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Abstract is one of the most acceptable and efficient solutions (EPRI

2001, 2002; Larinier and Travade 2002; Travade and

Experimental results for fish-friendly trashracks placed in Larinier 2006 ; Travade et al. 2010). Existing trashracks are
an open water channel are presented. Trashrack modelsinitially designed to protect turbines from large debris.
with different bar shape, spacing and inclination are tested. Their large bar spacing (40 to 100 mm) has really low

The numerous configurations provide results on head losses &fféct for fish protection. These racks can be adapted to

. . . . become fish-friendly by reducing their bar spacing in order
which are fitted by a new formula which takes into account to prevent fishes from entering turbines (bar spacing lower

all these parameters. It especially separates the blockinginan 20 mm for silver eels). However, preserving
ratio due to bars, which is impacted by the inclination, from  downstream migration by stopping fishes also involves
that due to transversal elements, such as spacer rows,guiding them toward bypasses. One way is to incline
whose effect on the flow is not altered with the rack trashracks (inclinatiofs < 25°), which are conventionally
inclination. Clogging, which is more likely to occur more  perpendicular to the flow(= 90°), and to install bypasses
on grids with thin space between bars, was simulated with a at the top end (Courret et Larinier 2008; Figure 1).

set of perforated plates. Its influence on head losses has e .
been investigated, and a small adaptation of the formula Nonetheless, such modifications may drastically change
9 ' P head losses and the bar closeness will increase rack

proposed for clean grids was sufficient to obtain clogging.
satisfactory results for clogged ones.

Introduction

The European Union Water Framework Directive, entered
into force in December 2000, aims at improving the status
of all water bodies and especially the quality of aquatic
ecosystems. Ecological continuity, including upstream and
downstream migration of fishes, is one of the hydro-
morphological elements which sustain the good ecological
status of rivers. Moreover, European silver eel population is
seriously decreasing (Travade et al. 2010) and this has led
to specific protection measures established by the European
Council Regulation n°1100/2007. It includes the
requirement to reduce the anthropogenic mortality factors,
and notably the damages done to downstream migrant
silver eels passing through turbines that can be high
(Monten 1985; EPRI 2001; Gomes et Larinier 2008). Other
amphihaline species, especially salmon and sea trout, andFigure 1 : Existing inclined trashrack with three bypass
holobiotic species are also concerned by this issue (Larinier entrances and with cleaning equipment (Monfourat,
and Travade 2002). Dronne). Photo by O. Guerri.

Several solutions have been tested to avoid fish passageO t the first head | ¢ | d b
through turbines and reestablish free downstream ON€ Of the first head loss formulae was proposed Dy



trashracks. Since then, other formulae have been proposed,
mostly for vertical trashracks, adding for example the effect
of horizontal elements (Osborn 1968; Clark and Tsikata
2009). Meusburger (2002) gave a rather complete formula
taking into account low bar spacings, several bar shapes,
inclined and angled racks and potentially the clogging
effect through an additional blocking ratio. Some of these
parameters were extracted from the literature, some were
obtained from experiments but the possible

interdependence between all parameters has not beenFigure 2 : 3D schematic view of the inclined trashrack (left)
tested. and the two bar shapes tested (right).

PH PR

In order to check and potentially to extend the applicability ead |0sses
of existing formulae to fish-friendly trashracks, an
experimental investigation has been carried out testing a
large range of configurations. Additionally, clogging effect
has been simulated using perforated plates allowing to
check Meusburger's formula in clogged trashrack
configurations.

Details on the hydraulic installation, measurement systems
and our model trashrack are gathered in the “Experimental
setup” section. The second one focuses on head losses an
proposes a new formula for fish-friendly trashrack.
Modifications induced by clogging on head losses are
discussed in the third section. The combination of these Clean and clogged trashracks

results is finally summarized and discussed in the The gpstruction ratio is an important parameter of clean

The flow rate Q and the upstream and downstream water
depths H and H were sufficient to obtain the head loss due
to the trashraclklH. These three variables directly provide
the upstream and downstream mean velocitieand \s.
Using H, Vi, H, and \, in the generalized Bernoulli
equation, the head loss of the current experiment is easily
obtained. The head loss of the trashrack is then deducted by
3ubtracting the part due to the channel, obtained from tests
in the empty channel. Finally, the trashrack head loss
coefficientg result fromAH and .

conclusion. racks. It is computed by adding the contributions of bars O
Experimental setup and horizontal elements,©
Channel and trashrack 0=0,+0, (1)

The experiments were conducted with a trashrack model
placed in an open rectangular channel whose cross-section
is 0.9 m deep and 0.6 m wide.

