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ABSTRACT
Flow velocity and sedimentation patterns were investigated experimentally and numerically in shallow rectangular reservoirs with different asymmetric
locations of the inlet and outlet channels. Velocity fields were measured in the entire reservoir, both for clear water flow and with suspended sediments.
Thickness of sediment deposits was mapped in the whole reservoir by means of a laser light method. In one of the studied geometric configurations,
injection of suspended sediments led to a complete change in the observed flow field. Experimental results were compared with numerical simulations
performed with the depth-averaged flow model WOLF 2D, using a depth-averaged k–ε turbulence model. The simulations lead to accurate predictions
of the velocity profiles and the change in flow pattern as a result of sediment deposits was successfully reproduced.

Keywords: Flow stability; morphodynamic evolution; numerical modelling; reservoir sedimentation; shallow reservoir

1 Introduction

Shallow rectangular reservoirs are common engineering struc-
tures in urban and fluvial hydraulics. Sediment deposition in
these structures must be either minimized or maximized, depend-
ing on whether the reservoirs are used as storage basin or settling
tank. Consequently, optimal design, operation and maintenance

of shallow reservoirs should be based on accurate predictions
of trapping efficiency and location of sediment deposits, which
highly depend on the flow features in the reservoir.

According to recent research, complex flow fields with large-
scale horizontal vortices develop in such reservoirs despite their
simple geometry (Dewals et al. 2008, Dufresne et al. 2010a,
Camnasio et al. 2011). In addition to symmetric jet flows, several
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asymmetric flow patterns were indeed observed in spite of the
hydraulic and geometric symmetry of the setup. They are char-
acterized by the presence of one or two stagnation points on the
side-walls. In addition, bi-stable flow fields were observed and
suspended load or sediment deposits may cause a feedback effect
on the flow pattern itself, as already shown by Kantoush (2008)
and further analysed here.

Several authors have shown that existing empirical relation-
ships for the estimation of reservoir trapping efficiency often
fail to deliver accurate predictions because they do not consider
explicitly the influence of the type of flow pattern on sediment
deposition (Saul and Ellis 1992, Stovin 1996, Kantoush 2008,
Dufresne et al. 2010b). More knowledge is therefore necessary
to clarify the relationships between the reservoir geometry, the
type of flow pattern and the amount of deposits.

In this respect, Stovin (1996) experimentally and numeri-
cally analysed the influence of several physical parameters on
the efficiency of storage chambers, including the flow rate, the
length-to-width ratio of the reservoir, the longitudinal slope and
the benching gradient. Stovin (1996) concluded that the pattern
of sediment deposits is strongly influenced by the distribution
of bed shear stress, highlighting thus the need for accurately
predicting the flow field.

Experiments with suspended load were also carried out by
Kantoush (2008), who investigated reservoir geometries charac-
terized by a symmetrical location of the inlet and outlet channels
but with varying reservoir length and width. The pattern of
sediment deposition was measured using an echo-sounder and
empirical relationships were developed to predict the influence
of reservoir geometry on the trapping efficiency. Kantoush (2008)
observed several examples of changes of the flow field when the
thickness of sediment deposits exceeded about 0.15 times the
water depth.

While the tests performed by Kantoush (2008) were based on
high concentrations of fine sediments, a complementary exper-
imental campaign was undertaken at the University of Liege
(ULg) with bed load and sediment inflows lower than the trans-
port capacity of the flow at the inlet (Dufresne et al. 2010b,
Dufresne et al. 2012). Since these experiments focused on the
short-term deposition pattern in the reservoir, their duration
was too short to lead to a feedback of deposits on the flow
pattern.

Numerical simulations of flow in rectangular shallow
reservoirs mainly focused on low and moderate Reynolds num-
bers, for which symmetry of the flow may be broken as the
Reynolds number increases. Mizushima and Shiotani (2001) and
Mullin et al. (2003) focused on Reynolds numbers Rb below
1500 (Rb = Vin b/2/ν, with Vin the inlet velocity, b the width
of the inlet channel and ν the kinematic viscosity of water).
Some attempts were also undertaken to predict flow fields and
deposition patterns for turbulent free surface flows in rectangu-
lar shallow reservoirs (Rin = Vin 4h/ν > 105, with h the water
depth). Among others, Adamsson et al. (2003) tested differ-
ent boundary conditions at the reservoir bottom to reproduce

the deposition pattern in storage tanks using the commercial
model FLUENT. They showed that a bottom boundary condi-
tion based on the critical bed shear stress performed better than
other approaches, which either did not allow particles to become
resuspended into the flow after first contact with the bottom,
or were not directly related to flow characteristics and physical
properties of the sediments.

