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ABSTRACT: A full understanding of the mechanismspensible for bedform formation is not yet
achieved. In this work, we apply a new tool, aneiah turbulence-resolving two-phase model. to
investigate the formation of ripples starting framinitially flat bed. An experimental configurai is
reproduced numerically and numerical experimergsparformed to assess the predictive capabilities
of the two-phase model. Although the results shayidsize dependency, the main features of ripple
formation are reproduced by the model. Results sth@nmportant role played by turbulent coherent
structures in the early stage of ripple formatMfe hypothesize that the grid-size dependency aeel
to timescale of ripple evolution and closure models

Eulerian two-phase flow modelling represent
1 INTRODUCTION a good opportunity to tackle this challenge

The evolution of bedforms in the fluvial (Mathieu et al. 2021, Mathieu et al. 2022). In
and coastal environment has beenthe Eulerian two-phase flow model, both the

investigated for more than a century (Buchercarrier and the dispersed phase composed of
1919, Engelund & Fredsoe 1982, Best 2005sediment particles are seen as a continuum.
Charru et al. 2013). Yet, no consensus on th&Jsing the Eulerian two-phase flow model is
mechanisms responsible for the generation oft g0od compromise between computationally
bedforms has been reached. SignificaneXpensive Lagrangian two-phase flow
insight on the initiation of bedforms has beenmethodologies for which individual particle
revealed by both linear stability analysis anddynamics have to be computed and single
experimental observations (Kennedy 1963,phase flow models for which sediment
Kuru et al. 1995, Fourriére et al. 2010, Perillotransport is assumed as empirical bedload
et al. 2014). However, from the numerical and suspended load and bed morphology
point of view, the large spectrum of spatial relies on the Exner equation.

and temporal scales involved in bedform Inthis study, we apply for the first time the
formation makes simulation of the turbulence-resolving Eulerian two-phase
phenomenon extremely challenging, flow methodology to investigate bedform
especially for the investigation of the role formation from a flat bed in a unidirectional
played by small scale turbulent coherentflow. ~The model and numerical
structures on the subsequent morphologicaFonfigurations are presented in section 2,
evolution into larger bethymetric features. results are shown and discussed in section 3,

Recent developments in turbulence-resolvingthen, conclusions are drawn in section 4.
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2.1 Eulerian two-phase flow model -(1-9¢) o + o [Tij + 0]

The turbulence-resolving  two-phase  —J, + pf (1 — ¢)g; + (1 — P)f” 3)
model sedFoam (Chauchat et al. 2017,
Mathieu et al. 2021)
(https://github.com/SedFoam/sedfoam)  is  apspu! | apSpufu apf  9ps
used to simulate the formation of bedforms in e T axj T ox; ox
unidirectional flows using the Large-Eddy — +9ns o s71. 7 4 s v
Simulation (LES) methodology. o [T” * 0”] Tt P 9gi+ ¢, (4)
2.1.1 Governing equations With pf andp® the fluid and solid densities

In the Eulerian two-phase flow and P' and PS the fluid and solid phase
formalism, coupled mass and momentumPressures. The effective fluid and solid stress

conservation equations for the fluid and thel®nsors Tand P are given by

solid phases are solved. The mass p od  auf  20uf
conservation for the fluid and the solid phase T;; = p/ (1 — ¢)v/ <6_xj o 30 O
are given by 5)
a(1-¢)  a(1-¢)ul
+ =0
at 0x; (1) s
s s = psgyys (24 4 0wl _ 20Uk o
Z—d) + —ad)ui =0 Tl} =P ¢V (6xi + ax]' 3 0xy 5”) (6)
t 0x; (2)

Where ' andv® are the fluid and solid
phases viscosities, gis the acceleration of
gravity andf' a volume force driving the
flow. Coming from the filtering of the non-
linear advection termg' and¢® are the sub-
grid scale stress tensors. The momentum

The flud and solid momentum exchange term between the two phases
conservation equation are written as modelled using a drag law.

respectively with x the position vector,
I=1,2,3 representing the streamwise, vertical
and spanwise components, the filtered
sediment concentration arigandd the fluid
and solid Favre filtered velocities.