The flow rate at the entrance of the channel is calculated
using a Froude similarity and the water level is adjusted Ospy = (1 — 0p) =
with a weir installed at its outlet.

The trashrack is composed by bars, hold by rods at regular
distance (250 mm). Spacers, whose diameterjs2D mm,

are inserted around rods and their width determines the
space between bars. Bars are 0.005 m wide (b), 1.3 m long
(Lg), 0.04 m deep (p) and have either a rectangular (PR) or
a more hydrodynamic (PH) shape (Figure 2). The spacer
width, and therefore the space between bars (e), may be 5
7.5, 10 or 15 mm. The whole trashrack rotates around its
bottommost end. Seven inclinations have been tested: 15°,

L
25°, 35°, 45°, 60°, 75° and 90° (vertical trashrack). C=Cy* I < ®)
g,im

Another parameter, £, was also created to calculate the
obstruction of horizontal elements on the water depth.

Nsp,im * Dsp (2)

H,
In addition to these measurements on clean racks, clogged
grids were also experimented. Debris were materialized by
perforated thin plates, whose porosity and therefore
blockage ratidC, is well known and which cover either the
whole rack, its upper part, its lower part, or both parts. This
led to a clogged rack length-Lwhich equals zero for clean
racks and which may equaj, when clogging affects the
‘whole rack. The clogging ratio C is therefore




Figure 3 : lllustration of the two patterng @nd G used to
materialize clogging with their characteristic dimensions.

Thus, changing parameters such as the upstream water
depth or the bar width, the applicability of the results of this
study on real water intake has been checked.

The experiments carried out for this study allowed to draw
the evolution of & with the inclination B. These
experimental results were divided into two parts.

The first step is the comparison between measured head
loss coefficients and coefficients calculated with formulae
found in the literature, most of which may only be applied
to vertical trashracks. The best results were obtained using
formulae which take into account the global blocking ratio

The red dashed rectangle represents the basic pattern. Thei©O (and not only the effect of bars) and which keep a

C, ratios are respectively 44% and 64%.

Six different configurations of clogging were tested from
plates with two different hole patterns, noteg &d G in
Figure 3:
- configuration C1 : clogging on the whole rack
with a G, plate (=30 mm; =10 mm)
- configuration C2 : clogging on the whole rack
with a G, plate (=15 mm; %=5 mm)
- configuration C3 : clogging on the whole rack
with a G plate (%=5 mm; %=3 mm; %=8.85 mm)
- configuration C4 : clogging on the upper and
lower parts of the rack with twogplates (=5
mm; X%=3 mm; %= 8.85mm) covering respectively
14 and 11 cm of the rack length.
- configuration C5 : clogging on the upper part of
the rack with a g plate (6= 5 mm; %= 3 mm; %=
8.85 mm) covering 14 cm of the rack length
- configuration C6 : clogging on the lower part of
the rack with a g plate (%= 5 mm; %= 3 mm; %=
8.85 mm) covering 11 cm of the rack length
These plates were positioned on inclined rack with notably
two main inclinations:3=90° for vertical trashracks and
B=25° for fish-friendly configurations.

Head loss formulaefor clean inclined
trashracks

Before making experiments on each configuration,
preliminary tests were carried out. Their goal was to check
the constancy of for different trashracks from those with
low Reynolds number (Re) and high Froude number (Fr)
(Re and Fr defined in Eq. 4) which accounts for this study
to those with higher Re and slightly lower Fr commonly
found in real hydroelectric installations.

V. *b V.
Re = ! ;o Fr= !

(4)

realistic boundary condition on @ (ends to infinite when

O tends to 1). However, no formula gave good prediction
for the head loss coefficient of a trashrack equipped with
close hydrodynamic bars (Raynal et al. 2012).

The second step is comparing the effect of the inclination.
The few formulae which consider this parameter always
describe this effect as a decrease in@ingvhich was
initially proposed by Kirschmer (1926). At low inclination
(high B), the decrease of seems to be steeper than a
sinusoidal shape. At high inclination (Ig), the declining
trend of€ is attenuated anfleven tends to increase in some
configuration between 25° and 15. This may be explained
by the low effect of bars and the increasing number of
spacer rows. Consequently, this behavior cannot be
described by a sine shape (Raynal et al. 2012).

This is the reason why a new head loss formula was
proposed (Eqg. 5), in which the contribution of horizontal
elements is separated from that of vertical elements.

