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1 INTRODUCTION 

As a result of climate change, we believe that extreme floods will become more frequent and more 

intense. People and properties, such as housing and industrial facilities, must therefore be pro-

tected against these floods for which data are very scarce or even non-existent (European Union 

2007). When moving from low to extreme flooding, the flood extent over the floodplain greatly 

varies. The nature of the obstacles encountered during the floods may change in the sense that 

they can be emerged for moderate flows or slightly submerged for high flows. Thanks to an ex-

perimental set-up, the uniform flow structure around a square array of emerged or slightly sub-

merged square cylinders has been investigated and the measurements focused particularly on the 

vertical profile of the mean longitudinal velocity. The behaviour of the vertical profiles depends 

on the lateral and vertical confinements. The objectives of the present works are twofold; first we 

aim at validating a 3D numerical modelling in order to create a “numerical channel” able to re-

produce the flow through the obstacles, second as a result of this validation, we numerically ex-

plore the influence of the geometrical parameters such as the lateral confinement on the flow 

structure. 

2 EXPERIMENTAL SET-UP 
2.1 Validation test-case description  

The experiments were performed at the Hydraulic and Hydromorphologic laboratory at INRAE 

Lyon-Villeurbanne, France. The experiments were carried out in a 1 m wide and 17.25 m long 

open-channel flume with a rectangular cross-section (Fig. 1a). The bed slope S0 was equal to 1.05 

mm/m, and the glass flume bottom was covered with dense artificial grass (0.005 m high rigid 

blades, see Fig. 1b). The water level is controlled by an adjustable vertical downstream weir. The 

vertical axis Oz is aligned with the vertical direction (normal to the flume bottom), its origin z0 is 
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ABSTRACT: As a result of climate change, we believe that extreme floods will become more 

frequent and more intense. The flows through obstacles representing an urbanized floodplain is 

realised in a laboratory at Re = 4766 and 8580. The purpose of the present study is first to validate 

a numerical model using Large Eddy Simulation (LES) against experimental data regarding the 

average longitudinal velocity and the secondary vortices formation. Then, additional data can be 

obtained and quantified. Therefore the geometrical parameters can be changed and their influence 

analysed and compared to the literature. A good agreement was found between simulated and 

experimental vertical profiles of time averaged velocity for the flow through emerged or slightly 

submerged obstacles. The additional simulations highlight that the flow structure is mostly driven 

by the transverse aspect ratio using the distance between two adjacent obstacles. 



defined at the top of the rigid blades. The left-hand side wall, made of glass, is located at z = 0, 

and the right-hand side wall, made of Plexiglas, is at y = 1 m. Over the artificial grass, 833 (7x119) 

square cylinders were placed in a square array pattern (Fig. 1c). Each square cylinder has a square 

cross-section with a 0.064 m side length and a 0.0592 m height. The square cylinder height k is 

measured from the top of the grass blades (Fig. 1b).The distance l between two adjacent square 

cylinders is identical in the transverse and longitudinal directions and equals to 0.079 m. The 

distance between the side wall and the nearest square cylinder is 0.039 m. The first transverse row 

of square cylinders starts at 0.17 m downstream of the channel entrance (x = 0). Each transverse 

row is composed of 7 square cylinders, with 119 transverse rows along the channel (49 square 

cylinders/m²). Two immersion rates H/k equal to 93% and 148%, respectively, are studied, H 

being the flow depth (Oukacine 2019). Time averaged velocities and velocity fluctuations were 

measured using an Acoustic Doppler Velocimetry (ADV) with a side looking probe, a Particle 

Image Velocimetry (PIV) system (2D-2C) and a Large Scale Particle Image Velocimetry 

(LSPIV). The uncertainty of ADV measurement is 0.5% of the value measured ±1 mm.s-1 (man-

ufacturer's data). 

