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Abstract

Turbulent flow through a trash rack of bars of rectangular and biconvex
shapes is considered. A trash rack is composed of an array of bars fitted into a
hydro-electric power station to prevent debris and fish to enter the waterway
towards the turbine. The work is directed towards modeling a large number of
bars for which the flow turn out to have a periodic structure. It is here shown
that this case can be simplified with the flow past a single bar together with
periodic boundary conditions. Using this approach the head loss is derived for
different angles of attack a and blockages P for two shapes of the rack, a rec-
tangular bar and an aerodynamically shaped biconvex bar. It is found that
overall loss of the biconvex bars is in general about 15% of the loss for the
rectangular case for small angles of attack. For large angle of attack this dif-
ference diminishes. Of interest for the biconvex bars is also a local minimum
in the head loss for angles approximately greater than 20° and for a blockage F
around 0.35. This combination of parameters gives a low loss together with an
efficient barrier for debris and fishes.
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1. Introduction

In all kinds of energy production engineering there is a desire to minimize the
energy losses at the same time as to fulfill certain environmental demands. For
instance in hydro-electrical engineering there is a desire to minimize the energy
losses (Marjavaara and Lundstrom 2006 [1], Marjavaara et al. 2007 [2], Anders-
son et al. 2013 [3] and Andersson et al 2014 [4]) at the same time as there are

demands on safe fauna passage and low maintenance costs (Laine et al 1998 [5],
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Laine et al. 1998 [6], Lundstrom et al. 2010 [7], Lundstrom et al. 2015 [8], Green
et al. 2011 [9] and Andersson et al 2012 [10]). To avoid damaging of the water
turbines from large floating trash in the waterways, the turbine intakes are pro-
tected by grids of racks, so called trash racks as exemplified in Figure 1 being a
sketch of one of the turbine intakes in Bruksfors a Power-station in Rickledn,
Visterbotten, Sweden own by Skellefted Kraft. This trash rack is placed in a ho-
rizontal plane but the rack can be at any angle to the ground (Calles et a/ 2013
(11]).

The racks may also serve as a barrier for larger fishes like Kelt hinder them to
migrate via the turbines where they may be hit by the blades or subjected to high
pressure variations which in both cases may lead to a severe injury and death
(Schilt 2007 [12], Whitney et al 1997 [13]). Naturally the racks implies a loss of
energy and it is therefore important to optimize the form of the racks with re-
spect to energy losses (Bengoechea ef al 2014 [14]) and at the same time prevent
larger fish to enter into the waterways towards the turbine. Different shapes and
sizes of the bars of the rack and bar spacing are variables that influence the loss.

There are several experimental studies published with different shape and size
of the racks many of which are reviewed in Tsikata et a/ (2007 [15], 2009a [16],
2009b [17]). There are, however, only a few numerical studies of the flow in
trash racks. This includes Herman et al (1998) [18] and Meusburger et al (2001)
[19] who used direct numerical simulation (DNS) and &-& models to analyze the
flow through an array of rectangular bars. Ghamry et al. (2012) [20] applied sev-
eral turbulence models to analyze the flow through an array of 3, 7 - 14 rectan-
gular bars. They show that the turbulent models applied, &-&, & and the Rey-
nolds stress models, all predict almost the same results. In the experimental and
computational studies mentioned above the number of bars in a rack is rather
low while in practice the number of bars is quite large. The only numerical study
done with a large number of bars is Raynal ef al. [21] who considered 51 rectan-
gular bars. Their model was 2D and several different two-equation turbulence
models were tested. When compared with experiments their models typically
underestimated the head loss with about 10%. They explain this difference that
some 3D flow effects cannot be modeled by 2D computations and that the spacer

lines which block a fraction of the water depth were included in their model. In
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Position of trashrack

Figure 1. The fish way at Bruksfors in Rickledn with the indicated position of the tra-
shrack. The size of the trash rack is 3 m x 6 m. The blue surface represents the free water
surface.
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the present paper we will address the effect of increasing the number of bars in
the model geometry, a model which is slightly different than models considered
previous, and show that for a very large number of bars it is possible to simplify
the problem of just one single bar with periodic flow conditions. The paper is
organized as follows. In Section 2 the geometry and the problem is formulated.
In Section 3 we validate the turbulence model by comparison with experimental
data by Idelchik, 2008 [22].

