Experimental measurements of flow and sediment transport through
bottom racks. Influence of graves sizes on the rack
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ABSTRACT: This work is focused on the study of bottom rack intake systems for discontinuous and torren-
tial streams. The cases of clear water and water with gravel sediments have been analyzed. Different tests
have been carried out to quantify the influence of the solids passing through the racks. Results of the wetted
rack lengths and efficiency of racks are presented. The clear water cases have been modeled with computa-
tional fluid dynamics, and compared with the measured obtained in Universidad Politécnica de Cartagena.
Experimental and numerical studies that characterize both, the clear water and the influence of solid load in
the operation of the bottom racks, will allow to improve the existing design criteria.

1 INTRODUCTION

Bottom rack intake systems are designed to get the
maximum quantity of water in mountain rivers with
important transport of sediments. Orth et al. (1954)
studied the efficiency of some bars shapes to capture
the most quantity of water. Ract-Madoux et al.
(1955) presented their experiences in several intake
systems located in French Alps (Fig. 1). They de-
scribed the influence of the sediment load in the
racks obstruction. They also analyzed how to re-
move the incoming sediments.
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Figure 1. Gravels size materials occlude the
system (Ract-Madoux et al. 1955).
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Drobir (1981) and Bouvard (1992) also proposed
some criteria for the construction of intake systems

based on the sieve curves of the existing sediments
in continuum flow rivers. Different parameters such
as the longitudinal slope of the rack, the bar clear-
ance, or the shape of bars were selected depending
on the characteristics of the solid load. Drobir
(1999) carried out measurements in a prototype lo-
cated in a torrential stream, and compared the results
with the theoretical length for the case of a rack
tested with clear water.

Taking into account previous results, experimen-
tal tests have been carried out in the Hydraulic
Laboratory of the Universidad Politécnica de Cart-
agena (UPCT). The occlusion of bottom racks due to
gravel size solids has been analyzed (Fig. 2).

Figure 2. Rack partly occlude by the gravel transport (UPCT
laboratory).

In the analysis of clear water flows, some simpli-
fications are often assumed: the flux over the rack is
one-dimensional, the flow decreases progressively,
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the hydrostatic pressure distribution acts over the
rack in the flow direction, the energy level or energy
head along the rack is considered constant.

Several researchers analyzed these simplifica-
tions by means of laboratory hydraulic models.
Noseda (1956) studied the clear water flow through
different racks. He defined for horizontal rack case
and subcritical approximation flow a variable dis-
charge coefficient:
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where [ is referred to the inter axis (distance be-
tween the centerline of two consecutive bars), m is
the void ratio, and /4 is the height of water measured
in the vertical direction.

According to Brunella et al. 2003, differences be-
tween measured and calculated depth profiles are
generally found at the beginning of the rack due to
the consideration of hydrostatic pressure distribu-
tion, and at the end of the rack when wall friction ef-
fects are neglected.

Righetti & Lanzoni (2008) proposed to calculate
the flow derived by the rack with the following dif-
ferential equation:

dg(x) = Cqm 2g(H, +Az)dx (2)

where m is the void ratio, dx the differential rack
length in the flow direction, H, the total energy at
the beginning of the rack, A4z the vertical distance
between the edge of the rack and the analyzed sec-
tion, and C, the discharge coefficient. The same au-
thors proposed that C, = sin a, being a the angle be-
tween the velocity vector of water derived and the
plane of the rack.

Several researchers such as Frank (1956), Bou-
vard & Kuntzmann (1954) and Noseda (1956) esti-
mated the theoretical wetted rack length L necessary
to derive a defined flow rate (See Table 1).

Table 1. Formulations for flow profiles and wetted
rack lengths.
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where: /; = depth at the beginning of the rack
q; = incoming specific flow
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where: ¢; = incoming specific flow
f= obstruction coefficient

Castillo & Lima (2010) analyzed and compared
the formulae of wetted rack length obtained by the
researchers of Table 1 (Fig. 3).
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Figure 3. Lengths calculated with different formulae, and
measured in reduced models and prototype, for flow between
bars L;, and flow over bars L,. Case of circular bars with m =
0.6 (Castillo & Lima 2010).

2 MATERIALS AND METHODS
2.1 Physical device

An intake system has been constructed in the Hy-
draulic Laboratory of the Universidad Politécnica de
Cartagena (Fig. 4). It consists of a 5.00 m long and
0.50 m wide approximation channel, a rack with dif-
ferent slopes (from horizontal to 33%), a discharge
channel and the channel to collect derived water.