Persson (2000) performed 2D numerical simulations with
the commercial software Mike21 to analyse the flow field in
reservoirs of different geometries, including configurations with
baffles or an island in the reservoir. Based on the comparison of
residence time distribution functions of a tracer instantaneously
injected at the inlet, the results confirmed that the length-to-width
ratio and the location of inlet and outlet have a large impact on
the hydraulic performance of the reservoir (Persson et al. 1999,
Persson 2000, Persson and Wittgren 2003).

By introducing a disturbance in the inlet velocity profile,
Dewals et al. (2008) successfully simulated bifurcating flows
in rectangular shallow reservoirs, whereas Dufresne (2008) used
a disturbance in the initial condition to reproduce similar sym-
metric and asymmetric flows. Dufresne et al. (2011) combined
both approaches and simulated bi-stable flow fields in reservoirs
of intermediate length, whereas shorter reservoirs lead to a sym-
metric flow and longer ones to an asymmetric flow pattern. The
existence of such bi-stable flow fields was also highlighted by
Dewals et al. (2012).

Recently, Peng et al. (2012) applied a lattice Boltzmann model
to the configurations previously modelled by Dewals et al. (2008)
and achieved a similar level of accuracy as Dewals et al. (2008).

Although some asymmetric reservoir configurations were
considered by Persson (2000), no detailed analysis of the influ-
ence of inlet and outlet channel positioning was carried out so far.
Therefore, the objective of this paper is to investigate how differ-
ent locations of inlet and outlet channels may influence the flow
field, the location of sediment deposits and possible feedback
effects on the flow. To this end, we reanalyse here one reservoir
configuration previously studied by Camnasio et al. (2011) and
we extend their analysis by considering inlet and outlet channels
located not only along the centreline of the reservoir, but also in
different asymmetric configurations.

We first present the results of experimental tests conducted
for four geometric configurations of the inlet and outlet chan-
nels. The experiments were carried out with clear water and
with an inflowing suspended load. In one of the considered
geometric configurations, a significant change in the flow field
was observed as suspended sediments were injected. To provide
more insight into this effect, flow simulations were performed
using the depth-averaged flow model of Dewals et al. (2008)
and also used by Dufresne et al. (2011). Although no morphody-
namic simulations were conducted, the effect of sedimentation
has been incorporated into the flow simulations based on a time-
dependent topography of the bottom of the reservoir, representing
the gradual development of experimentally measured sediment
deposits.
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2 Experimental setup

Experiments were carried out in the Laboratory of Hydraulic
Constructions (LCH) at Ecole Polytechnique Fédérale de Lau-
sanne (EPFL), in the same facility as used by Dewals et al. (2008)
and Camnasio et al. (2011).

2.1 Shallow reservoir facility

The experimental setup is a rectangular shallow PVC (Polyvinyl
chloride) reservoir with a smooth flat bottom (maximum depth
0.3 m, maximum length 6 m and maximum width 4 m) endowed
with inlet and outlet free surface channels (width b = 0.25 m,
length 1 m each) having the same depth as the reservoir. The
channels can be moved respectively along the upstream and the
downstream side of the reservoir in order to obtain reservoir
configurations with asymmetric locations of the inlet and outlet
channels. The four configurations considered in the present work
are sketched in Fig. 1 and referred to, respectively, as C-C, L-L,
L-R and C-R as defined in Table 1.

Movable PVC walls enable the length L and the width B of the
reservoir to be adjusted in order to test different length-to-width
ratios L/B and expansion ratios B/b. For the tests presented here,
the reservoir width was set to B = 4 m and the reservoir length
to L = 4.5 m. This configuration was considered previously by
Camnasio et al. (2011) and has been selected here as a reference
because, for a central location of the inlet and outlet channels

Figure 1 Plane view of the tested geometric configurations: (a) C-C,
(b) L-L, (c) L-R and (d) C-R

Table 1 Location of the inlet and outlet channels in the tested
configurations

Location of the axis Location of the axis
Configuration of the inlet channel of the outlet channel

C-C Middle of the upstream
section

Middle of the
downstream section

L-L At 110.5 cm from the
left side wall

At 77.0 cm from the left
side wall

L-R At 110.5 cm from the
left side wall

At 77.0 cm from the
right side wall

C-R Middle of the upstream
section

At 77.0 cm from the
right side wall

(C-C), it leads simply to a stable symmetric flow field, involving
a straight jet from the inlet to the outlet and one recirculation
developing on each side of the main jet.

The reservoir is fed with a constant discharge Q and the water
depth h is regulated by a flap gate placed at the end of the outlet
channel. The inflow discharge is measured by an electromagnetic
flow meter. A second discharge check is obtained by water level
measurement above the flap gate in the outlet channel. A honey-
comb in the inlet enables an almost uniform velocity distribution
across the channel cross-section to be obtained.