In Section 4 a convergence study is considered in which we increase the
number of bars until a well-defined limit of the overall head loss emerges. We
compare this limit with the result of using one single bar and periodic flow con-
ditions and suggest that the latter simplified flow configuration can be used for
calculations of the head loss for a large number of bars. In Section 5 we apply
this simplified geometry to calculate the head loss for different angles of attack
and different blockage ratios. In Section 6 we provide similar results of head loss

for the more streamlined biconvex shaped bars.

2. Problem Formulation

We consider fluid flow in the geometry shown in Figure 2 and Figure 3. Fluid
enters from the negative x-axis with a uniform velocity U_ and at an angle of
attack a and/or incident angle S In this region (x < 0) a slip boundary condition
is applied since the flow is assumed to enter from a larger channel, see Figure 1,
where the trash rack is submerged into the bottom of the larger channel. Please
notice that it is more common that the trash rack is vertical and that part of it

above the water surface. At X>0 the flow is assumed confined and no slip

X

Figure 2. A 3D view of the trash rack geome-
try and the different inlet flow conditions.

y No slip BC
Slip BC
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Figure 3. Trash rack geometry in the xy-plane.
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boundary conditions are applied. The distance upstream and downstream of the
computational domain is chosen such that the results of the computations are
not affected by their positions.

The separation between the bars is denoted a4, the width of the bars is denoted
A and the length of the bars in the y-direction is denoted Z The length of the bars
in the z-direction is L'. The overall direction of the flow towards the trash rack
can be described in terms of two angles, an angle of attack @ and an incident an-
gle S see Figure 2. In this study case f#=0. Since the lengths of the bars in the
z-direction are considered very large L'> L, the fluid flow is approximately
two-dimensional, see Figure 3. The second case with oblique incidence angle S
is three-dimensional and is not considered in the present paper.

It is convenient to introduce relevant dimensionless parameters. Hence let

a

£=—— 1
a+h M
be a dimensionless spacing,
P=1l-¢= _h (2)
a+h
a blocking ratio,
Re = 2= 3)
v
the Reynolds number and
L
l=— 4
- (4)

a dimensionless length. Also let the number corresponding to the head loss be-
ing called loss coefficient H defined as
P, — P
=— o Fo (5)
Y2 pU? cos® (a)

where p, is the pressure far upstream and p, the pressure far downstream
of the bars. In this definition, note the normalization with the flux, which is
proportional to U COS(a) . Dimensional analysis then gives the relation

H = f (P,I,Re,, B). (6)

Notice that the head loss may also be expressed in meters according to
H,=H-U?/2g.

The fluid flow is assumed incompressible and the turbulence is modeled using
the &~ wbased shear stress transport model (SST) by Menter (1994) implemented
in the commercial software Comsol Multiphysics 5.1. The turbulence model be-

long to the class of Reynolds-averaged Navier-Stokes equations of the form

, . — . o0U,
%+Uj%:—li(P+2/3pk)+i (v+vy) N 2 (7)
ot oX; P OX; oX; oXj 0%
ou;
Hi_p 8
ox (8)
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- - oU.
3 ox; O
1—
k=2 uu; 10
2 (10)

The SST model has proven valid in a number of cases (Menter [23]) but in
future studies simulations may also be carried out with the more advanced Rey-
nolds stress models or LES (Pope [24]). This, however, requires even better con-
trol of the mesh. There are several alternatives to model the turbulence flow be-
sides; SST-model is not perfect. The meshing can be done in two ways by using
the Comsol software, giving an unstructured mesh as well as designing it ma-
nually to obtain a structured mesh. For all the results presented the mesh is re-
fined until the value of the loss coefficient becomes independent of the size of
the mesh verifying the numerics. In Comsol we use the auto generated mesh
feature predefined for fluid dynamic applications for which there are nine dif-
ferent mesh levels going from extremely coarse to extremely fine. In all the re-
sults we have started from a coarser mesh and then refined the mesh until the
result becomes independent of the mesh. In some cases we have also utilized a
user build structured mesh which in general gives faster convergence but in
some cases no convergence at all. Therefore the predefined mesh alternative is
the one chosen for all the cases considered.