Figure 4. Intake system phyéical device at Universidad Poli-
técnica de Cartagena, Spain.

Three different racks, with 0.9 m length, are
available. All of them are made of aluminum bars
with T profiles (T 30/25/2 mm). Bars are disposed
longitudinally to the inlet flow. The difference be-
tween the racks is the spacing between bars, so dif-
ferent void ratios are available. Table 3 summarizes
the geometric characteristics of each rack.

Table 3. Geometric characteristic of racks.

Experiment A B C
Spacing between
bars, b; (mm) 5.70 8.50 11.70
Void ratio

by
m = by + 30 0.16 0.22 0.28

2.2 Clear water experimental tests

Test with clear water for the three racks A, B, and
C have been done adopting different specific flows
(53.8, 77.0, 114.6, 138.88, 155.4 1/s/m) and rack
slopes (0%, 10%, 20%, 30%, 33%). The incoming
flow, g, is measured in an electromagnetic flow-
meter at the beginning of the channel. The rejected
flow, ¢,, is measured by using a V-notch weir placed
in the channel that collects rejected flows. The flow
derived by the rack, g, is calculated as a difference
between ¢; and ¢.,.

In each test, the flow depth along the rack was
measured. According to Drobir (1999), the horizon-
tal projection of the distance along the rack where
the nappe crossed the axis of the rack (measured be-
tween the bars), L;, and the maximum horizontal
distance where the bars are wet, L,, were also meas-
ured (Fig. 5).

Figure 5. Scheme of wetted rack lengths L; and L,.

2.3 Clear water numerical simulations

To test the hydraulic comportment of the intake sys-
tem, laboratory measurements were used to model
and calibrate CFD programs. For the turbulent flow,
CFD codes solve the differential Reynolds-Averaged
Navier-Stokes (RANS) equations of the phenome-
non in the fluid domain, retaining the reference
quantity in the three directions for each control vol-
ume identified. The equations for conservation of
mass and momentum may be written as:
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where 7 and j are indices, x; represents the coordinate
directions (i = 1 to 3 for x, y, z directions, respec-
tively), p the flow density, ¢ the time, U the velocity
vector, p the pressure, u;’ presents the turbulent ve-
locity in each direction (i = 1 to 3 for x, y, z direc-
tions, respectively), u is the molecular viscosity, S
is the mean strain-rate tensor and-puu; is the Rey-
nolds stress.

Eddy-viscosity turbulence models consider that
such turbulence consists of small eddies which are
continuously forming and dissipating, and in which
the Reynolds stresses are assumed to be proportional
to mean velocity gradients. The Reynolds stresses
may be related to the mean velocity gradients and
eddy viscosity by the gradient diffusion hypothesis:
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with u, being the eddy viscosity or turbulent viscos-
ity, k=1/2u;u; the turbulent kinetic energy and ¢ the
Kronecker delta function.

For the numerical modeling, the CFD volume fi-
nite scheme program ANSYS CFX (version 14.0)
has been used. The k- based Shear-tress-Transport
(SST) turbulence model was selected to complement
the numerical solution of the Reynolds-averaged
Navier-Stokes equations (RANS). To solve the two-
phase air-water, the homogeneous model was used.



The fluid domain is divided into control volumes,
which must satisfy the balance of the governing
equations. The code allows different types of ele-
ments to be solved. The main difference between the
types of elements is the number of nodes used to
solve the equations within each control volume. In
most applications the tetrahedral elements are suit-
able. However, due to the effect of the flow separa-
tion of the wall and high turbulence generated in the
two-phase (air-water) calculation, the preliminary
tests indicated that it would be necessary to use a
mesh with hexahedral elements. The total number of
elements used in the simulations was around

350,000 elements, with 0.004 m length scale near
the rack. Figure 6 shows the detail of the mesh near
the rack.

Figure 6. Detail of the mesh near rack for simulations with rack
slope of 20%.

It has been assumed that the free surface is on the
0.5 air volume fraction.

The model boundary conditions correspond to the
flow at the inlet condition (located 0.50 m upstream
the front edge of the rack), the upstream and down-
stream water levels and their hydrostatic pressures
distributions. In the bottom of the exit channel of
water collected, opening boundary condition were
used.

For simplicity, it has been considered that all the
longitudinal bars work in the same mode in the in-
take system. For this reason, the domain fluid con-
siders three bars and two spacing between bars.
Symmetry conditions were used in the central plane
of the extreme bars (Fig. 7).
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Figure 7. Detail of the domain fluid near the rack.