2.2 Flow and sediment characteristics

In the present experiment, the water depth was fixed at h = 0.2 m
for a constant discharge of Q = 7 l/s. The resulting Froude and
Reynolds numbers in the inlet channel are Fin = Q/(bgh3/2) =
0.1 and Rin = Vin 4h/ν = 112, 000.

Since the primary goal of the paper is focused on the influence
of the reservoir geometry (location of inlet and outlet channels)
and not on the influence of different sediment inflows, the same
sediment characteristics and inlet concentration as considered
previously by Dewals et al. (2008) and Kantoush (2008) were
selected in the present experiment.

These sediments consist in crushed walnut shells. They are
characterized by a solid particle density ρs = 1500 kg/m3, deter-
mined by pyknometry, an average diameter dm = 112 μm, a
median diameter d50 = 89 μm and a coefficient of uniformity
d60/d10 = 4. During the tests, the sediments were continuously
fed from a container into a mixing tank, where they were mixed
to the inflowing discharge by a rotating propeller. The mean
inflowing concentration Cin was about 2 g/l, corresponding to
200 kg of sediments supplied to the tank during 4 h of experi-
ment (sediment discharge Qs = 0.014 kg/s; average volumetric
concentration = 0.13%).

According to the criterion of Bagnold (1966), about 75% of
the grain size distribution can be carried by the flow as sus-
pended load, since the ratio between the friction velocity U ∗

(∼0.005 m/s) and their settling velocity vss exceeds unity. Nev-
ertheless, the inflowing suspended load Qs was about one order of
magnitude higher than the transport capacity in the inlet channel
(average volumetric concentration ∼0.13%), as evaluated for the
different size fractions by applying the formula of Celik and Rodi
(1991). As a consequence, sediment deposits were also observed
in the inlet channel.

The geometric and hydraulic conditions of the experiments
were initially designed to schematize a real shallow reservoir
located along river Rhone in Switzerland, in which sedimenta-
tion should be minimized as it is used to store river flood flows
(Bollaert et al. 2000, Kantoush et al. 2005). The geometric scale
was 1 : 50 and Froude similarity was applied. The sediment grain
size in the model was chosen to scale properly the settling veloc-
ity. It corresponds to fine sand in the field, with a mean diameter
of 0.13 mm. The sediment supply rate in the model was selected
to keep approximately the same volumetric concentration as in
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the field (0.14%). This value corresponds to 3.6 g/l, which is an
upper bound of the range of measured concentrations in river
Rhone during flood conditions upstream of Lake Geneva.

2.3 Measurement of velocity fields

Since the turbulent coherent structures characterizing the flow
field consist mainly in large horizontal eddies with a vertical
axis, velocity measurements were focused on the horizontal
components of the velocity. By means of a limited number of
purpose-made measurements, the average vertical velocity com-
ponent was shown to remain two orders of magnitude lower than
the characteristic horizontal velocity Q/(bh) and may thus be
neglected (shallow flow assumption).

Eight UVP transducers (Metflow 2002), mounted on a mov-
able square grid, were used to measure the horizontal velocity
component along the axis of each transducer and up to a distance
of 723 mm. At the 16 intersections between the velocity profiles
recorded by each transducer, instantaneous horizontal velocity
vectors were obtained and averaged over 150 successive records.
By moving the grid to 16 different positions, the whole surface of
the 4.5 m × 4 m reservoir could be covered, enabling to depict the
average horizontal velocity field throughout the reservoir (Cam-
nasio et al. 2011). The transducers were placed at a height of
0.4 h = 8 cm from the reservoir bottom, where velocity corre-
sponds to the average value if a vertical logarithmic velocity
profile is assumed. Specific velocity measurements performed
at different levels in the flow confirmed the logarithmic velocity
profile. From the measured velocity profiles, the friction velocity
was estimated at approximately 0.005 m/s.

2.4 Measurement of sediment concentration and deposits

During the whole experiment, sediment concentration was con-
tinuously monitored by two turbidity-meters (SOLITAXsc100
2005), respectively, placed in the inlet and outlet channels. A
calibration curve was used to convert the optical measurement of
turbidity into the corresponding sediment concentration C (g/l).
Surrounding light, flow turbulence and the vicinity of side-walls
had no significant influence on the calibration curve. The inflow-
ing and outflowing sediment concentrations were also monitored
by water sampling during the experiments.

The thickness of sediment deposits on the entire reservoir bot-
tom was measured by a laser technique (Baumer, OADM13),
after 2 h and after 4 h of sediment supplying. The laser was
placed in a water-proof box attached to a movable metal bar
at a known height from the reservoir bottom. A linear relation-
ship has been calibrated in real operating conditions to relate the
voltage supplied by the laser instrument to the distance of the
laser light source to the top of the sediment deposits, from which
the thickness of sediment deposits can be derived. The mea-
surements were performed on a regular grid covering the entire
reservoir bottom by steps of 50 cm. More detailed measurements

were additionally taken along the axis of the inlet and the outlet
channels.

