87

33.9 / 66.1

−

A5

0.80

0

1.36

49.5 / 50.5

+

̶ 4.0 / 2.3 / ̶ 3.0 /4.7

+

A6

2.19

0

1.56

45.1 / 54.9

o

̶ 12.2 / 9.7 / ̶ 7.5 / 10.0

o

B1

0.55

hTo = 0.10 ho

n/a

48.2 / 51.8

+

6.1 / 5.4 / ̶ 13.9 / 2.4

o

B2

0.58

hTo = 0.10 ho
hBo = 0.10 ho

n/a

46.4 / 53.6

o

̶ 0.2 / 7.4 / ̶ 13.0 / 5.9

o

B3

0.67 hBo = 0.10 ho

n/a

49.7 / 50.3

+

̶ 7.7 / 1.2 / 3.2 / 3.3

+

B4

0.60 hTo = 0.15 ho

1.13

49.2 / 50.8

+

6.4 / 5.5 / ̶ 12.5 / 0.5

o

B5

0.76

hTo = 0.15 ho
hBo = 0.15 ho

1.13

44.7 / 55.3

−

̶ 1.0 / 12.9 / ̶ 20. 9 / 9.0

−

B6

0.64 hBo = 0.15 ho

1.17

49.5 / 50.5

+

−8.1 / −0.4 / 5.1 / 3.4

+

̶ 4.2 / 4.0 / ̶ 4.2 / 4.4

+

̶ 29.6 / 26.8 / ̶ 28.0 / 30.8 −
̶ 2.6 / 2.0 / ̶ 3.4 / 3.9

+

̶ 29.3 / 32.4 / ̶ 34.2 / 31.1 −
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