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Development of a Large-Eddy-Simulation approach
for free surface complex flows.
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Abstract—For the purpose of improving turbulent process
modelling of environmental flows, a LES approach is being
developed in TELEMAC-3D [3]. Although still not widely used,
LES is increasingly applied for this kind of flows, thanks to
the computational resources growth. RANS modelling, such as
the one using the standard k& — € model, remains favourable
for numerical modelling of natural flows, and is by the way
the only procedure currently available in the code for turbulence
modelling. Nevertheless, in many cases, this approach cannot pro-
vide efficiently enough the intended data, such as the turbulence
induced by the bathymetry. The present study is thus dedicated
to the development of the model TELEMAC-LES. The different
stages involved the implementation of several LES subgrid scale
models, such as the standard and the dynamic Smagorinsky [13],
[1], [8], and several numerical tools and tests for performing
a LES. For example, the turbulent inlet boundary condition
is achieved by a Synthetic Eddy Method [4] which produces a
fluctuating and coherent boundary condition in order to perform
the validation cases. Moreover, as TELEMAC-3D uses prismatic
meshes that can be strongly anisotropic, the turbulence model
has to be modified, by introducing two filter length scales instead
of one. An important part of the developments has been achieved.
The chosen validation cases, a flow over periodic hills [9] and in
an open channel [6], reveal lots of issues related to this kind of
models (numerical scheme order, mesh quality, mesh anisotropy,
CPU time, boundary conditions, periodicity,...).

I. INTRODUCTION

In environmental flows over complex geometry,
understanding turbulence is essential for studying other
processes, such as sediment transport or heat transfers. A
RANS (Reynolds Averaged Navier-Stokes) treatment can be
used in TELEMAC-3D [3], that aims to model an averaged
turbulent flow, by using for example the famous k — ¢ model.
Although this kind of modelling is mostly used for natural
flows, it is sometimes not accurate enough for providing
specific information. The improvement of computation
ressources nowadays permits using Large-Eddy-Simulation
for modelling environmental flows. This approach enables
simulating the random aspect of turbulence, which plays an
important role in transport phenomena. The method consists
in introducing a subgrid model, which models the smallest
motion scales, whereas the other ones are directly simulated
by the Navier-Stokes equations.
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It also requires additional processing, particularly for the
boundary conditions treatment. For example, contrary
to RANS model, some velocity fluctuations have to be
introduced in the computation domain. Morevoer, near solid
boundaries, wall models are regularly used for avoiding a
considerable mesh refinement.

In this paper, several developments already done or being
done in TELEMAC-3D are described. They are tested using
a validation test case [2] representing an open channel flow at
a low Reyolds number.

II. METHODS
A. Subgrid models

The main idea of Large-Eddy Simulation (LES) is to divide
the energy spectrum in two parts, by using a numerical filter.
The first part correponds to the smallest scales named subgrid
scales, which are modelled ; and the second part is the
biggest scales which are directly solved with the Navier-Stokes
equations. This operation introduces a new unknow tensor,
called subgrid tensor and yields each variable expanded into
large-scale and subgrid parts. For its treatment, there are two
main approaches, which are the functional and the structural
modeling [12]. This first idea is to estimate the effect of
this term, and the second one is to reproduce it directly.
In order to develop a LES approach in TELEMAC-3D, the
selected subgrid models are the standard Smagorinsky [13],
its dynamic extension [8] and the WALE model [11]. Indeed,
these schemes are the most used in the litterature, and can
be used for many configurations of flows with a reasonable
computation cost.