3 Numerical model

Flow modelling was performed with the academic code WOLF
2D developed at the University of Liege. A detailed description
of the model was provided by Dewals et al. (2008), who already
used and validated the model for the same experimental setup as
considered here.

The model solves the shallow-water equations using multi-
block Cartesian grids and a second-order accurate finite volume
scheme. The fluxes are computed by a self-developed flux vector
splitting, which is Froude-independent and well-balanced with
respect to the pressure and bottom slope terms (Erpicum et al.
2010a). The turbulent fluxes are evaluated by means of a cen-
tred scheme. The time integration is performed using a 3-step
Runge–Kutta algorithm and a semi-implicit treatment of the bot-
tom friction term is used. The time step is adaptive and computed
based on the Courant–Friedrichs–Lewy (CFL) stability criterion,
with a CFL number equal to 0.5. It takes values of the order of
8 × 10−3 s.

This finite volume model has already proved its validity and
efficiency for the analysis of flow in shallow reservoirs (Dewals
et al. 2008, Dufresne et al. 2011) as well as numerous other
applications including complex turbulent flows (Erpicum et al.
2009, Roger et al. 2009) and geophysical flows (Ernst et al. 2010,
Erpicum et al. 2010b, Dewals et al. 2011).

For all simulations in this study, unsteady computations were
performed until a steady-state was reached. The grid spacing was
set to 0.025 m. A grid independence test is presented in Dufresne
et al. (2011), based on the grid convergence index proposed by
Roache (1994).

Most simulations were conducted assuming a smooth bot-
tom and smooth side-walls. However, to analyse the influence
of an increased bottom roughness induced by the deposits, flow
simulations were also performed considering different roughness
heights ks, ranging between 0.000 m and 0.005 m. This range
covers grain roughness effects (d50 − d90 ≈ 89 − 215 × 10−6 m)
and 0.005 m is an upper bound of bed form heights observed on
the reservoir bottom. Although smooth walls are obviously char-
acterized by a non-zero value of ks, ks = 0.000 m was considered
here as a lower bound of the range of variation of ks and, as such,
was also used in the simulations. The corresponding friction coef-
ficient cf has been evaluated using Colebrook formula for open
channel flows (Chanson 1999):

1√
4cf

= −2 log10

(
ks

14.83 h
+ 2.52

Rin
√

4cf

)
(1)

It ranges between 4.4 × 10−3 (smooth bottom) and 8.3 × 10−3

(ks = 5 × 10−3 m). The corresponding bed friction number S =
cf (B − b)/(4h), as defined by Babarutsi et al. (1989), ranges
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from 0.02 to 0.04 and corresponds thus to non-frictional flow
conditions. For wall roughness, the same formulation as in
Dewals et al. (2008) is used.

Several types of turbulence models exist, ranging from simple
algebraic expressions of the eddy viscosity (Fischer et al. 1979,
Wark et al. 1990) to more advanced models with several addi-
tional transport equations (Rodi 1984). In this study, the eddy
viscosity was evaluated based on a depth-averaged k–ε model
with two different length-scales accounting for vertical and hor-
izontal turbulence mixing, as described by Babarutsi and Chu
(1998) or Erpicum et al. (2009). The model considers separately
the large-scale transverse-shear-generated turbulence, associated
to the horizontal length-scale of the flow, and the small-scale bed-
generated turbulence having a characteristic dimension in the
order of magnitude of the water depth. This assumes that large-
scale velocity fluctuations are confined in the main flow plane,
whereas the small-scale fluctuations are 3D (Babarutsi and Chu
1998).

The turbulence model was derived following a two-step
Reynolds averaging procedure. The first step filters out the bed-
generated turbulence by treating the small-scale fluctuations of
the instantaneous 3D velocity components with an algebraic
model. The second one considers the transverse-shear-generated
turbulence by means of additional fluctuations of the depth-
averaged velocity components in the main flow plane, modelled
by two additional transport equations: one for the depth-averaged
turbulent kinetic energy, and one for the depth-averaged turbu-
lence dissipation rate. As proposed by Babarutsi and Chu (1998)
and Erpicum et al. (2009), the calculations were performed using
the same set of coefficient assumed for unconfined 3D flow.