 

 
 

 
2.2 Main results 
 
The obstruction created by the obstacles results in wake zones behind the houses models (square 
cylinders), while a high-speed stream is located between two square cylinders. Flow is mainly 
one-dimensional in the longitudinal direction in the high speed-stream. The presence of obstacles 
implies that the characteristic velocity of the flow is not the bulk velocity uQ but the porosity 
velocity uΦ which takes into account the obstruction of the obstacles (Oukacine 2019). For flows 
through emergent obstacles, the vertical profile of time-averaged streamwise velocity is charac-
terised by a dip phenomenon (Nezu & Nakagawa 1984), i.e. a deceleration of the flow in the near-
surface layer due to helical secondary currents. This flow configuration can therefore be consid-
ered as a succession of flows on narrow channels, whose characteristic width is therefore the 
distance between square cylinders l thus the lateral aspect ratio Ary = l/H instead of B/H. The dip 
phenomenon, generated by secondary currents, is thus caused by the lateral confinement. In ad-
dition, the turbulent intensity is greater than 30% with the presence of vortex shedding located at 
the vertical square cylinder edges. In the case of emergent square cylinders (H ≤ k), the results 
show that flow depth does not influence the flow structure (mean flow and turbulence statistics). 
For slightly submerged cylinders, flow structure is unchanged below the top of the square cylin-
ders. Around z = k, there is a mixing zone and above the fluid accelerates with a velocity distri-
bution following a log-law, typical of wide channels. Last, a strong decrease in the turbulence 
intensity is observed from emergence to submergence conditions of the square cylinders.  

Figure 1. a) Schematic top view of the open-channel: inlet tank (1), vertical linear ramp with a 15% slope 

(2), working channel length (3), downstream weir (4), b) Sketch of the cross section: B  = channel width, 

H = flow depth, z0 located at the top of the artificial grass blades, c) Picture from downstream of the square 

cylinders  



 

3 NUMERICAL SIMULATIONS 

A 3D modelling of the experimental channel is performed using an open-source software which 
solved the Navier-Stokes equations Code_Saturne (www.code-saturne.org, Archambeau 2004). 
It is developed and distributed by EDF to solve fluid dynamics problems (CFD). It uses a collo-
cated finite volume technique for computational cells of any shape. Pressure/velocity coupling is 
ensured via a SIMPLEC algorithm. Several turbulence models are available: from Reynolds Av-
erage Navier-Stokes models (RANS, eddy viscosity and Reynolds Stress models) to Large Eddy 
Simulation models (LES, Standard and dynamic Smagorinsky, Wale). 

3.1 Modelling hypothesis  

Three modeling hypotheses are made. The two first hypotheses would not a priori affect the pre-
dominant physical phenomenon (Oukacine 2019). The third one is more important but as our 
interest is on the vertical flow profile, it should not affect the targeted physics that much. 
    The first one is the non-accounting of the channel slope S0 as it is incompatible with the bi-
periodic boundary condition (periodic boundary conditions will be explained in the next para-
graph). The flow will not be imposed by the slope but thanks to a pressure gradient. 
    The second one is that the bottom roughness is not taken into account. In fact, the predominant 
physical phenomenon generating turbulence is not the roughness but the obstacles in the flow 
evaluated with the 1D momentum equation (Oukacine 2019). The ratio between bottom rough-
ness over the drag is equal to +7.5% for the 93% flow and +9.4% for the 148% flow. Here, the 
modelled channel will be a smooth-bottomed channel with no slip boundary condi-
tions (𝑢̅, 𝑣̅, 𝑤̅ = 0).  
    The third hypothesis is more significant: the free surface is not taken into account and a flat 
free surface is imposed. This will influence some physical phenomena, such as the interaction of 
surface vortex detachments with the free surface. Here, the goal is to highlight the vertical profile 
of the flow. The obtained results will determine whether the fixed surface influences the vertical 
profile of the flow or not. A symmetry plane is imposed; if, (u, v, w) stand for the velocity com-
ponents, one has 𝜕𝑢̅/𝜕𝑧 = 𝜕𝑣̅/𝜕𝑧 and 𝑤̅ = 0. 

3.2 Initial and boundary conditions  

The pattern used is made of two rows of two cylindrical arrays (Fig. 2). Periodic boundary con-
ditions are applied in the longitudinal and transverse directions, respectively. The established re-
gime found in the experiment justifies the condition of longitudinal periodicity (the number of 
rows seems to be enough to obtain a fully developed flow regime after some rows). 
    In addition, the fixed free surface condition will prevent flow to have interactions with a real 
free surface (Ouro et al. 2020). This will mean that the seiching will not be present and that the 
vortex detachments interacting with the free surface will not exist (Chetibi et al. 2019).  
 