Table 1: Flow, particle and numerical parameters

Configurations h(m)  u/(mfs) d,(mm) Re, L/h L,/h Ax" " (intAe gg;ce)
Venditti - coarse 150 0,028 05 4200 63 3.1 114 57 20.0
Venditti - fine 0.150  0.028 0.5 4200 63 3.1 75 38 14.0
Num. Exp. 1 - coarse  0.075  0.020 0.5 1,500 63 3.1 5 13 3.0
Num. Exp. 2 - coarse  0.050  0.020 0.5 1000 9.4 4.7 5 13 3.0
Num. Exp. 3 - coarse  0.025  0.020 0.5 500 188 94 5 13 3.0
Num. Exp. 3-fine  0.025  0.020 0.5 500 188 94 20 9 2.4
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2.1.2 Closure models Four other configurations are preformed

In the LES framework. the effect of the 25 numerical experiments for which there is

unresolved turbulent scales are taken inta'® experimental data for comparison to

account by modelling the sub-grid scale Investigate the effect of the water depth and
stress tensors. In our study, and o° are grid resolution on the bedform development.

. : . Compared with the experimental
mgfiheo”c?glo;;mdger}cgd d¥(;1 rarr:rl]ce Ltsv%rir;ggg configuration of Venditti et al. (2005), these

model by Mathieu et al. (2021). numerical experiments have a smaller water

To represent to complex behaviour ofthedepth OZQ'WS' 0'.05 f‘nd 0.025m) a}nd a
dispersed solid phase, the solid phaséowerfrlctlonvelo<:|tyur—0.02m.slresultmg

pressure and viscosities are modelled usin n 3 Ié)(\;\(/)ergeynolds nttjmbéter:150.0, %QOO i
the kinetic theory for granular flows from n - Lonsequently, we can signiticantly

Chassagne et al. (submitted) coupled with increase mesh resolution and better resolve
frictional model .at high volume fraction he interactions between the fluid turbulence

(Johnson & Jackson 1997, Schaeffer 1987). anthr?ee S?}?Jlr;n:rri]éa?ledc.jomain tor all six
2.2 Numerical set-up configurations consis_tsr of a.periodic box wjth
) o cyclic boundary conditions in the streamwise
In thls.study, we present six dlffe_re_nt and spanwise directions, a symmetry plane at
configurations to assess the predictiveihe top and a deposited sediment bed having
capabilities of the two-phase flow model. 5 depth 0. at the bottom (see Figure 1). It
Two  configurations  reproduce  the giffers between the configurations in the
experimental configuration from Venditti €t \yater depth, the mesh resolution and

al. (2005) designed to investigate the gimensions in the streamwise and spanwise
mechanisms of bedform formation. This gjrections (I and L respectively).

configuration consists of an unidirectional
flow having a depthh=0.15m developing
over a flat sediment bed composed of3 RESULTS

particles having a median diametep= For all the configurations presented in this
0.5mm. The Reynolds numbRe based on  gy,dy, bedforms develop spontaneously at the

the friction velocityu:=0.028m.s is equal to top of the sediment bed everywhere in the
4,200. The two configurations investigated ,;merical domain consistently with the
differ by the numerical resolution in order to yphservations of Venditti et al. (2005).

investigate the grid size dependency.
Information on the grid size in wall units for
all the configurations are presented in Table

Table 2: Quasi-2D ripple length predicted by the-tw
phase model compared with experimental results

1 together with flow and particle parameters.  Configurations Az2p(Num) A2p(Exp)
Venditti - coarse 0.103 m 0.110 m
Symmetry
\ Venditti - fine 0.059 m 0.110 m
X
) h Num. Exp. 1 - coarse 0.028 m
! - _Cyclic™ P
) ,J_’ ¢ Wall 10.2h Num. Exp. 2 - coarse 0.029 m
“ = = 1.
L, z Num. Exp. 3 - coarse 0.030 m
Figure 1: Sketch of the numerical domain and
boundary conditions Num. Exp. 3 - fine 0.026 m
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Highly unstable in the first few seconds,
initial bed defects taking the form of
streamwise sediment ridges generated by
turbulent coherent structures rapidly
transition to more stable quasi 2D ripples
having an identifiable length-scalep. This
length-scale is presented in Table 2 for all the
configurations.

It appears that for the two configurations
aiming at reproducing the experiment from
Venditti et al. (2005), there is a difference in
the lenght-scalel>p predicted by the two-
phase model for a different resolution. Using
a coarser mesh gives a larggyripple length
closer to measured data.

