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Generation of Three-Dimensional Turbulent Inlet Conditions
for Large-Eddy Simulation
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A method for generating realistic (i.e., reproducing in space and time the large-scale coherence of the flows)
inflow conditions based on two-point statistics and stochastic estimation is presented. The method is based on
proper orthogonal decomposition and linear stochastic estimation. This method allows a realistic representation
with a minimum of information to be stored. Most of the illustrations of this method are given for a plane turbulent
mixing layer that contains most of the basic features of organized turbulent flows. Examples of the application
of the method are given first for the generation of inflow conditions for direct numerical simulation (DNS) and
for large-eddy simulation from experimental results. Second, DNS results are used to generate realistic inflow
conditions for two- and three-dimensional DNS, retaining only a minimum size of relevant information.

Introduction
Importance of Coherent Structures

T HE existence of coherent or organized motions has been rec-
ognized for at least the past three decades. Although there is no

definitive consensus on the definition of coherent structures (CS),
an organized character, at large scales (of the order of the character-
istic gradient zones) of most turbulent flows, is generally observed,
mainly from visualizations. However, as far as turbulent flows are
concerned, such CS are embedded inside a randomly distributed
field, and their identification and characterization are not straight-
forward. This identification has to be done for several purposes: first,
for a simple energetic point of view because CS can represent, after
Fiedler,1 from 10% (for boundary layers and far jets) up to 20% (far
wakes, plane mixing layers) or 25% (near wakes or jets) of the total
kinetic energy; and second, because the dynamical properties of CS
play an essential role in mixing processes, drag, noise emission, etc.
The energy content of CS is not the only characteristic that has to
be addressed. Their redistributive capabilities are also of crucial im-
portance. The impact on flow measurement and on data-processing
techniques is obvious. Simple, one-point statistics are not sufficient
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for a correct characterization of most turbulent flows. In addition,
the choice of a predictive approach has to be made according to the
organized character of the flow.

Coherent Structures and Their Modeling
The large-eddy simulation (LES)2 is one of the methods for pre-

dicting flows in which large-scale structures play an important role.
It is one of the most popular techniques both for academic and prac-
tical applications.

Other approaches have been proposed in a pioneering way by Ha
Minh3,4: the semideterministic method (SDM) followed by the so-
called unsteady Reynolds-averaged Navier–Stokes (URANS).5 LES
and SDM/URANS approaches are similar in a sense that both in-
volve a filtering process: a low-pass filtering (LES) or a more global
filtering approach (SDM). LES takes into account the unresolved
scales (at the level of the computational mesh) through a specific
closure, relating these small scales to the resolved quantities. LES
involves a low-pass filter, in a conventional Fourier decomposition
sense. SDM/URANS postulates that the turbulent field can be de-
composed in term of a coherent (deterministic) part, directly related
to the flow configuration, on which a random (more universal) part
is superimposed. In this case, the applied filter does not simply cor-
respond to a low-pass filter as in LES. The filter used by SDM can
be considered as a structure filter. Following this approach, the un-
filtered part is resolved by schemes comparable to direct numerical
simulation (DNS). Additional universal transport equations have to
be used for the random part—the coherent and random fields being
coupled by a specific closure. More recently, Farge and Schneider6

have proposed a new simulation approach [coherent vortex simula-
tion (CVS)] based also on the representation of turbulent flows in
two parts: one part considered as being out of equilibrium, and the
other being considered as thermalized motion.

In some sense, SDM and CVS are both based on a structure
filter; the SDM uses the CS as the major definition (the random part
being the rest of the field) when CVS considers that the random field
is the thermalized part, the CS part being considered as the rest of
the field.

Need for Realistic Inflow Conditions
The specification of realistic inflow boundary conditions for all

of these numerical methods is a central question. Adrian et al.7

present the state of the art of the problems linked to the determina-
tion of the turbulent inflow characterization methods. For a spatially
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developing flow, the most common method is to impose small per-
turbations on a laminar mean flow profile at the inflow section of the
computational domain and to compute the transition of the flow. This
method requires the use of a very long streamwise domain in order
to allow the full development of turbulence. If only the turbulent
state of the flow is under study, the need to compute the complete
transition is clearly a drawback because of the high computational
cost of such DNS/LES.

For a fully turbulent situation, turbulent mean velocity profiles
can be used and some more or less random noise superimposed in
order to start some artificial perturbation supposed to mimic the real
instantaneous behavior of the turbulent flow. In this case, the code
has to build a pseudoturbulent development downstream of the in-
flow conditions for convective flows for example. This development
region has no physical significance in general and is of no practical
interest. Nowadays, as far as we know, no simulation code exists
that directly uses highly turbulent conditions as inlet conditions.

These aspects obviously also prevent applications such as flow
control. In this case, the inflow conditions should vary in time, and
then some computations of controlled flows can be impossible.