3.3 Turbulence modelling 
 

A Wall-Adapting Local Eddy-viscosity model (WALE, Nicoud & Ducros, 1999) is used. The 

meshes are of hexahedric shape. The LES capabilities of Code_Saturne have been on various 

academic and industrial cases including decaying isotropic turbulence, channel flows, side-by-

side cylinders, tube bundles and gusts over a plate; (see Benhamadouche 2006, Benhamadouche 

et al. 2017, 2019) for example. The temporal discretization for the LES is second order Crank-

Nicolson in time with linearized convection. The spatial discretization is a pure second order 

central difference scheme. By default, there are no external sweeps on the pressure-velocity cou-

pling. The mesh used is a very refined near-wall mesh, with ∆y + = 1. Then, the mesh is unrefined 

according to a geometric progression of reason equal 1.1 (Fig. 2). Thus, a uniform mesh size is 

obtained far from the walls with a value of y+ between 5 and 10. These characteristics correspond 

to the recommended values for the LES simulations of (Piomelli & Chasnov, 1996). 

 

http://www.code-saturne.org/


 
 

Figure 2. Computational domain and zoom of the mesh  

4 NUMERICAL RESULTS  

4.1 Validation against experimental data 

The comparison of the simulations results with PIV and ADV experimental data validate the ver-
tical profile of longitudinal velocity (Fig. 3). The parabolic shape of the mean longitudinal velo-
city 𝑢̅, typical of narrow channels (Nezu & Nakagawa 1984), is recovered. The simulation over-
estimates the maximum velocity position by 25%. The overestimation is probably due to the fric-
tion at the bottom wall which is more important in the experiment. The major difference between 
the two velocity fields for the mean transversal velocity 𝑣̅ is located behind the P3 square cylinder 
(Fig. 4), the one from the experiment is both positive and negative while it is mainly negative in 
the simulation. This is due to the fact that the roof is fixed and the detachments vortices are dif-
ferent between experiment and numerical simulation. Indeed, behind the square cylinders (Fig. 
5), the experiment shows the formation of a single vortex while the numerical simulation gene- 
rates two symmetrical vortices with respect to the center of the square cylinder. This configuration 
is typical of entrained cavity flows. Depending on the longitudinal location of the measurement, 
the shape of the velocity is related to the shape of the vortex (Fig. 5). Indeed, if one is located in 
the middle of the vein or closer to a square cylinder upstream or downstream, the shape of the 
vortex being different, the velocity is different (Fig. 5). The comparison of the vertical velocity 
𝑤̅ shows that at the center of the central vein the velocity is negative or nil (Fig. 4). However, the 
simulation underestimates the vertical velocity by 60%. 

Finally, the flow through emergent obstacles, despite the fixed free surface model, the mean 
longitudinal velocity is well approached. This reinforces the fact that the surface has little influ-
ence on the latter. However, these assumptions influence the vortices generations. 

 

 
 

Figure 3. Comparisons for the flow through emerged obstacles (H/k = 93%) between PIV and ADV exper-

imental measurements and LES simulations. Vertical mean longitudinal velocity  𝑢̅ made non dimensional 

using the porosity velocity 𝑢𝛷̅̅̅̅ . 



 

 

 
 

Figure 4. Comparisons for the flow through emerged obstacles flow (H/k = 93%) between ADV experi-

mental measurements and LES simulations mean velocity components  𝑣̅, 𝑤̅ between the square cylinder 3 

and 4 at x = 0.143 m (Fig. 2) 

 
 
Figure 5. Comparison of the mean transverse velocity profiles 𝑣̅ for the flow through emerged obstacles 

(H/k = 93%) at the position z/H = 44% between the ADV experimental data and the LES simulation for 

three longitudinal positions x0, x1 and x2 



For the flow through submerged obstacles at H/k = 148%, the maximum of the mean longitu-

dinal velocity profile 𝑢̅ is reached on the free surface for both experimental data and LES simu-

lation (Fig. 6). At the elevation z/H = 44%, the LES mean longitudinal velocity 𝑢̅ is underesti-

mated by 8%.  