Consistently with the procedure described by Dewals et al.
(2008), a slightly disturbed velocity profile was used as inflow
boundary condition in all simulations, in order to introduce a seed
for asymmetry. This approach is necessary to evaluate the stabil-
ity of symmetric flow fields computed in the C-C configuration.
The disturbance varies linearly between −1 and +1% along the
cross-section of the inlet channel. Simulations with disturbances
of different magnitudes (1–5%) were also tested. They confirmed
that such small disturbances act only as a seed for asymmetry,
since the final computed result is not significantly affected by
the magnitude of the disturbance. In order to control the velocity
profile exactly at the inlet of the reservoir, this boundary condi-
tion was prescribed at the reservoir boundary (i.e. downstream
of the inlet channel).

In all simulations, the free surface elevation was prescribed
as boundary condition downstream of the outlet channel; except
in simulations starting from an empty reservoir, for which a
stage–discharge relationship was prescribed at the same location,
reproducing the overflow over the flap gate in the experimen-
tal setup. In these simulations, wetting and drying of cells are
handled free of mass conservation error thanks to a specific iter-
ative procedure (Roger et al. 2009, Erpicum et al. 2010b). A
grid adaptation technique restricts the computation domain to
the wet cells.

4 Experimental results

4.1 Velocity fields

Velocities were first measured during clear water tests, then
during tests with sediment supply, in order to investigate the pos-
sible influence of sediment deposits and/or of suspended load on
the flow pattern. Vector velocity maps were produced for all the
tested reservoir configurations, showing that in all tested con-
figurations velocities along the main jet were in the range of
100–120 mm/s (±5%), while in the centre of the recirculation
zones, the velocity reaches a minimum of about 10–20 mm/s
(±5%).

The time-averaged horizontal velocity, V , measured at 0.4h,
was normalized by the plug flow velocity Vres = Q/(Bh) =
8.75 mm/s (Oca et al. 2004). The distributions of the normal-
ized velocity Vnd = V /Vres are shown in Fig. 2 for the clear
water tests and for the tests with suspended sediments. Only in
the L-R configuration, the flow pattern observed with suspended
sediments differs significantly from the flow pattern with clear
water.

In the C-C configuration, a large eddy is observed on both
sides of the main jet and, on the right side of the jet, a second
smaller eddy can also be seen. This flow field corresponds to a
transition between a flow pattern with four eddies (referred to as
“S1” in Camnasio et al. 2011) and a flow pattern characterized
by only one large eddy on each side of the jet (“S0” in Dufresne
et al. 2010a), which develops if L/B ≤ 1 according to Camnasio
et al. (2011). A local increase of the velocity in the main jet
can be seen in Fig. 2b, due to the shape of sediment deposits, as
detailed in Section 4.2.

In the L-L configuration, the main jet is deflected towards the
closer side wall, where it reattaches and follows the wall until
it reaches the outlet channel, as shown in Fig. 2e. A large re-
circulation zone develops in the remaining part of the reservoir.
The deflection of the jet towards the lateral wall may be attributed
to the “Coanda effect” (Wille and Fernholz 1965). Other exam-
ples of such deviation of a free surface water jet towards a lateral
wall can be found in Lalli et al. (2004), Dewals et al. (2008) or
Dufresne et al. (2010a).

In the L-R configuration, a flow field with one reattachment
point on the left side wall was obtained in the tests without sed-
iments, as shown in Fig. 2c. The main jet is deflected towards
the closer lateral wall, where it reattaches and follows the wall
until the outlet. In contrast, Fig. 2d shows that a jet without reat-
tachment point was observed in the tests with sediments. This
change in flow pattern occurred after only about 30 min of sedi-
ments supply, when the maximum thickness of sediment deposits
was 3–4 mm. Afterwards, the flow pattern remained stable during
the remaining duration of the experiment.

The flow field observed in the clear water test appears thus
relatively unstable, as it has been completely modified by a
relatively small perturbation, namely the supply of suspended
sediments. The numerical simulations discussed in Section 5 aim
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Figure 2 Non-dimensional velocity vector maps measured for the four geometric configurations: (a) C-C without sediments, (b) C-C with sediments,
(c) L-R without sediments, (d) L-R with sediments, (e) L-L and (f) C-R with sediments

at giving more insight into the possible mechanism leading to
such a change in flow pattern.

In the intermediate configuration C-R (Fig. 2f), the jet reaches
the outlet without reattachment on the side walls, nor impinging
on the downstream wall as in the L-R configuration with sus-
pended sediments. Two eddies of different sizes develop on both
sides of the main jet.

4.2 Sediment deposits

Figure 3 presents maps of sediment deposits thickness recorded
by the laser technique after 4 h of sediment supplying. The thick-
ness of deposits s has been normalized with respect to the water
depth h.

In all configurations, the highest thickness of deposits is
located along the path of the main jet, as can be noticed by com-
paring the deposit maps (Fig. 3) with the velocity maps (Fig. 2).

This results from the high sediment supply rate at the inflow
compared with the transport capacity of the flow.