Another important feature of practical importance that cannot be
taken into account by simulations is the role of rare events. For prac-
tical applications, such as aeronautics or industrial processes, some
exceptional events can be observed, such as large-amplitude and
short-duration excitation whose immediate effect on the flow can
be dramatic. Numerical simulations can be very detailed in space,
can be very precise in temporal resolution, but are (because of their
cost) limited by the time sample length they can describe. Therefore,
the probability that these rare events are naturally captured is very
low. Then, any procedure that allows for prescribing especially these
events (from a specific sequence of experimental data for example)
and their effects on CS can be useful.

Inlet Conditions: State of the Art
Usually, the generation of the inflow boundary condition consists

of using random velocity fluctuations superimposed on the mean ve-
locity profile. But even if a sophisticated boundary data-generation
method preserving the spectral and spatial distributions of the fluctu-
ations is used,8−11 the lack of realistic turbulent structures induces a
transient region near the inlet. The synthetic character of inflow data
prevents the velocity derivatives from quickly achieving a nonzero
skewness, leading to an inhibition of the nonlinear transfers near
the inlet. A solution can consist of using an auxiliary (temporal or
spatial) simulation where velocity data are stored at a given section
corresponding to the inlet boundary of the main simulation.12−15

Such a technique provides satisfactory results for specific studies,
but its application remains difficult for complex flow configurations.
Moreover, such calculations are expensive in time and/or storage ca-
pacities. The specification of realistic inflow conditions remains still
open. For the last development of inflow conditions generation for
LES, the reader can refer to Sagaut16 and references therein.

The strategy proposed here consists of the generation of inflow
conditions using time-varying experimental data. This methodology
detailed in the next section is based on the use of experimental time
histories arising from hot-wire probes. From these measurements
obtained at a few selected reference locations, the instantaneous
velocity field is reconstructed (interpolated and extrapolated) at a
given set of grid points corresponding to the inlet mesh of a nu-
merical simulation. Then this reconstructed velocity field is used as
an inflow condition for a numerical code permitting the simulation
of the downstream development of the experimental flow. In this
context, the measurement section for the experiment, or the inflow
section for the DNS/LES, can be viewed as a real/virtual interface.
This concept is schematically illustrated in Fig. 1 for the typical
case of a spatially developing mixing layer considered hereafter. It
should be emphasized that such an experiment/simulation associa-
tion can be considered as a procedure for generating realistic inflow
conditions for a numerical simulation, but also as a procedure for
a dynamical data postprocessing, where the DNS/LES is used to
improve experimental data by restoring the part of the information
that has been missed or deteriorated during the measurement step.

Fig. 1 Schematic representation of an experiment/simulation inter-
face for a spatially developing mixing layer.

Details on these approaches and concepts can be found in Druault
et al.17 and in Lamballais and Bonnet.18 In a comparable study,
Maruyama et al.19 propose to take into account the coherence of
the flow in the immediate vicinity of a few measurement points in
order to built realistic inflow data for LES. The present approach
proposes a more global analysis, based on a description of the entire
flow domain. The approach of Maruyama et al. is perhaps better
adapted to a specific flow but can be difficult to generalize.

Strategy for Realistic Space–Time Reconstruction
Principles

To separate the CS from incoherent turbulence, we make use
of the multiple decomposition. For a given streamwise section x0

normal to the mean flow, this decomposition can be written as

ui (x0, y, z, t) = Ui (x0, y, z) + ũi (x0, y, z, t)

with

ũi (x0, y, z, t) = ûi (x0, y, z, t) + u′
i (x0, y, z, t) (1)

where Ui is the (conventional) time average and ûi and u′
i are, re-

spectively, the coherent and incoherent fluctuations. For sake of
simplicity, x0 will be omitted in the rest of the text.

To generate realistic inflow conditions, let us examine each term
of the decomposition. Ui being stationary, it is prescribed from the
mean velocity profiles. Ui can be obtained simply from analytical,
experimental, or computational results. In the present approach, the
coherent part, ûi (y, z, t), is estimated from the knowledge of the
large-scale structures of the flow. As far as experiments are consid-
ered, it is always difficult to extract the organized character of the
flow and also to estimate the corresponding coherent signals on a
finer mesh.

To obtain spatiotemporal information from experiments, two ma-
jor methods are usually available: quantitative visualizations (PIV-
HPIV) or simultaneous measurements by distributed sensors (for
example, hot-wires rakes). The first solution provides a quite satis-
factory spatial resolution, but the associated temporal resolution is
still insufficient for an accurate description of the nonstationary char-
acter of many flow configurations. Conversely, the high-frequency
bandwidth of the second method provides a satisfactory represen-
tation of the temporal evolution of the flow. In this second case,
however, simultaneous measurements of the three velocity compo-
nents are only possible at a limited number of points. Thus, with
such an experimental arrangement only a limited knowledge of the
spatial organization of the flow is available. Consequently, the devel-
opment of an optimal interpolation/extrapolation procedure permit-
ting the estimation, from a small number of velocity measurements,
of a complete velocity field at each numerical grid point located at
the inflow boundary of the computational domain for sake of data
storage reduction is required.