2.4 Sediment experimental tests

For evaluate the effect of the sediment transport over
the rack, two gravel-size materials have been ana-
lyzed (Fig. 8). The mean particle diameter of gravel
1 is dsp= 8.3 mm, while dsp= 10.8 mm for gravel 2.
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Figure 8. Sieve curves of the gravel-size materials analyzed.

For each sieve curve, the Zingg (1935) particles
shape classification is defined in Table 4:

Table 4. Zingg's particles shape.

Description Blade Disc Rode Sphere
Gravel 1 5% 25%  30%  40%
Gravel 2 5% 45%  15%  35%

Sediments are uniformly added at the beginning
of the inlet channel. The inlet point of the sediments
is located 5 meters upstream the rack.

In this study, racks B (void fraction m = 0.22) and
C (m = 0.28) were analyzed. In rack B, tests were
carried out by using gravel 1, three specific flows (g;
=77.0, 114.6 and 155.4 1/s/m), and five slopes (i =
0, 10, 20, 30 and 33%). In rack C, gravel 2 was used,
adopting three specific flows (¢;= 114.6, 138.88 and
155.4 1/s/m), and the same five slopes.

The solid flow at the beginning of the channel
was in all the cases ¢g;= 0.33 kg/s. Hence, solid con-
centrations in volume at the inlet of the channel
were between 0.16 and 0.34%, depending on the wa-
ter flow.

Each condition was repeated twice. Tests were
continued until that all the solids reach the down-
stream side of the rack. The duration of the test was
between 700 and 1620 seconds.

3 RESULTS AND DISCUSSION

3.1 Clear water tests

In order to know the accuracy of the numerical
simulations data, the longitudinal flow profiles over
the center of the bars calculated with CFD were
compared with the experimental measurements in



the UPCT laboratory. Figures 9-10 show the longi-
tudinal flow profiles for three specific flows (77.0,
114.6 and 155.4 1/s/m), and spacing b; = 11.70 mm
(m = 0.28) measured and simulated over a bar. The
rack was horizontal in Figure 9, while it had and
slope of 20 % in Figure 10.
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Figure 9. Flow profiles over a bar measured and modeled with
CFD, for horizontal slope and considering rack C (m = 0.28).
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Figure 10. Flow profiles over a bar measured and modeled
with CFD, for 20% slope and considering rack C (m = 0.28).

In order to know the degree of accuracy, details
of the water profiles at the end part of the rack ap-
pear in Figures 11-12.

In both cases, the values measured and calculated
show a good agreement.

The length of the rack necessary to derive a de-
terminate flow is an interesting design parameter.
Hence, experimental measurements and CFD simu-
lated values of L;, L, have been used to compare the
length value L calculated with different formulae.

As a result of the shape of the T bars, the surface
tension phenomena tends to cause high values of L,
even when more than 95% of ¢; is derived in the vi-
cinity of L,;. The length of wetted rack that ensures
to capture almost all the incoming flow is near a wa-
ter height of 3 mm. This point has been used to es-
timate the experimental length L at laboratory.
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Figure 11. Detail of the flow profiles over a bar measured and

modeled with CFD, for horizontal slope and considering rack
C (m=0.28).
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Figure 12. Detail of the flow profiles over a bar measured and
modeled with CFD, for 20% slope and considering rack C (m =
0.28).

Figures 13-14 show the results obtained with m =
0.28, and two different slopes. Some specific flows
had lengths that exceeded the available length of the
racks (0.90 m), so they could not been measured. A
good agreement was obtained between the existing
formulae, the CFD results and the experimental
measurements.
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Figure 13. Wetted rack lengths (horizontal projection) for an
horizontal rack C, with m = 0.28, and considering different
flow rates.
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Figure 14. Wetted rack lengths (horizontal projection) for an
20% slope rack C, with m = 0.28, and considering different
flow rates.

3.2 Test with gravels

Due to the deposition of part of the gravel into the
spacing between bars, the flow depth along the rack
increases (Fig. 15). Hence, the decrease in the void
fraction drives to a reduction in the flow derived.
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rack C (m = 0.28)

0.3 0.5 0.7] — B
Figure 15. Water profile over the rack for
20% slope, q; = 155.4 1/s/m. a) Clear water case; b) water with
gravel 2 case.

The rejected flow, g, (the flow that is not col-
lected by the intake system) varies during the tests
series. Figures 16-17 show the evolution of the re-
jected flow along the test series for the rack C and
two different flows (114.6 and 155.4 I/s/m). The
bigger changes in the ratio of rejected flow occurs at
the beginning of the test. In the final part, the flow
not derived for the rack tends to a constant value.