The location of extremes in the pattern of deposits, simi-
lar to bed forms, coincides with the extremes in the velocity
fields recorded by UVP after 4 h of experiment and displayed in
Fig. 2.

The maximum height of sediment deposits reaches about
40 mm along the path of the main jet, while sediment thickness
in the centre of the recirculation zones remains lower than 5 mm,
confirming that turbulent mixing drives only a small fraction of
the sediments into the recirculation zones and that most of them
settle down before reaching the core of the eddies.

These results differ from those carried out by Stovin and Saul
(1994) or Dufresne et al. (2011), in which the sediment supply
rate did not exceed the transport capacity of the flow in the main
jet and, therefore, the sediments settled mostly in the core of the
eddies where velocity and bed shear stress were minimum.
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Figure 3 Thickness of sediment deposits on the reservoir bottom after 4 h of sediment supply, normalized with respect to water depth and for the
four tested configurations: (a) C-C, (b) L-L, (c) L-R and (d) C-R

Figure 4 Simulated velocity field (m/s) on a flat bottom for the four geometric configurations. (a)–(d) initial condition = water at rest (h = 0.2 m);
(e) initial condition = reattached jet. Notation L-R(0) refers to a flow pattern without reattachment of the jet, while notation L-R(1) designates a flow
pattern with one reattachment point

5 Numerical results and discussion

The numerical model has first been used to reproduce the mea-
sured steady flow fields. Next, detailed comparisons of measured
and computed velocity profiles are presented. Finally, the time-
evolution of the flow field in the reservoir has been computed
with a forced evolution of the reservoir bathymetry according to
the measurements of deposits thickness. The influence of bottom
and wall roughness has also been analysed.

5.1 Flow patterns

For the four tested reservoir geometries, Fig. 4 shows the flow
fields simulated on a smooth and flat bottom with the k–ε

turbulence model.
In the C-C configuration (Fig. 4a), the computed flow field

is characterized by a straight jet with eddies on both sides,
which is consistent with the experimental observations. The
flow field remains essentially symmetric in spite of the seed for
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non-symmetry introduced through the inflow velocity profile. In
the L-L configuration (Fig. 4b), the computed flow field is also
in agreement with the experiments, in which one reattachment
point was observed on the left side-wall.

In contrast, in the L-R configuration (Fig. 4c), the computed
flow field does not match the experimental one. The former shows
no reattachment point, whereas one reattachment point on the
left side-wall was observed in the experiments with clear water
(Fig. 2c). The computed results compare actually better with the
observations during tests with sediment supply (Fig. 2d). For the

Figure 5 Measured and computed cross-sectional profiles of the lon-
gitudinal velocity (m/s) for the C-C configurations without and with
sediment deposits. Thin lines refer to computations performed consider-
ing a flat reservoir bottom, while bold lines correspond to the bathymetry
after 4 h of sediment deposits

C-R configuration, the model predicts correctly a jet reaching
directly the outlet without reattachment (Fig. 4d).

We investigated whether changing the initial condition of the
numerical simulations may lead to a more satisfactory agree-
ment between computed and measured flow fields in the L-R

Figure 6 Measured and computed cross-sectional profiles of the lon-
gitudinal velocity (m/s) for the L-L configurations without and with
sediment deposits. Thin lines refer to computations performed consider-
ing a flat reservoir bottom, while bold lines correspond to the bathymetry
after 4 h of sediment deposits
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configuration. All simulations above were conducted based on an
initial condition corresponding to a reservoir with 0.2 m water at
rest. We show here that the initial condition influences the steady
flow pattern obtained at the end of the simulation.

For the L-R configuration, the simulations were repeated
starting from two different initial conditions, which lead to the
following findings:

Figure 7 Measured and computed cross-sectional profiles of the lon-
gitudinal velocity (m/s) for the L-R configurations without and with
sediment deposits. Thin lines refer to computations performed consider-
ing a flat reservoir bottom, while bold lines correspond to the bathymetry
after 4 h of sediment deposits

• when the simulations are performed starting from an empty
reservoir, the k-ε model still leads to a flow pattern L-R(0);

• in contrast, when a steady flow pattern with lateral reattach-
ment is used as initial condition (e.g. the flow field obtained
in the L-L configuration, as shown in Fig. 4b), a flow pattern
with jet reattachment is preserved at the end of the computation
(Fig. 4e).

Figure 8 Measured and computed cross-sectional profiles of the lon-
gitudinal velocity (m/s) for the C-R configurations without and with
sediment deposits. Thin lines refer to computations performed consider-
ing a flat reservoir bottom, while bold lines correspond to the bathymetry
after 4 h of sediment deposits
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This demonstrates that both types of flow patterns, with and
without lateral reattachment, are mathematical solutions of the
system. It also suggests that the experimentally observed flow
pattern may depend on the flow history, i.e. on the detailed exper-
imental procedure. Another example of dependence of the flow
pattern on the initial conditions was discussed by Dewals et al.
(2012).