To summarize, the proposed interface concept needs to address
the following three steps:

1) Step one requires instantaneous velocity measurements by a
limited number of probes or references points. The location of these
probes has to be optimized in order to gain maximum significant
instantaneous information about the spatial organization of the flow
(related to the CS description of the flow).
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2) Step two is the reconstruction of velocity data in the mea-
surement section at a given set of grid points, via interpola-
tion/extrapolation procedures preserving the coherent character of
the flow.

3) Step three is the simulation of the downstream development
of the flow, using the resulting reconstructed velocity data as inflow
conditions.

The basic idea of the method is to use the linear stochastic estima-
tion (LSE) as a data-processing tool able to estimate the large-scale
behavior of the velocity in an inflow section, from the knowledge
of the two-point correlation coefficients and of time histories ob-
tained at a limited number of locations in this reference plane. This
reconstructed part of the velocity signal can be considered as the
coherent part of the signal, that is, ûi (y, z, t). The use of a com-
plete sets of time histories allows for a good representation of the
quasi-deterministic character of the CS but also allows us to take
into account the possible rare events.

However, the use of LSE can suffer from some practical problem,
linked to the nonuniformity of the estimation into the domain. Then,
we introduce the proper orthogonal decomposition as a complemen-
tary tool. These two methods are described in the next sections.

In addition to this essential part of the inflow condition, the last,
random part of the signal should be introduced: u′

i (y, z, t). For
that purpose, a minimum level of randomness has to be introduced
through a given amount of noncorrelated, random noise.

Proper Orthogonal Decomposition
A very useful decomposition can be introduced in order to address

this interface problem: proper orthogonal decomposition (POD, in-
troduced by Lumley20) or its generalization, biorthogonal decom-
position (introduced by Aubry et al.21). In this approach, the signal
is projected onto intrinsic modes of the flow. These modes are rep-
resentative of energetic events. They are determined from the two-
point correlation tensor by solving an eigenvalue problem. Sym-
bolically the instantaneous contribution of the POD modes can be
written as

ũ(X, t) =
∑

n

an(t)�
(n)(X)

where X = (x, y, z) is the spatial coordinate and an(t) is obtained by
projecting the flow realization ũ(X, t) onto the POD eigenvectors
�(n)(X):

an(t) =
∫

D
ũ(X, t)�(n)(X) dX (2)

where �(n) is the solution of the eigenvalue problem:
∫

D
ũ(X, t)ũ(X ′, t)�(n)(X ′) dX ′ = λ(n)�(n)(X)

This method can be applied to turbulent data coming either from
hot-wire rakes [in this case the conventional proper orthogonal de-
composition (POD) is used] or from snapshot results [from particle
image velocimetry (PIV) for example]. In this last case, the snapshot
POD is used.22

In the case of plane turbulent mixing layers, experimental re-
sults have been obtained from two rakes of 12 X–wire probes lying
in the (y, z) plane (i.e., normal to the mean convection velocity;
see Delville et al.23). Druault24 computed the coherent and random
spectra that can be defined by truncating the series to the first four
POD modes (Fig. 2). The first modes clearly extract the typical fre-
quency peak associated to the Kelvin–Helmoltz two-dimensional
instability. The rest of the signal (corresponding to the remaining
modes) exhibits a spectrum corresponding to a quasi-homogeneous
(equilibrium) turbulence. This characteristic shows that the CS de-
tected from POD are not localized in the spectral domain. They
correspond to multiple scales and differ from usual Fourier filtering
in time or space approaches: in some sense these POD modes lead
to a decomposition very close to the one used in URANS or SDM
computational methods.

Fig. 2 CS extraction via POD in a plane turbulent mixing layer.24 Plot-
ted are, vs frequency (Hz), ——, the directly measured v spectrum (orig-
inal); - - - -, the contribution of first four POD modes to this spectrum
(coherent); and · · · ·, the spectrum of the remaining modes (incoherent).

Fig. 3 CS eduction from LSE. Estimated velocity vector field induced
by the instantaneous axial-pressure distribution in the near field of a
round jet26: 16 microphones + X hot-wire probes.