 

 
 
Figure 6. The vertical mean longitudinal velocity 𝑢 ̅ made non dimensional using the porosity velocity 𝑢𝛷̅̅̅̅  

for the flow through submerged obstacles at H/k = 148 %. Comparisons between PIV and ADV experi-

mental measurements and LES simulations at the green position between the square cylinder 3 and 4 

The LES mean transverse velocity 𝑣̅  is very close to the experiment (Fig. 7) with vortices at 

the position z/k equal 0.6 and a negative velocity above the position z/k equal 1. This is due to 

the fact that the free surface is located above the roofs of square cylinders. On the other hand, at 

the position z/H = 42%, the experiment and the LES are out of phase and the numerical simulation 

overestimates the amplitude of the velocity by 25% (Fig. 7). 

 

 
 

Figure 7. Comparisons for the flow through submerged obstacles flow (H/k = 148%) between ADV exper-

imental measurements and LES simulations mean velocity components  𝑣̅ between the square cylinder 3 

and 4 at x = 0.143 m (Fig. 2) 

Regarding the mean vertical velocity 𝑤̅, LES underestimated the area z/k between 0.6 and 1.5 

and overestimated by 50% the velocity at the edges (Fig. 8). 

The results showed that for both flows, the vertical profile of the mean longitudinal velocity 𝑢̅  

is validated with the LES. 
 



 

 
 

Figure 8. Comparisons for the flow through submerged obstacles flow (H/k = 148%) between ADV exper-

imental measurements and LES simulations mean velocity components  𝑤̅ between the square cylinder 3 

and 4 at x = 0.143 m (Fig. 2) 

 

4.2 Influence of the geometrical repartition of obstacles for the flow through emergent obstacles 

 

As LES has been fairly validated. It is now possible to explore others geometrical parameters that 

could not be experimentally conducted (Fig. 9). All the configurations below are numerical si-

mulations using the same modelling assumptions as before with the same initial and boundaries 

conditions and the same mesh strategy and domain size. The obstacle density will be modified on 

the flow with emergent obstacles at 93%. 17 configurations have been tested with different square 

cylinders sizes and always with the same water height i.e. 0.055 m. Here, the inlet conditions 

remains unchanged. The flows were calculated using the formula of (Guillén-Ludeña et al., 2020). 

A quantitative approach to the velocity profile taken at the centre of the central vein is carried out. 

As a reminder, in the literature, it is the transverse aspect ratio Ary that defines whether the channel 

is narrow -under 5- or wide -upper than 5- (Nezu & Nakagawa 1984).  

The objective is to assess whether the experimental value of Ary is still valid for discontinuous 

channels and regardless of the longitudinal aspect ratio Arx. The number 0 represents the experi-

mental configuration (Fig. 9).  
 

 
 

Figure 9. Classification of the configurations tested according to the aspect ratio Arx and Ary for different 

obstacles dimensions and spacing for the same flow depth  H = 0.055 m, 0 is the experimental point 

In the limited range of configurations studied, the results showed that when Ary is under 6 

regardless of longitudinal aspect ratio Arx, the dip phenomenon is still present. Here, in the case 



of discontinuous channel, it’s still the transverse aspect ratio which governs the vertical profile of 

the mean longitudinal velocity.  

5 CONCLUSIONS  

Large Eddy Simulation based on solving Navier-Stokes equations with Code_Saturne, were car-
ried out. First, they are validated from experimental measurements of vertical profiles of the mean 
longitudinal velocity 𝑢̅ for both emergent and slightly submerged square cylinders uniform flow. 
The strong hypothesis of a fixed free surface has little influence on the vertical distribution of 
mean longitudinal velocity, even though it leads to differences in vortex formation and position. 
The representation of the interactions of the free surface with the vortex detachments would re-
quire LES simulations with consideration of the free surface. The validation of the vertical longi-
tudinal velocity distributions made it possible to use a “numerical channel” to explore other geo-
metric configurations that could not be experimentally performed and to observe their influence 
on the vertical profile of the mean longitudinal velocity. 
    The different configurations tested showed that, regardless of the longitudinal aspect ratio Arx, 
the cross-sectional aspect ratio Ary plays a predominant role on the flow structure. So, the rela-
tionship found by (Nezu & Nakagawa, 1984) remains valid even for discontinuous narrow chan-
nels. Work in progress would make it possible to study transitional situations. 
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