The deposition/obstruction zones along the rack
tends to occurs in the initial parts or the rack. Hence,
the phenomenon has more influence in the parts
where the higher angles between the velocity vector
of water derived and the plane of the rack appears.
This matches with the research carried out by sev-
eral authors (Riguetti & Lanzoni 2008, Castillo &
Carrillo 2012, Castillo et al. 2013).
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Figure 16. Time evolution of the rejected flow for tests carried
out with the rack C (m = 0.28), gravel 2, and ¢; = 155.4, when
several slopes are considered.
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Figure 17. Time evolution of the rejected flow for tests carried
out with the rack C (m = 0.28), gravel 2, and ¢; = 114.5, when
several slopes are considered.

For each test, the relations between the flow at
the inlet, g;, and the flow derived by the rack, gy,
appears in Figures 18-19when the equilibrium was
reached. The influence of the deposit of gravels be-
tween the bar reduce the void fraction. So, both fig-
ures show the reduction of the water derivation ca-
pacity from the clear water experiments.
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Figure 18. Derivation capacity for rack B (m = 0.22) and grav-
el 1 in function of rack slope.
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Figure 19. Derivation capacity for rack C, m = 0.28, and gravel
2 in function of rack slope.

The slope of the rack in the clear water experi-
ments tends to reduce the collected water. In this
way, when the rack B (m = 0.22) is tested, the flow
collected is reduced near 10% when the slope chang-
es from 0 to 30%. However, when the rack C (m =
0.28) is tested, the reduction is near 6%.

Considering the gravel cases, the maximum effi-
ciency is obtained when the slope is 30%. The worst
efficiency is obtained with the horizontal rack, with
a maximum reduction of 33% for the rack B and
29% for the rack C.

The wetted rack length L; has been also measured
for each test. Figures 20-21 represents the length L;
measured with racks B and C. Tests carried out with
the same incoming flow show a tendency to reduce
the derived flow and to increase of L; with the dif-
ferent slopes. The general behavior is the increase of
those lengths due to the gravels deposited between
the bars. In most cases, L; reached the length of the
tested rack (0.90 m). This is caused by the reduction
of the derived flow.
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Figure 20. Wetted rack lengths (horizontal projection) for tests
carried out with gravel 1, rack B and different flows.
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Figure 21. Wetted rack lengths (horizontal projection) for tests
carried out with gravel 2, rack C and different flows.

Comparing the wetted rack lengths with research
in clear water carried out by Noseda (1956), Frank
(1956), and Bouvard & Kuntzmann (1954), results
obtained in laboratory with sediments were longer
than the lengths calculated by using their formulae.
L, tended to have an increment of about 33% of the
wetted rack length obtained with clear water. These
results mach with the values obtained with Krochin
formula when 30% occlusion is considered.

At the end of each test, the solids captured by the
rack, deposed over it and rejected by the channel
were weighted. Figures 22-23 show the rate, in
weight, of solids captured by the racks B and C, as a
function of the rack slope and the incoming flow.
The rate of solids captured increases with the rack
slope in the rack B for the smallest incoming flows,
and for ¢; = 114.6 and 138.88 1/s/m in the rack C.
However, the behavior of the highest specific flow
shows a change in his behavior for slopes steeper
than 10% in rack B and 20% in rack C.
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Figure 22. Rate of material collected with rack B and gravel 1.
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Figure 23. Rate of material collected with rack C and gravel 2.

4 CONCLUSIONS

In this work, bottom water intake systems are ana-
lyzed in order to utilize them in dry riverbeds. Due
to that the rain episodes are torrential in semiarid re-
gions, the objective is to derivate the maximum
amount of water with the minimum amount of sedi-
ment.

The shape and spacing between bars are parame-
ters that need to be considered as a function of the
materials existents in the river bed.

Clear water simulations solved with CFD code
obtained a good agreement with experimental data,
when several flows and rack slopes where consid-
ered.

Sediment experimental tests were focused in the
influence of particles whose size was superior to the
spacing between bars (the ds) value was equal or su-
perior to the spacing between bars).

Experimental tests showed a decrease of the de-
rived flow due to the effects of occlusion. The de-
crease is related with the longitudinal rack slope and
the maximum efficiency obtained was with a slope
of 30%.

The wetted rack lengths obtained with sediments
tended to be longer than the obtained with classical
formulae.

The flow depths over the bars tended to increase
in the experiments with sediments due to the de-
creasing of the void ratio.

In order to improve the design criteria of intake
systems, and their application in ephemeral streams
in semiarid regions, it is necessary to do more ex-
perimental and numerical studies in both clean water
and sediment transport.
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