Linear Stochastic Estimation
In the LSE, introduced by Adrian,25 some reference signals are

considered as conditioning the rest of the signals. In this approach,
one tries to linearly estimate û(X, t), the conditioned flowfield from
the knowledge of Nr references signals pr (t). This estimation is per-
formed through the knowledge of the two-point correlation tensor.
Symbolically, the LSE can be written as

ûest (X, t) =
Nr∑

r = 1

ar (X)pr (t)

where ar (X) is the solution of the following equations:

ũ(X, t) pq(t) =
Nr∑

r = 1

ar (X)pr (t)pq(t), q = 1, ·, Nr

u and pr can be chosen as any flow characteristic (velocity, tem-
perature, pressure, etc.). An illustration of this method is given in
Fig. 3. In the experiment of Picard and Delville,26 a rake of 16 pres-
sure transducers is placed in the vicinity of a turbulent jet, and a
rake of X hot wires is displaced in the shear zone of the jet mixing
layer. From the pressure–velocity correlations, LSE allows then the
estimation of the instantaneous velocity field associated with the
instantaneous longitudinal pressure distribution.

Such a method is very useful for simple estimation of instanta-
neous field, this estimation being considered as a conditional one.
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The important difference with conventional conditional method is
that LSE does not require any thresholding or adaptation procedure.
The only parameter to be chosen is the location and nature of the
reference signal(s). Another advantage is the possibility of associ-
ation with other methods, particularly with the POD through the
complementary method.

Complementary Method
The complementary LSE+POD approach consists of projecting

the velocity field estimated from LSE procedure onto the POD eigen-
functions to access to the instantaneous POD projection coefficients
an(t) (Ref. 27). This method is particularly useful when the space–
time correlation tensor is known and when instantaneous signals are
known in a very few number of points.28,29

Spatial Correlation Tensor Modeling

The two-point spatial correlation tensor of velocity contains a
large amount of information about the large-scale structures of tur-
bulent flows. Particularly, eddy structure identification methods such
as POD or LSE are based on this tensor. Applying these identification
methods can require the knowledge of the correlation tensor over the
whole turbulent flow domain. This information requiring expensive
capabilities is only available from numerical methods. Conversely,
when dealing with experimental data the correlation tensor is only
available at a few selected locations. This section presents methods
for interpolating and extrapolating a two-point correlation tensor
known only at a few discrete nodes. These methods lead to gain a
continuous description of this tensor on any finer and broader mesh.

1) To perform an interpolation of spatial correlation tensor
Ri j (y, y′) = ũi (y)ũ j (y′), a convenient Gram–Charlier expansion
based on Hermite polynomials can be used.30 We approximate this
tensor by superimposing NGC Gram–Charlier expansions such as
each polynomial corresponds to a spatial-scale contribution. Then
we can estimate Ri j (y, y′) as

R̃i j (y, y′) =
NGC∑

k = 1

Pk exp(−Qk)

where polynomials Pk and Qk are expressed with equations:

Pk = Pk
00 + Pk

20

(
y − yk

0

)2 + Pk
11

(
y − yk

0

)(
y′ − yk

1

)

+ Pk
02

(
y′ − yk

1

)2 + . . . (3)

Qk = Qk
20

(
y − yk

0

)2 + Qk
11

(
y − yk

0

)(
y′ − yk

1

)+ Qk
02

(
y′ − yk

1

)2
(4)

The unknown coefficients are solved through a least-mean-square
procedure. This interpolation method provides a continuous descrip-
tion of the spatial correlation tensor within the measurement domain,
which can be used for POD or LSE approaches as well.

2) The Gram–Charlier procedure can also be used for extrap-
olation of the correlations. However, because the polynomial part
dominates the exponential part for large separations |y − y′| this pro-
cedure is not well suited for extrapolation. Extrapolation is needed
for large separation because the experimental determination of the
correlation is difficult because of the vanishing value of turbulent
activity in these regions.

POD can be used as a complementary tool for this extrapola-
tion. With the POD, the cross-correlation tensor Ri j (y, y′) can be
expressed in term of the POD eigenvalues and eigenvectors in the
following way:

Ri j (y, y′) =
N∑

n = 1

λ(n)�
(n)

i (y)�
(n)

j (y′) (5)

The extrapolation procedure consists therefore of extrapolating
individually each POD eigenvector. By construction, each POD
mode follows individually the flow properties,31 and then it is pos-
sible to perform a realistic extrapolation for large spatial separation.
For example if the turbulence level vanishes at infinity or near a
boundary, each POD mode behaves in the same way. The extrap-
olation of the correlation tensor corresponds in this context to the

Fig. 4 Two-point correlation tensor interpolated and extrapolated
from 10 reference points superimposed on the exact ones (data arising
from a two-dimensional simulation of a plane mixing layer,32 reference
points located on the mixing-layer axis).

much more simple extrapolation of the POD modes. This extrapola-
tion can be performed by considering that each POD eigenfunction
vanishes exponentially.