Snapshots of the bed taken from the
experimental configuration of Venditti et al.
(2005) and the numerical simulation using
the coarser mesh are presented in Figure 2.
The comparison between experiments and
the simulation show that the spatio-temporal
development of bedforms is qualitatively
reproduced by the two-phase model. Starting
from a flat bed, turbulent coherent structures
drives the generation of small flow parallel
sediment ridges which then rapidly evolve
into cross-hatch pattern which eventually
transition to quasi 2D ripples.

The qualitative prediction of the
temporal evolution of bedform formation
shows that the turbulence-resolving Eulerian
two-phase flow model can potentially be a
great tool to investigate the role of the flow
hydrodynamics and the fluid turbulence on
the mechanisms driving in the initial stage of
bedform development. However, it seems
that simulation results are significantly
affected by the mesh resolution. Grid size
dependency needs before the model can be
used to predict ripple evolution, which is

Venditti et al. (2005) Two-phase model

oyl

" dsa it ual Ve o . .
LAY 1 AN § known to strongly depend on grain size and
¥ e flow intensity.

For the numerical experiments, the
predicted Z1p slightly increases for
decreasing water depth. However, this
Figure 2: Snapshots of the bed from experimentalincrease can not be considered Significant

configuration of Venditti et al. (2005) (left) and
numerical simulation with coarse mesh (right) at
different times.

considering that2p only increases by 7% for

a water depth smaller by a factor 3. This
confirms that our numerical experiments lie
in the ripple regime for which the length-
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scale associated with the bedform is o012
independent of the water depth. W Vendithi 1 soase
Snapshots of the bed elevation for the o.10- : xi';f'té;'p)f'f‘ioarse y
three numerical experiments using a coarst ® Num. Exp. - fine
resolution are shown on Figure 3. 0.08 1
§’ 0.06 1
e 017 ,- E
| : |
g% 0.0 0.04
! 01 0.02 -
0.1 J
= 1:3:3:14 0.00 . . . .
o~ .’ ’ F 0.000 0.001 0.002 0.003 0.004 0.005
SE oofdnatiiiidiiiieg (LIS Ax (m)
g & i : : % $ia " ’ Figure 4: Predicted ripple length by the Eulerian-t
—0.11%faq¢d:: . =708 Q@ y phase flow model as a function of the grid sizéhim
‘ 014 streamwise direction
<
ET 40 Figure 4 confirms that there is a clear
7" : . : dependency between the predicted ripple
< 1 TR § DL ER : length and the grid size in the streamwise
02 -01 00 0.1 0.2 direction. This issue needs to be addressed in
x (m) the future by more comprehensive grid
convergence test and comparison with linear
| , T stability analysis to determine its origin and
-1 0 1 to be able to quantitatively predict the spatio-
bed elesation {mm) temporal evolution of the ripple formation

Figure 3: Colormaps of bed elevation for numerical process.
experiments 1, 2 and 3 using the coarser mesteat th
quasi-2D stage of ripple development

4 CONCLUSIONS

Even if the streamwise length-scale |n this study, numerical simulations of
associated with the ripples is similar for the bedform formation in an unidirectional flow
three numerical experiments, it appears fromstarting from a flat bed using a turbulence-
Figure 3 that the spanwise morphological resolving Eulerian two-phase flow model are
evolution of the bed is more affected by thepresented. It is the first attempt to apply this
water depth with more sinuous ripples for modelling ~ methodology =~ to  bedform
increasing water depth. This can be attributedormation configurations. Using turbulence-

to the interaction between the ripples and thd€sSolving two-phase flow model can
large-scale turbulent structures scaling withSignificantly improve our understanding of
the water depth. the mechanisms at the origin of bedform

Similarly to the  configurations formation, especially the interactions
: ) , . between the turbulent coherent structures and
reproducing the experimental configuration

- ) the sediment bed.
of Venditti et al. (2005), the ripple length Two configurations reproducing an

predicted for the numerical experiment 3 i gy heriment if Venditti et al. (2005) and four

sensitive to the mesh resolution. additional numerical experiments allowed to
investigate the effect of the water depth and
the numerical resolution on the predicted
ripple length. Comparison between snapshots
of the resolved bathymetry from the
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