3. Validation of the Turbulence Model with Experimental
Data

Let’s first consider a validation of the turbulence models with some experimen-
tally measured head loss data. In the literature the most comprehensive experi-
mental data are from Idelchik [22] in which head loss are given for six rectangu-
lar bars and for different angle of attacks and different blockage ratios. In the
Figure 4 the normalized numerically calculated head loss is plotted as a function
of blockage P and different angle of attack a. The numerical results are compared
with the experimental data provided by Idelchik [22], which are valid for Reynolds
number greater than 10°. Here the Reynolds number chosen as Re =12000 cor-
responding to an inlet velocity U, =1.2m/s. Overall the numerical results un-
derestimate the experimental data as in the work by Rayal.

For small angle of attack and small blockage the agreement is good but in-
creasing the blockage the error increases. As for Rayal it is reasonable that this
underestimate has to do with 3D effects. For large angle of attack greater than 30
degrees the numerical results get worse with a rather strong deviation from ex-
perimental results with an error of 30% for the largest blockage P =0.5.

Considering the case with an angle of attack of 40 degrees there is a somewhat
unexpected result for small blockage ratio between P =0.15 and P =02
which is not supported by the experimental data. In this region the head loss in-
creases instead of decreases as P goes from 0.2 to 0.15. This can be explained the
generation of a rather large recirculation zone created when the spacing between

the bars is large and the angle of attack is increasing to large values. This phe-
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nomenon is illustrated in Figure 5 where the recirculation zone close to the
lower wall is considerably larger for P =0.15 thanfor P=0.2.

A conclusion out of this validation is that the SST turbulence model gives
good agreement for small angle of attack but for larger angles of attack the
agreement is poor.

Whether this has to do with the turbulence model or 3D effects can only be
answered by considering more advanced turbulence models such as Reynolds

stress models or LES and including 3D effects.
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Figure 4. New figure head loss as a function of blockage P and angle of at-
tack a.
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Figure 5. New figures flow pattern for angle of attack « =40" and for blockage P =0.2 (a)and P =0.15 (b). Note the forma-
tion of a large wake behind the lower wall leading to increase in head loss.
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4. Convergence Study of the Flow past an Array of
Rectangular Bars

In reality the number of bars in a trash-rack is large. To explore how the head
loss vary with the number of bars a study is carried out starting with just a few
bars and then the number of bars is increased until the head loss reaches a defi-
nite convergent value. For this convergence study the following parameters are
used, h=0.0lm, a=0.015m, corresponding to a blockage P =0.4. The
Reynolds number is 12,000, the angle of attack is & =20" and L=0.05m. In
Figure 6 the resulting head loss / when increasing the number of bars from 1
up to 36 is shown.

The results indicate that there is a convergence towards a limit for N> 30. An
inspection of the corresponding flow field for N = 30 shows that the flow field
around each bar seem to have a periodic structure within the inner part of the
rack away from the channel walls, see Figure 6.

This is also verified when the flow field is magnified, see Figure 7. The con-
clusion is that for a large number of bars, the influence on the losses from the
channel wall region becomes relatively small. It is then possible to simplify the
calculation of the total head loss by considering only one bar and using periodic
boundary conditions, see Figure 8. Also since the streamlines in the middle po-
sition between two bars are straight up to X=0, a slip boundary condition is
reasonable up-stream the bars.