1) Smagorinsky model: The Smagorinky model [13] is a
subgrid model and can be referred as a functionnal model.
It aims to introduce a subgrid viscosity v7 for modeling the
energy transfer processus of the subgrid scales, by using quan-
tities emanating from the resolved scales, with the formulation:

vy = (CsA)?|S] (1)

where C is the Smagorinsky constant, S is the filtered rate-
of-strain tensor and A is the filter width. This last viscosity is
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linked in practice to the grid size.Then this quantity is added
to the molecular viscosity and is involved in the diffusion step
of the Navier-Stokes solving. However this subgrid model is
based on a homogeneous and isotropic turbulence assump-
tion, so it requires some adaptations to apply it to complex
configurations. For example in channel flows modelling, the
Smagorinsky constant has to be reduced near the walls, by
introducing a damping function [16] or by using the dynamic
formulation of this constant [1], [8]. This latter approach
consists in evaluating the Smagorinsky constant by using
powers of the rate of strain tensor, together with a larger
implicit filter, of width A Tts expression is:

o2 — < LijMij > )

s < MijMij >

where < . > represents a space averaging introduced for the
stability of the model and:

L = Uity — Uil
M, = 2(axss, - A255,) @
where S;; is the rate-of-strain tensor for the resolved scale
defined by:
= 1 (0u; = Ouy
Spi= = d J 4
j 2(azj+az,;) @

Due to the prismatic meshes used with TELEMAC-3D, two
filter widths have been defined in order to adjust the scheme
to the anisotropic grid. Indeed, TELEMAC uses a vertical and
a horizontal viscosities, that depend also respectively on a
vertical length scale A, and a horizontal one Aj. However
the explicit filter is defined by a unique length scale.

2) WALE model: The WALE (Wall Adapting Local Eddy)
subgrid model [11] is another extension of the Smagorinsky
model. It aims also to model a subgrid viscosity by using the
square of the velocity gradient tensor, in order to obtain a
better near wall behavior. The subgrid viscosity is estimated
with:

d od \3/2
l/T:Ag o O (f;‘;sw) /d d 5/4 (5)
(5358i3)%/% + (S5558)
where Sidj is
9 | =2 _
d (gi' +95:) Jkk
Si= T Ty ©
d
. G % (7
gw a 8$j

The length scale Ay involves an other constant, it is assumed
to be A, = C,,V1/? with C,, = 0.325.

B. Boundary conditions

1) Synthetic Eddy Method (SEM): In order to solve the
partial differential equations in a finite domain, initial and
boundary conditions have to be specified. This section exhibits
the methods developed for determining suitable conditions
for Large-Eddy simulation computations. The inflow has a
strong influence on hydrodynamics. Indeed, free surface flows

are dominated by the advection phenomena. So the imposed
values of the velocity and the pressure have to be as realistic as
possible. The most popular approach is to prescribe Dirichlet
boundary condition over the inlet area, but it assumes which
requires knowing the velocity fluctuations. To overcome this
problem, an idea is to generate a synthetic turbulence at the
inlet plane [4]. This method consists in introducing a virtual
box around the inlet, where artificial eddies will be created.
Its dimensions are defined by:

Tjmin weslggm(xj —0ij(z))
Tj,maz pednax (@ +0ij(x) ®)
A.Tj = Tjmazr — Ljmin

where o;; is the length scale for the ith velocity components
in the jth direction, given by:
k3/2
oi; = max(—,A) 9)
€

Then the velocity fluctuations are generated with the action of
N synthetic eddies placed randomly in the virtual box.

N
uj = \/%;cé‘ff%(ww’ﬂ (10)

where the function f is defined by:
3 k
3 |zj — ]
k J J
i — = S —— 1— 11
foi; (. —x¥) jl;[lw/Ax] 20, < P ) (11)

and ci? is an amplitude, written as:

o = aijel (12)
with ef € {—1,1} and q;; is the Cholesky decomposition of
the Reynolds stress tensor R;;:

VIR 0 0

Ro1/a1n m 0
R3i/ain  (Rsa — asiasi)/ass  \/Rss — a3, — a3y

(13)
As the Reynolds stress tensor is unknown, it is assumed here
that its extra diagonal components are assumed to be null
and the others are evaluated with R;; = (2/3)kTu2. The
introduced synthetic turbulence is also isotropic. The turbulent
kinetic energy is evaluated by assuming that:

+
Ly A5 (1-e ()
kKt = 0.07(y+)? J
(y") exp | —— )+ i

(14)

where Re, is the Reynolds number based on the friction
velocity and y* = £z
Then, at each time step, the synthetic eddies are transported

in the box by a mean flow that is evaluated by the Reichard

law:
ot y+6—0.33y+
Ut =25log(14+rkyT)+ 781 —e T — e

15)
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Of course, after a certain time, the eddy will leave the virtual
box. Then, they will be replicated randomly at the inlet.
The synthetic eddy method allows to get a fully developed
turbulence quickly, by assuming the presence of an infinite
domain upstream of the computation domain.