Finally a Schmidt procedure is needed to ensure the orthonormal-
ity of the extrapolated eigenvectors before the correlation tensor can
be rebuilt by using Eq. (5). This procedure has been validated32 by
using numerical data stemming from a two-dimensional simulation
of a plane mixing layer (described in the next section). An illustra-
tion is given in Fig. 4 where the entire two-point correlation tensor
is reconstructed from only 10 reference points.

Example of Local Velocity Field Reconstruction
In this section, the potential of the reconstruction technique for

generating velocity data at a given streamwise self-similar section
x0 is illustrated by using numerical or experimental data. In this
case, because the turbulent intensity is on the order of 10% at the
inlet, the computation has difficulties absorbing such a high level of
perturbation. Consequently, the inlet section is followed by a short
transient adaptation region.

To illustrate the possibilities offered by an experiment/simulation
interface, we will consider in the rest of the paper the case of a
spatially developing mixing layer between two streams of velocities
U1 and U2, with U1 > U2 and �U = U1 − U2, in a Cartesian frame
of reference (Oxyz), where x, y, z are, respectively, the streamwise
(mean flow), transverse (normal to the splitter plate), and spanwise
directions. In this frame, (u, v, w) or (u1, u2, u3) are the velocity
components.

Numerical Data LSE Reconstruction
To test the efficiency of the proposed reconstruction method, the

case of numerical data is now considered.33 The velocity data are
stored at each time step in a given section x = x0 during a two-
dimensional simulation of a spatially evolving mixing layer (for
information about the flow configuration, see the section on numer-
ical interface testing for two-dimensional DNS). To mimic a typi-
cal experimental situation, these datas are stored at only three grid
points. The two velocity components are then estimated using LSE
for each grid point. The quality of this reconstruction is illustrated
in Fig. 5, where a temporal sequence of the reconstructed vortic-
ity is compared with the “exact” one. Note that for these vorticity
data, a Taylor’s hypothesis is used for the calculation of streamwise
derivatives. Comparison between exact and reconstructed vortici-
ties shows that the large-scale structures of the flow are well repro-
duced, whereas fine-scale details of vorticity are quite deteriorated,
especially in the filaments regions. Despite this reservation, it is
worth noting that the information about velocity data at only three
points allows the representation of the large-scale organization of the
flow with the correct phase information concerning the large-scale
vortices.

Experimental Data Reconstruction
We considered a spatially developing mixing layer with a veloc-

ity ratio of 0.44. For the example shown here, the interface (i.e., the
measurement section) is located in the self-similar region of the flow
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a)

b)

Fig. 5 Temporal sequences of instantaneous spanwise vorticity at
x = x0 [ωz = −−(1/Uc)(∂v/∂t) −− (∂u/∂y) using Taylor’s hypothesis with
the convection velocity Uc = (U1 ++ U2)/2]: a) exact reference one and b)
reconstructed one with LSE procedure from three y-reference locations.
The locations of the reference points (•) are given on the figure (vertical,
transverse y direction; and horizontal, time arbitrary units).

where the mixing layer reaches a fully turbulent state.24 This config-
uration corresponds to the schematic view presented on Fig. 1. The
experimental data are velocity measurements performed in a sec-
tion normal to the streamwise direction. A two-dimensional hot-wire
rake composed of 33 X-probes is used in order to obtain simultane-
ous measurements. Each probe provides the u component, whereas
v and w are obtained alternatively on a staggered rectangular grid
of 3 × 11 positions equally distributed in transverse y and spanwise
z directions, respectively. The measurement domain extends over
δω0 × 3.33δω0 , δω0 being the local vorticity thickness. These data are
used to build a temporal sequence of velocity data. Starting from
velocity measurements at these few locations, an approximation of
velocity data is performed on the inlet section of the computational
domain, by means of interpolation/extrapolation procedures:

1) In a first step, the statistical homogeneous spanwise z direction
is processed. In this specific direction, periodic condition required by
numerical simulation must be imposed on the experimental data that
obviously are not periodic. A POD approach is then performed from
experimental data. In this spanwise direction, each POD eigenvector
is close to harmonic mode. This property comes from the homoge-
neous character of the flow providing POD degenerates into Fourier
modes for homogeneous situation.34 One of the advantages of us-
ing a POD approach to this spanwise direction is that eigenvectors
have wave length that are not directly related to the size of domain
on which POD is applied. The eigenvectors �(n) are then analyti-
cally modeled through sinusoidal data and afterward extrapolated
to cover the minimal size �z of periodic dimension larger than the
rake extent (Fig. 6a).

2) In a second step, a method based on LSE is applied to rebuild
velocity data in the normal y direction.

3) Finally, velocity are scaled using experimental normal
Reynolds stresses ũ2

i (y). Such a procedure leads to an underesti-
mation of about 50% of ũṽ.