By using periodic boundary conditions the computation of the loss coefficient
is simplified saving a considerably amount of computational time. The deriva-
tion of the loss coefficient for the periodic case becomes H =1.63 as indicated

in Figure 9. It is now safe to continue the study with a periodic set-up.

f(1)=0.1 m Surface: Velocity magnitude (m/s)

0.4
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0.25 4
0.2f B
0.15 B
0.1F A
0.05- .
ol i 1.5
-0.05+ -
-0.1+ e
-0.15 A 1
-0.2+ A
-0.25+ -
-0.3r B 0.5
-0.351 B
-0.4+ E
-0.45, I I I I il 0
-04 -0.2 0 0.2 0.4

25

Figure 6. The flow field for N = 30 showing the periodic structure of the flow.
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f(1)=0.1 m Surface: Velocity magnitude (m/s) Streamine: Velocity field
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Figure 7. Magnification of the detailed flow around the bars in Figure 6
with velocity magnitude and streamlines.

Periodic bc
&
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Slip bc

Figure 8. Geometric set-up using the simplification of periodic
boundary conditions.

Head loss as a function of N
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Figure 9. Head loss as a function of the number of bars N
The dashed line corresponds to the head loss for one single
bar with periodic flow conditions.
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5. Head Loss for Rectangular Bars Using Periodic Flow
Boundary Conditions

Consider now the case of one bar and periodic boundary conditions, thus simu-
lating a rack with a large number of bars, N> 30. The geometrical set-up is pre-
sented in Figure 8 where the inlet and outlet are placed sufficiently far upstream
and downstream ensuring a uniform pressure. The loss coefficient as a function
of Pand « is calculated where small P means large spacing between the bars.
In the first example =5, h=0.0lm and Re=12000 (U, =12m/s for
water at 20°C). The results are summarized in Figure 10. In general, the loss in-
creases with increasing Pand o .

Next, focus is on Re and for trash racks the typical velocity is around 1 m/s.
The following Re are therefore considered 5000, 10,000, 50,000 and 100,000, which
for bar thickness h=0.01m corresponds to the velocities 0.5 m/s, 1.0 m/s, 5.0
m/s and 10 m/s for water at a temperature of 20°C. The angle of attack is 20" and
| =5. The blockage is kept constant at P= 0.4. The head loss is nearly in depen-
dent of Re since it is normalized with 1/2 pU? cos® («), see Figure 11.

Expressing the head loss in meters (H,, =H U’ / 29 ), however, naturally re-
veals a strong dependence on the losses from Re, see Figure 12.

Next the influence of 1=3,5,7 is considered with a Re = 12,000. In Figure
13 the loss coefficient is plotted for 20° angle of attack. As can be seen the influ-
ence of varying | issmall.

The conclusions for a trash rack with rectangular bars are that the dimension-
less head loss depend strongly on the angle of attack and the blockage, while
there is only a weak dependence on Re and the length ratio / Expressing the

losses in meters discloses that Re strongly influence the losses.

6. The Flow past an Array of Biconvex Airfoils

It is interesting to consider the effect of using other shapes of the racks than the

T T T T
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Figure 10. Loss coefficients as a function of the blockage and
the angle of attack for periodic boundary conditions.
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Figure 11. Loss coefficients as a function of the angle of attack and
Reynolds number. Blockage 2= 0.4.
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Figure 12. Loss coefficients in meters as a function the angle
of attack and Reynolds number. P=0.4.

rectangular bar form, such as more streamlined shapes, since these are expected
to give lower values of the head loss. As an example consider a specific biconvex
airfoil shape used in supersonic flight, for which the shape is defined by the ex-

pression
y(s):iZ-h~(s—sz) (11)

where s is a parameter with values from 0.0 to 1.0. In the handbook by Idelchik
[22] experimental results, in which several types of shapes are considered indi-
cate that this shape overall gives the smallest values of the head loss. The prob-
lem is then defined by Figure 14 below.
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Figure 13. Loss coefficients as a function of the blockage P
and dimensionless length of the bars / Angle of attack 20°.
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Figure 14. Geometry of flow past an array of biconvex airfoils.