The same procedure was repeated for the C-C, L-L and C-R
configurations, and the same flow patterns as shown in Fig. 4a,
b, d were systematically obtained. This shows that the numeri-
cal predictions are robust for these three geometries and do not
depend on the initial conditions.

5.2 Velocity profiles

Figures 5–8 show profiles of the longitudinal velocity in differ-
ent cross-sections of the reservoir. The influence of the bottom
bathymetry as well as bottom and wall roughness is analysed.

In the C-C configuration with a flat bottom (Fig. 5), the veloc-
ity profiles confirm that the numerical results follow closely
the experimental observations in the recirculations. Only in the
centre of the jet, the computed velocity is higher than the mea-
surements in most cross-sections, while it remains very accurate
close to the inlet section (x = 0.52 m). No significant difference
can be detected between the simulations with and without wall
roughness.

When the topography corresponding to sediment deposits is
considered, the velocity increases by about 20% in the centre of
the jet and remains mostly unchanged in the lateral recircula-
tions. Increasing the bottom roughness up to ks = 0.005 m leads
to hardly noticeable changes in the velocity profiles. Flow resis-
tance remains indeed very weak, since the head loss across the
reservoir is in any case of the order of 1 − 2 × 10−4 m. These
results are in agreement with Babarutsi et al. (1989), Babarutsi

and Chu (1991) and Chu et al. (2004) for unilateral expansions:
since the bed friction number remains here lower than 0.05, the
flow is classified as “non-frictional” and is thus not influenced
by the roughness.

In the L-L configuration (Fig. 6), the numerical predictions
also lead to a satisfactory agreement with measurements. For
all cross-sections, the bottom roughness hardly influences the
velocity profiles.

In the L-R configuration (Fig. 7), for a flat reservoir bottom,
the simulated flow field compares well with the experimental
results. The wall roughness was varied between 0.000 m and
0.005 m, but no significant change in the velocity profiles could
be detected. When the topography corresponding to the pattern
of sediment deposits after 4 h is considered, the results of the
k-ε simulation agree satisfactorily with the measurements. When
bottom and wall roughness are included in the simulation, the
velocity profiles change marginally.

In the C-R configuration (Fig. 8), a very good match is
obtained between experimental data and the numerical results.
Consistently with the other geometric configurations, bottom and
wall roughness have little influence on the computed velocity
field.

Since for all geometric configurations the simulation results
were accurate to predict the velocity profiles, the model is con-
sidered as reliable to analyse the shift in flow pattern observed
in the L-R configuration.

5.3 Change in flow pattern induced by sediment deposition

In the experiments, the flow pattern in the L-R configuration
changed from one reattachment point on the left side wall to no
reattachment point when suspended load was added to the flow.
This change took place relatively quickly after the beginning of
the experiment. To evaluate the capacity of the numerical model

Figure 9 Computed time evolution of the velocity magnitude (m/s) in the middle of the reservoir for L-R configuration (primary axis, all
lines except otherwise stated) and C-R configuration (secondary axis), as the topography is varied according to the measured thickness of
deposits
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(a) 6000 s (b) 7000 s (c) 7200 s

(d) 7400 s (e) 7500 s (f) 7600 s

Figure 10 Time evolution of the computed velocity field (m/s) for the L-R configuration (ks,bottom = 0.005 m and ks,wall = 0.001 m) with a
time-varying topography according to the measured sediment deposits

to reproduce this change in flow pattern, the time evolution of the
measured thickness of sediment deposits has been implemented
in the flow simulation as a time-varying topography. Four hours
of flow have been simulated, corresponding to the total dura-
tion of the experiments with sediments. Since only three maps
of measured sediment deposits were available (initial condition,
deposits after 2 h and deposits after 4 h), linear interpolation in
time has been used for the intermediate time steps. At the end
of the simulation, the mean thickness of deposits remains below
10% of the water depth.

After 4 hours of morphological evolution, no change in the
computed flow patterns has been detected, except in the L-R
configuration for which the simulated flow pattern changes from
L-R(1) to L-R(0). This is consistent with the experimental results.
In Fig. 9, the velocity magnitude in the middle of the reservoir
is used as an indicator to appreciate the dynamics of the flow
pattern modification. This variable confirms, for instance, that
no macroscopic change in the flow pattern occurs in the C-R
configuration, since a gradual rise in velocity can be observed
(see secondary axis). In contrast, a sudden shift takes place in all
simulations of the L-R configuration. The duration of this shift
is of the order of 10 minutes, as depicted in detail in Fig. 10.
Figure 9 reveals a strong influence of the bottom roughness on
the timing of the change in flow pattern, as well as a moderate
influence of the wall roughness. Interestingly, those two param-
eters did not influence significantly the velocity profiles (Fig. 7).
Nonetheless, the timing of the change in flow pattern in the
simulations (minimum 2 hours) remains higher than observed
experimentally (about 30 min.). Consequently, the k-ε model
succeeds in reproducing the process of flow pattern change for
the right geometric configuration, but overestimates the time of
change.