The advantage of using such experimental data as inflow condi-
tion is the possibility to introduce the spatiotemporal coherence of
the mixing layer. Figure 6b (Ref. 35) shows vertical velocity iso-
surfaces of the reconstructed data in a convected frame of reference
using Taylor’s hypothesis in the temporal direction. Realistic be-
havior of the flow motion can be observed with the preservation of
large-scale spanwise structures exhibiting roughly a 3δω0 stream-
wise spacing with a realistic three-dimensional character.

Numerical Testing of Inflow Conditions
In the following we present several numerical computations : a

DNS approach, a LES highly resolved in space, and a LES with
a more industrial-like spatial resolution. The first two codes are
developed in the LEA laboratory. The last one corresponding to a
lower computational cost, using a code named PEGASE, has been
developed at ONERA. These different numerical simulations have
been used 1) to analyze the significant criteria to be checked to ensure

a)

b)

Fig. 6 Example of the first four eigenvectors on the spanwise measure-
ment domain Lz (�) and their models on the periodic domain Λz (——):
a) velocity component v in the middle of the mixing layer (top), and
b) isosurfaces of vertical reconstructed velocity ṽ = ±± 0.1 (from Coiffet
et al.35). Data are normalized using the inflow vorticity thickness δω0
and the velocity difference U1 −− U2.

realistic inflow conditions and 2) to test reconstructed experimental
velocity as inflow condition.

We first used DNS as a tool for the determination of selected
criteria permitting to ensure realistic inflow conditions.

Numerical/Numerical Interface Testing for Two-Dimensional DNS
Numerical Method

A two-dimensional spatially developing plane mixing layer with
a velocity ratio of 0.44 is considered by Druault et al.33 The
Reynolds number based on the initial vorticity thickness δωi and
�U is Re = 200. The numerical code incompact3D36 used here
solves the incompressible Navier–Stokes equations on a regular and
nonstaggered Cartesian grid (nx , ny) = (1001, 201) corresponding
to a domain size of (Lx , L y) = (280δωi , 56δωi ). Sixth-order com-
pact centered differences schemes are used to evaluate all spatial
derivatives,37 except near the in- and outflow boundaries where
single-sided schemes are employed for the streamwise derivative
calculation. Equations are integrated in time using a third-order
Adams–Bashforth scheme. Free-slip boundary conditions are ap-
plied at y = ±L y/2, whereas outflow boundary conditions at x = Lx

are determined through the resolution of a simplified convective
equation.

Results
A first calculation is performed in a large computational domain

(extent in the streamwise direction Lx = 280δωi ). During this ref-
erence calculation, at a streamwise location (x0; see Fig. 7 top)
where the flow is physically realistic, the velocity components are
stored for each point on the full virtual interface. Using only a part
of this information, several set of inflow conditions are tested to
perform secondary simulations where the computational domain is
truncated upstream from the virtual interface. The principle of this
procedure can be easily understood by examining Fig. 7, where dif-
ferent inflow conditions are compared for a spatial mixing layer. The
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Fig. 7 Spanwise vorticity contours: top, reference simulation
(Lx = 280δωi ), a–e, truncated simulations (L′

x = 100δωi ) using inflow con-
ditions detailed in the text.

advantage of this purely numerical method is that it is possible, by
comparison to the reference simulation, to evaluate accurately the
benefit (or the lack of benefit) obtained when inflow data are match-
ing a given statistical property. In the work of Druault et al.,17 the
well-known strong sensitivity of the mixing layer to inlet conditions
(already observed for both experimental and numerical configura-
tions) is clearly confirmed. When the complete knowledge of the
flow variables is used to specify the inflow conditions (all velocity
components at each grid point on the inlet plane), a quasi-perfect
agreement was found (Fig. 7a) because of the strong convective
character of the mixing layer for which the downstream develop-
ment of the flow has a negligible effect on the upstream conditions.
The second kind of inflow conditions considered by Druault et al.17

(Fig. 7b) corresponds to random velocity fluctuations spatially and
temporally uncorrelated (white noise) but constrained to reproduce
the energy of each component of the Reynolds-stress tensor. This
inflow generation technique, quite easy to perform, has clearly a dra-
matic effect on the realism of the simulation, in qualitative (lack of
turbulent structure) and quantitative (considerable fall of kinetic en-
ergy near the inlet, Fig. 8b) terms. Two intermediate cases were also
considered by Druault et al.,17 who tested inflow conditions preserv-
ing temporal (Fig. 7c) and spatial (Fig. 7d) two-point correlations.
The improvement obtained from these inflow data emphasized the
importance of the correct representation of the temporal and spatial
spectra. However, because of the lack of realistic spatial coherence
corresponding to the turbulent structures in these synthetic inflow
conditions, a transient downstream of the inlet can be clearly ob-
served. A more efficient method for generating more realistic inflow
conditions using a time history of velocity data at a small number