0y
Aix (1 ~0,
The parameter Adepends on the bar shape. Its values are
Apr=3.85 and A=2.10.
Figure 4 superimposes measured coefficients with
coefficients calculated with Eq. 5. This formula gives
relevant results and well describes both the behavior at low
inclination and the changes at I@¥However it also raises
some questions. The coefficient “1.79” is very close to the
shape coefficient K of a cylinder (which is the spacer
shape) given by Kirschmer (1928). As a result, on real
water intakes, the value of this coefficient should certainly
be adapted, according to the shape of spacers rows and
horizontal supports, which are often rectangular and |
beams. Nonetheless, the ddefficients seem to have higher
values than their relative shape coefficient (2.42 for PR and
about 1.03 for PH in Kirschmer, 1928). This may be
explained by the fact that close bars interfere one on each
other whereas spacer rows are distant enough to avoid this
issue. This means that knowing if trashrack elements have

OSp,H
1—0spn

- ) (5)

1.65
) * sin?(B) + 1.79 = (
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mutual influence or not is an important prerequisite for the
analysis of experimental results.
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Figure 5 : Comparison of Kwith C for different trashrack
configurations PR or PH ; f=25°, 45 or 90°). PR and PH
racks are respectively in red or blue shades. The mark shape
represents the inclination.
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Clogging influence on head losses

Head lossincrease

In order to assess the influence of clogging on head losses,
the head loss coefficient of clogged racks is decomposed
into two variables (Ed. 6Faen Which is the head loss fora  Figure 6 : Comparison of Kwith C for different clogging
clean rack, calculated with Eg. 5 or extracted from configurations.

measurements, andcKvhich is the increase factor due to

clogging.

0% 10% 20% 30% 40% 50% 60% 70%

Both Figure 5and Figure 6illustrate the increase of K
with C. Indeed, for the same trashrack, the value at C=64%
is twice the value at C=44%. However, for a unique C ratio,
K¢ may vary according to the trashrack configuration or the
clogging type.

On Figure 5, red symbols, accounting for PH racks, lead
generally to higher Kthan blue ones (PR racks), except for
two cases. As clogged grids generate more disturbed flows,
these two exceptions may be explained by the higher
uncertainties on downstream water depths. However,
differences between PR and PH racks never exceed 25%.
Then, focusing on symbol shapes, it also seems th&brK
B=90° (diamonds) is higher than f8=25° (triangles). On
clean racks, the inclination makes the bar effect decreases.
The same observation is made for the clogging influence
which gets lower with the inclination.

& = &crean * Ke ©
Measuring & and dividing it by &yen provided us
experimental values for K Figure 5 and Figure 6 show
the same evolution of Kwith the C ratio, but in two
different ways. Figure 5 highlights the influence of
trashrack configurations whereas Figure 6 illustrates the
influence of clogging configurations.



On Figure 6, configuration C1 and C2, which are made term K. does no longer appear literally in the expression of
with different plates but with identical clogging ratio C, &, but may be still used to discuss clogging effects. As the
generate similar clogging effect with close ¥alues. effect of clogging on head losses is mainly due to the
In summary, and C are the most influent parameters on inclination  and the clogging ratio C, the blockage ratio
Kc. To a lesser extent, the bar shape also leads to differentdue to bars §) which is also subject to the inclination, was
Kc. On the contrary, the clogging type should not be taken replaced by a new term,@ (Eq.8).All the clogging effect

into account to calculate & This is coherent with is now contained in £, meaning that the additional

Meusburger’s observations (2002). He carried out head loss blockage due to clogging may be interpreted as an increase

measurement on clogged trashracks<(€5%) which had of the bar number.

no inclination or c.>r|enta.t|on.. He managgd to obtauj a Oy =0, +(1—0,)%C (8)

formula (Eq. 7) which suited in 14 out of its 16 clogging ’

configuration tested. Replacing @ by O, cleads to Eq. 9. Then, to compare with

co\12 experimental and Meusburger’s result, the clogging effect

Kemeus,z =1+ 1.8%x 0712« (1 C) (7) represented by K is obtained by the Eqg. 10.

ratio O and the clogging ratio C, assuming that the
influence of other parameters (bar shape, trashrack angle...)
does not modify the value ofKOur observations showed

However, this formula only takes into account the blockage 0 1.65 0.77 9)
E=A;* ( be ) * sin?(B) + 1.79 = ( pH >