2) Recycling: A second approach for providing the inflow
boundary condition is the pseudo-periodicity, named also
recylcing. This method aims to use the velocities got at a
specific position x = xpr (often the outlet), by introducing
it at the inlet. The classical method is to prescribe for each
component ¢ of the velocity:

ui (0, 2,9, 2,t) = ui(TR,y, 2,t — At) (16)

This method gives good results and is less expensive than
synthetic turbulence. However, as explained in [15], it intro-
duces a spurious perdiocity in the streamwise direction, which
is obviously unphysical and this artificial frequency can be
responsible for instabilities if it corresponds to an acoustic
mode. Moreover, in a wall bounded flow, the boundary layer
is slightly thicker at the outlet than at the inlet. In [14], a
spanwise shift of the turbulent boundary layer is added to the
velocity profile prescribed at the inlet. Indeed, if §y and Jp
are respectively the boundary layer thickness at the position
x = 0 and x = xR, the inflow condition is:

ui(IanVZat) :ui(zR7y5R/§07Z+AZ7tiAt) (17)

where Az is the spanwise shift introduced for avoiding com-
plete periodicity, and ¢ — At corresponds to the previous time.

III. RESULTS

The above mentioned points have been implemented with

the trunk version of TELEMAC-3D. The non-hydrostatic
version is used and the advection scheme is the MURD scheme
[3]. with the predictor-corrector second-order in time option.
By using a implicited theta schemes as well, it allows to get
closer to a second-order, that is required for performing an
efficient LES. Friction laws are set up at the bottom and at
the lateral boundaries.
However, the choice of a wall model is still in discussion. For
these first results, the inlet boundary condition is the synthetic
eddy method. The recycling is not used yet, and the subgrid
model is the standard Smagorinsky model with a Van Driest
damping function [16].

A. Presentation of the test case

The developments are first used with the reference from
[2]. This case is a DNS of fully developed turbulent channel
flow at the Reynolds number of Re = 2340, that has been
selected in order to minimise the effect of subgrid models.
Indeed, at the beginning, the global behavior of TELEMAC
is examined in terms of turbulence. This case is a free surface
shallow water flow in a rectangular channel of dimensions
[470, 373 /2, 9]. The grid used has 64 x 48 x 65 points. The
normal stress profiles are compared to the experiments of
Komori [5].
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Fig. 1: Turbulent kinetic energy introduced by the SEM at
the inlet plane along the centered vertical axis, from the
simulations A and B and the results from [5].

In the simulations performed with TELEMAC, this case is
reproduced by using two grids which settings are shown in the
table I, and based on the water depth 6 = 1/7. These grids
involve a polynomial distribution of the planes, in order to be
refined at the boundary layer. For characterizing the friction, a
Stricker law is prescribed with a value of St = 71, in order to
get a Reynolds based on the friction velocity of about Re, =
134.

B. Validation of the SEM

The SEM is used for synthetizing velocity fluctuations at the
inlet plane, that are also transported with advection. In order
to define the distrubution of these fluctuations, the Reynolds
stress tensor has to be prescribed. The graphs 2, 3 and 4 show
the dimensionless Reynolds stresses for each grid, as well as
the turbulent kinetic energy in figure 1.

C. Steady flow

As for the synthetic eddy method, the RMS velocity com-
ponents are compared to experimental data [10], and the mean
streamwise flow to a theoretical log law [7].