Fig. 8 Fluctuating kinetic energy at x = x1 obtained from previous
truncated DNS simulations a), b), c), d), and e).

a)

b)

c)

Fig. 9 Spanwise vorticity surface: a) Reference simulation (Lx = 100
δωi ); b) truncated simulations (L′

x = 50δωi ) using exact inflow condi-
tions; and c) velocity field reconstructed with LSE procedure from the
knowledge of stored data at three y points in each z location.

of points was just described. Druault et al.17 choose to use velocity
data stored at only three points. The inflow conditions obtained by
the method described in the preceding section reduce efficiently the
transient near the inlet (Fig. 7e). As far as the energy is concerned,
Fig. 8 shows clearly the efficiency of the method.

The main conclusion of this study is that for the inlet data
generation the spatiotemporal coherence of the inflow must be
necessary for preserving the organized character of the turbulent
motion at large scale. The same procedure has been used for a
three-dimensional DNS.24 Figure 9 illustrates the efficiency of the
method that requires only 3% of the entire data for a satisfactory
computation.
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Experimental/Numerical Interface Testing for Low-Resolution LES
A first attempt to generate inflow conditions from experimental

data was done by using results arising from mixing-layer experi-
ments with a velocity ratio of 0.59. Times histories of the stream-
wise and the transverse velocity components (u, v) are obtained
from a rake of 12 equally spaced X-wires in a self-similar section.
The Reynolds number based on the local vorticity thickness δω0 is
equal to 9 × 104. The experimental instantaneous velocity field is
then reconstructed at each node of the inlet computational grid of
the numerical code using LSE procedure.38

Numerical Method
A description of the numerical method including the mixed scale

model used can be found in Sagaut et al.39 Briefly, the computational
domain is equal to 20δω0 × 10δω0 × 7δω0 , and a nonuniform Carte-
sian grid including (151 × 71 × 36) points is used.38 The nondi-
mensional time step is equal to 2 × 10−3, which is equivalent to a
physical data-acquisition frequency of 750 kHz (75 times the sam-
pling frequency of the experiment). A linear interpolation in time is
used in order to generate the velocities at the required time steps.

A periodic boundary condition is used in the spanwise direction.
In the transverse direction, a simplified representation of the solid
walls is achieved using a no-slip condition. A zero-stress-like con-
dition is used at the outflow, coupled to a buffer zone to prevent
spurious reflections.

The estimation of inflow condition is based on a LSE of the large-
scale structures according to the method presented in the preceding
section. The level of the random noise superimposed is adjusted in
such a way that the fluctuations of kinetic energy have the same
energy in their coherent and incoherent part. The realistic turbulent
inflow conditions presented here have to be considered as a demon-
strator of the method. It is indeed clear that several combinations of
coherent/random parts have to be tested. It was not the purpose of
this preliminary study to give a definitive answer of the best ideal
solution but to illustrate on a given example the possibilities of the
method.

In the spanwise direction, the coherent field is homogeneous, and
the large-scale structures “entering” the flow that are generating are
nominally two-dimensional: the reconstructed experimental veloc-
ity field is duplicated at each spanwise location. The w component
is here purely random, with a spectral behavior corresponding to the
experimental observations.

Results
With the LSE-based inflow condition, despite the poor resolu-

tion of the computation, the flow corresponds to a real turbulent
flow from its beginning. The spreading of the flow is clear on the
snapshot visualization of the vorticity modulus (Fig. 10). This point
will be discussed quantitatively later. The computed development
of the initially quasi-two-dimensional structures is complex and

Fig. 10 Instantaneous vorticity modulus.

Fig. 11a Vorticity thickness.

Fig. 11b Shear stress and kinetic energy normalized with ∆U2.

closely corresponds to the different processes occurring in mix-
ing layers. Pairings processes are observed. Streamwise vortices
(“braid”), known to play essential role in the dynamics of mixing
layers, are also observed. These structures were not introduced at
the inflow conditions. Then, it is clear that the present method is
quite efficient as far as complex three-dimensional structures of the
flow are relevant. A more quantitative analysis is given next.

Figure 11a shows the evolution of the vorticity thickness δω. For
comparison, the conventional evolution of δω is provided. The evo-
lution of the computed δω closely agrees with the expected one,
except for some irregularities, because of simulation data.

It is also clear from Fig. 11a that the simulation shows very rapidly
downstream of the inflow plane the expected mixing-layer develop-
ment. As far as the turbulent fields are concerned, Fig. 11b shows
the shear stress and kinetic turbulent energy.