1—0pc — Ospu

. 0.77
that this cannot be sufficient and that the inclination should A * (1 fb'OCb 6)165 * sin?(B) + 1.79 = (125%) (10)
appear in the formula. Nonetheless, Egas tested on our K = 0 — s . N
experimental K values atB=90° (Figure 7) and led to Ai*(1_—bob) *Si“2(3)+1-79*(%)
satisfactory results, with predictedc Kalues which are 8 .
mainly between +/- 30% of experimental ones. This means °L=90°| 25% ;ig,f;‘ 3
that Eq. 7may be used at least until C=65% for vertical 4 op=25° yle I i 9
trashracks. o | = o1+ _5_0_°/E!
Then, Eq. 7was also tested on inclined configuration and X i : A Il O o
gave predicted K values which were much different from g _ E ‘l-'
measured ones. In fish-friendly configuratiof=25°), E . | Q.-" /,»‘-‘
many experimental points were overestimated by more than § 3 VNG ’
50%. ! g g S P
9 et
Sl
S TTTTT T o P VL F |
7 1 *B=90° i-25%: 425%: | 1 0 :
op=25* [y o o 1 2 3 4 5 6 7 8 9 10 11 12
o Predicted values (This study)
g ° L e ° . . .
< 5 » A Figure 8 : Comparison between experimental Kc values and
.E L7 those predicted by Eq. 10 in this study.
Q ol -7
54 ;5.’ For vertical racks, Eq. 10 and Eq. give comparable
§-3 o /- , results, but Meusburger’'s ones (Eq. 7) are slightly more
LB accurate. For fish-friendly racks inclined at 25°, results are
..0 /e much better for Eq. 10 for which most predicted points are
"1=7 contained between +/- 25% of the experimental value.
0 Including the clogging ratio in the blockage ratio due to
o 1 2 3 4 5 6 7 & 9 10 1 12 pars seems to provide a rather good estimation of head loss
Prediciad vales (Mellsnurger) coefficients for either vertical or inclined trashracks. The
Figure 7 : Comparison between experimental Kc values and resulting predicted coefficients may sometimes differ from
those predicted by Meusburger (2002) with Eq. 7. experimental ones by 25% but this precision may be

acceptable for applications on real water intakes. Indeed, as
Instead of inspiring from Meusburger's formula and the clogging ratio cannot be precisely calculated on
extending it to inclined trashracks, the Eq. 5 was adapted to immerged trashracks in operation, a more elaborate formula
take into account clogging. This means that the separated may not bring any improvement for real applications.



Conclusion

Head losses due to trashracks with small bar spacing were©

experimentally characterized from vertical to highly
inclined and fish-friendly configurations. As small bar
spacing increase the rack clogging, which is a topic of
interest for hydro power plant operation, the effect of
clogging on head losses was also investigated.

Trashrack bar spacing, shape and inclination are the main
influent parameters on head losses. As existing formulae do
not correctly estimate head loss coefficient, especially at
high inclination, a new head loss formula is proposed, in
which the blockage ratio due to horizontal elements (spacer
rows) Q, is separated from that of vertical elements (bars)
O.

Experimental results show that the clogging effect logically
depends on the clogging ratio, but also on the trashrack
configuration, i.e. its inclination. To a lesser extent, the bar
shape has also an influence. On the contrary, the clogging
type is not significantly influent. A simple adaptation of the
formula proposed for clean trashracks, which aims at taking
into account the clogging effect, is suggested. Assuming
that bars and clogging have similar influence, the clogging
ratio C is added into the variable representing the blockage
ratio due to bars © This gives results coherent with
Meusburger’s ones for vertical trashracks, and improves the
prediction quality for inclined racks.

In conclusion, this study allowed proposing a formula to
estimate trashrack head loss coefficients, fully applicable to
fish-friendly configurations never studied in previous
researches, and able to take into account the clogging
effect.
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Notation
Aprr Apn  Coefficient in the head loss equation for inclined grid
b Bar width
C Clogging ratio
Co Blocking ratio of perforated plates
C1...C6 Number for clogging configuration
Ca,Cs Denomination for the perforated plate patterns
Dsp Spacer diameter
e Space between two bars
Fr Froude number
g Gravitational acceleration
Hy, H.  Upstream and downstream water depths
Ke Increase ok due to clogging
Kcmeus.2 Formula for the head loss coefficient due to clogging proposed
by Meusburger
Ke Form coefficient

Lg, Lgim Total and immerged trashrack lengths

Np
Nsp,im

Number of bars

Number of immerged spacers rows

Blockage ratio

Oy Blockage ratio due to bars and lateral supports

hb,C Blockage ratio due to bars, lateral supports and clogging

Osp Ospn Blockage ratio due to transversal elements reported on the
trashrack length or reported on the upstream water depth

p Bar depth

PR, PH  Bar shape denomination (rectangular and hydrodynamic)

Q Flow rate

Re Reynolds number

Vi, Vo Upstream and downstream mean velocities

X, Y, Z Streamwise, transversal and vertical coordinates

X1...Xs5 Characteristic dimension forx@Gnd G patterns
Trashrack inclination

AHo, AH Head loss due to the channel and head loss due to the grid

A Laser wavelength

v Kinematic viscosity

13 Trashrack head loss coefficient

&clean Trashrack head loss coefficient for clean trashracks
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