IV. DISCUSSION

According to figures 2, 3 and 4, the fluctuations of velocity
introduced by the synthetic eddy method are closed to the
prescribed profiles, given by the analytical turbulent kinetic
energy formulation. This expression also gives very accurate
results, shown in figure 1, for the turbulent kinetic energy
compared to those from the experiments from [5]. Indeed,

Run Az=Ay Azt =Ayt Az:”." N
A 0.02 8.4 3.6 7.9
B 0.05 21.1 6.7 13.2

TABLE I: Mesh properties
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Fig. 2: Streamwise dimensionless component of fluctuacting
velocity profile at the inlet plane along the centered vertical
axis, from the simulations A and B et the profile prescribed
in the SEM.

gndA _—
aridB
presribed
25
2+
visu.? 15 |
1 -
05 H
O 1
o] 0.z 0.4 0.6 0.8 1

zIH

Fig. 3: Spanwise dimensionless component of RMS velocity
profile at the inlet plane along the centered vertical axis, from
the simulations A and B et the profile prescribed in the SEM.

the prescribed profile of turbulent kinetic energy is consistent
with the experimental amplitude and peak at the boundary
layer. Even if the turbulence is assumed to be isotropic at the
inlet, it is not at all the case for this open channel flow, the
anisotropic behavior is recovered very quickly in the channel.
As shown in figures 5, 6 and 7, that describe the Reynolds
stresses components along the centered vertical line of the
computation domain, the global distribution of the fluctuations
are reproduced, excepted at the bottom. Indeed, particulary for
the streamwise and the spanwise velocities, the variations in
the boundary layer are not well modelled, due to the friction
treatment.
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Fig. 4: Vertical dimensionless component of RMS velocity
profile at the inlet plane along the centered vertical axis, from
the simulations A and B et the profile prescribed in the SEM..
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Fig. 5: Streamwise dimensionless component of RMS velocity
profile in the middle of the channel along the centered vertical
axis, from the simulations A and B and the results from [5].

Furthermore, in figure 8, that is the turbulent kinetic energy
profile along the vertical axis, the amplitude of the velocity
fluctuations descreases sharply with the fluid progression,
particularly for the coarse mesh. At this low Reynolds number,
this loss of energy is quite alarming, because the subgrid
model has a negligible effect in this case. This dissipation
of the kinetic energy is sufficient for yielding the turbulence
almost vanished by using pseudo-periodicity instead of SEM.
Moreover, this loss of energy seems to be highly dependent
on the way of transport of the synthetic eddies in the virtual
box. Further investigations will be carried out to quantify the
numercal dissipation rate in TELEMAC-3D and to check the
effect of the friction treatment on these turbulent fluctuations.
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Fig. 6: Spanwise dimensionless component of RMS velocity
profile in the middle of the channel along the centered vertical
axis, from the simulations A and B and the results from [5].
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Fig. 7: Vertical dimensionless component of RMS velocity
profile in the middle of the channel along the centered vertical
axis, from the simulations A and B and the results from [5].

V. CONCLUSION

A Large-Eddy-Simulation (LES) approach is developed in
TELEMAC-3D. After carrying out a state of the art of LES
methods in hydraulics, two subgrid models are selected to be
implemented. Since this kind of simulation requires specific
boundary conditions, the Synthetic Eddy Method (SEM) is
used at the inlet boundary for generating velocity fluctuations,
and a wall model is being discussed.

The first developments allow us to get preliminary results.
The SEM is a good alternative to a precursor simulation, since
it can introduce accurately velocity fluctuations following a
prescribed Reynolds stress tensor with a low computation cost.
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Fig. 8: Turbulent kinetic energy profile in the middle of the
channel along the centered vertical axis, from the simulations
A and B and the results from [5].

So, by defining a simple analytical turbulence kinetic energy
profile, it quickly leads to a fully developed turbulence flow.

The global behavior of our turbulence indicators are
satisfactory but the first results show that the turbulent
kinetic energy decreases faster than expected with the flow
progression. Indeed, a wide part of turbulence intensity
introduced by the SEM is lost from the very start of the fluid
progression.
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