As for the rectangular bars there is a periodicity of the flow as exemplified in
Figure 15. The head loss can therefore be derived based on one airfoil together
with periodic boundary conditions.

The loss coefficient results while varying the flow ratio and angle of attack are
presented in Figure 16. Comparing the loss coefficient for rectangular shape,
Figure 10, and the more streamlined airfoil shape in Figure 16, for small angle
of attack the latter is considerably smaller, about 15% of the rectangular shape.
For large angle of attack this difference is however diminished. Surprisingly for
larger angles of attack to the airfoil shape there is a local minimum in the head
loss. This result is also found in experiments for the biconvex shaped rack (Idel-
chik [22]). This minimum may be of interest in hydraulic-engineering in opti-
mizing loss together with a rather large blockage, leading to a more efficient bar-
rier for large floating trash and fish.

As an example for an angle of attack equal to 30 degrees there is a head loss

equal to H =0.2 at a blockage of P =0.35, which can be compared with the
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Figure 15. Flow pattern past an array of biconvex airfoils.

0.7

0.6

T 04

0.3

0.2

0.1

(®)

Figure 16. Loss coefficient for different blockage and angle of attack 0 - 30 degrees (a) and 30 - 60 degrees (b).

corresponding value for rectangular bars whichis H =15 for P =0.35, this is
a considerable reduction in loss. But of course the manufacturing of biconvex

bars is certainly more expensive.

7. Discussion and Conclusions

The energy losses for so called trash racks are investigated. Trash racks are used
in to prevent large debris and fish to enter the water way leading into hy-
dro-turbines. A trash rack can be composed of an array of bars of the different

shapes such as rectangular and more aerodynamically shaped bars. The flow di-
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rection of water into the rack can be described by the magnitude of the velocity
U_ and two angles @ and S In the present paper we consider the case of flow in
which g =0. For the case of long bars the flow can then be considered
two-dimensional. A practical trash rack consists of hundreds of bars. For large
numbers of bars (>20) the loss corresponds to the flow with one single bar and
periodic boundary conditions.

Using dimensional analysis a dimensional head loss A is defined according to
Equation (9). The head loss is then a function of the dimensionless variables, the
angle of attack a the length ratio | =L/h, the Reynolds number Re and the
blockage 2. For rectangular bars the influence from Re is small at least as long as
the flow velocity is of the order of magnitude 1 m/s. The influence of the length
ratio /is also small for the interval, 1=3-7. The head loss is most sensitive to
the angle of attack a and the blockage P. Two types of bars are considered, the
rectangular shaped bar and the biconvex shaped bar. Naturally large angles of
attack and large blockage give very large head losses for both cases, but the bi-
convex shaped bar gives in overall a value being 15% of the value for rectangular
bars. When compared with experiments (Idelchik [22]) and the rectangular case
there is good agreement for small angles of attack for all values of the blockage.
For large angles of attack and large blockage the difference is large. For small
blockage and large angles there is however good agreement. The disagreement
may be due to the simplified model geometry with the sharp corner. It may also
be traced to the way the experiments were carried out. For the case of biconvex
shaped bars there is an interesting local minimum of the head loss for angles of
attack of 20 - 30 degrees. This minimum occurs for rather large values of the
blocking P =0.35. This is of advantage when minimizing the loss with the con-
straint of keeping the blockage as large as possible. This should be the ideal case
for a more efficient barrier for keeping large trash and fish from entering the
turbine waterway. As a comparison between the rectangular shape and the use of
biconvex shape yields that for a blockage of 0.35 the loss for the biconvex shape
is about 13% of the value for rectangular shape.

The present study is by no means complete since only the two-dimensional
flow characterized by the flow in the x-y plane with an angle of attack a is con-
sidered. The case with the angle S =0 is more difficult to model due to the
three-dimensional geometry. There are experimental results for inclined racks
with an angle Bin a horizontal channel (Idelchik, 2008) but these are not directly
applicable for the present application.
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