6 Conclusions

This paper analyses how the location of the inlet and outlet chan-
nels in rectangular reservoirs influences the velocity field and the
sedimentation pattern in the reservoir. This issue is of high prac-
tical relevance, particularly in urban hydraulics, to optimize the
design, operation and maintenance of man-made structures such
as storm tanks or desilting basins.

Four geometric configurations have been considered, with the
inlet and outlet channels located either along the centreline of
the reservoir (C-C), both on the same side (L-L) or on opposite
sides (L-R) of the centreline, or a combination of these (C-R).
Experimental tests have been performed in a 4.5 m long and 4 m
wide experimental reservoir, equipped with a system for contin-
uous sediment supply. The velocity fields and the thickness of
sediment deposits have been measured throughout the reservoir,
respectively, by UVP transducers and a laser technique.

For the considered range of sediment supply rate, the position
of the inlet and outlet channels (located on opposite sides of the
reservoir) highly influenced the location of sediment deposits
after 2 and 4 hours of tests, due to the very different flow fields
developing in the geometric configurations. In all configurations,
the maximum thickness of deposits was located along the main
jet, because the sediment supply rate at the inflow was higher
than the transport capacity of the flow in the main jet.

In one geometric configuration (L-R), the flow pattern com-
pletely changed once sediments were supplied: at the beginning
of the tests, with clear water, the jet reattached on the left side-
wall (pattern “L-R(1)”); whereas after about 30 min of sediment
supply, a jet without reattachment point was observed (pattern
“L-R(0)”). Afterwards, the flow pattern was stable during the
remaining test duration. This is a case of two-way coupling
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between sediments and flow, since not only the flow governs sed-
iment particles motion, but also sediments have a macroscopic
effect on the flow.

The depth-averaged flow model WOLF 2D was applied to
assess its ability to predict the flow patterns for the tested
reservoir configurations. The gradual development of sediment
deposits was reproduced in the flow simulations by means of
a time varying topography based on measured thickness of
sediment deposits.

Simulations with a two-length-scale k-ε turbulence model
provided accurate predictions of the velocity profiles and they
successfully reproduced the dynamic change in flow pattern
from L-R(1) to L-R(0) as a result of the combined effect of
bathymetry change and increased bottom roughness as a result
of sediment deposits. While almost no influence of bottom and
wall roughness could be detected on the computed steady veloc-
ity profiles, the roughness strongly influences the dynamics of
the change in flow pattern. Although the timing of this change is
still overestimated by the model, the process is well reproduced.

These results should be further confirmed using non uni-
form and time-dependent roughness distributions as well as more
advanced turbulence modelling, such as large eddy simulations.
The investigation of 3D secondary currents would be of interest.
Additional experimental tests enabling to directly measure the
flow turbulence characteristics are also needed. Finally, the val-
idated numerical model could be used to systematically explore
the geometric and hydraulic conditions leading to bi-stable flow
fields and, coupled with a morphological model, identify the
generic conditions under which deposited sediments trigger a
change from one flow pattern to another.

Notation

b = width of inlet channel (m)
B = reservoir width (m)
cf = friction coefficient (−)
C = sediment concentration (kg/m3)
Cin = inflow concentration (kg/m3)
dm = mean sediments diameter (mm)
d50 = median sediments diameter (mm)
d10,60,90 = sediments diameters corresponding to different

size fractions (m)
Fin = inlet channel Froude number (−)
g = gravity acceleration (m)
h = water depth (m)
ks = roughness height (m)
ks,bottom = bottom roughness height (m)
ks,wall = wall roughness height (m)
L = reservoir length (m)
Q = water discharge (m3/s)
Qs = sediment discharge (m3/s)
Rb = Reynolds number relative to b (−)
Rin = Reynolds number relative to 4 × h (−)
S = bed friction number (−)
s = sediments deposits thickness (m/s)

U ∗ = shear velocity (m/s)
V = horizontal velocity (m/s)
Vin = average horizontal velocity in the inlet channel

(m/s)
Vnd = normalized velocity (−)
Vres = plug flow velocity in the reservoir (m/s)
vss = settling velocity (m/s)
x = coordinate along the reservoir axis (m/s)
y = coordinate transverse to the reservoir axis (m/s)
ν = kinematic viscosity of water (m2/s)
ρs = sediment density (kg/m3)
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