The mean and turbulent distributions correspond to the conven-
tional ones for turbulent plane mixing layers, with maxima of shear
stress in close agreement with the measured values, that is, typically
10−2�U 2 (�U = 17 m/s). In addition, the ratio ũṽ/k is below 0.3,
a value generally accepted for turbulent mixing layer.

However, from the present computation,38 a detailed analysis of
the turbulent Reynolds stresses shows that the ratio w̃2/ṽ2 is under-
estimated compared to the experimental results.

This preliminary study showed certain limitations caused by the
non-three-dimensional character of experimental inflow conditions.
In this sense, a new experimental arrangement (a two-dimensional
rake of 33 X wires just detailed) has been developed permitting to
access to the instantaneous three-dimensional CS. With such equip-
ment, a new experimental database has been obtained in a self-
similar streamwise section of the plane mixing layer with a velocity
ratio of 0.44. Some other tests are performed with a high-resolution
LES using reconstructed three-dimensional experimental data as
inflow condition.

Experimental/Numerical Interface Testing for High-Resolution LES
Numerical Method

LES of a spatially developing mixing layer is performed
using the structure function model developed by Lesieur and
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Métais.2 The incompressible Navier–Stokes equations are solved
on a regular and nonstaggered grid. The domain dimensions
are (Lx , L y, Lz) = (18.3δω0 , 8δω0 , 8.33δω0) corresponding to a grid
of (nx , ny, nz) = (193, 97, 96). The same numerical code Incom-
pact3D just described is used with the same set of boundary condi-
tions. The Reynolds numbers based on the local vorticity thickness
δω0 and �U of the experiment and the inlet of the LES are identical
(Re = 6.6225 × 104).

Experimental turbulent inflow conditions are generated at the in-
let. The procedure for reconstructing the experimental instantaneous
velocity fields has been detailed in the preceding section. Recall that
these experimental data are obtained from a two-dimensional rake of
33 X-wires probes corresponding to 66 velocity components mea-
surements. Based on these 66 times histories, we reconstruct the
three velocity components at each grid node of the inlet section
corresponding to (97 × 96 × 3 = 27936) velocity components.

Results
The results presented here should be considered as preliminary

ones. In particular the issue of the sensitivity to the grid resolution
and the domain extent has not been examined. These studies being
important for further developments, they will be investigated in the
near future.

Figure 12a shows a vorticity visualization, obtained by the com-
putation presented here. A fast regeneration of large-scale span-

a)

b)

Fig. 12 Isosurfaces of a) vorticity modulus ω = 1.8 and b) vertical ve-
locity ṽ = ±±0.08∆U (from Coiffet et al.35). Results of a LES using tur-
bulent experimental data as inflow conditions.

a)

b)

Fig. 13 Streamwise evolution of the vorticity thickness δω , the mo-
mentum thickness θ, and the Reynolds-stress maxima max ũiũj. LES
using reconstructed experimental data as inflow conditions.35

Fig. 14 Streamwise evolution of the Reynolds-stress maxima max ũiũj:
white-noise data (from Coiffet et al.35).

wise structures seems to occur—this tendency being more easily
identified by vertical velocity visualization (Fig. 12b). Longitudinal
vortices can also be clearly observed on vorticity visualization.

The streamwise evolution of different characteristic quantities
of the flow is presented in Fig. 13. As far as the thicknesses are
concerned, the correct growth rate is recovered although a zone of
extra-amplification (3 δω0 long) appears. This effect can be inter-
preted by observing the Fig. 13b. Indeed, because of the normaliza-
tion method of the reconstructed experimental fluctuating part (see
Experimental Data Reconstruction Section), which forces the inco-
herent part of the fluctuations to zero, the shear stress ũṽ has been
underestimated. As a consequence, the correlation level between the
longitudinal and the transversal fluctuations is far from its natural
value. It appears that the region necessary to recover the correct
growth rate corresponds roughly to the zone required to retrieve the
correct equilibrium between the turbulent components. For the same
reasons, the other quantities ũ2

i deteriorate in the beginning of the
computational domain and only recover asymptotically their inflow
value.

A solution to overcome this drawback is to keep a realistic ratio be-
tween the coherent and noncoherent parts [see Eq. (1)]. Such a pro-
cess is currently under study. Moreover, because of the experimental
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procedure the cross components are estimated on a coarser mesh
(twice) than the u-component one. It can be anticipated that the
smallest scales are then less accurately estimated for v and w than
for u, which can lead to a deterioration of the shear stress. Consider-
ing these drawbacks, no attempt has been made in the present study
to analyze in details the resulting spectral and spatial coherence.
However, a visual analysis of the Fig. 12 suggests that the spatial
as well as the temporal (via a Taylor hypothesis) behavior corre-
sponds to the expected large-scale characteristics of such a flow.
More quantitative studies are under development.

The advantage of using coherent experimental data can be esti-
mated by comparison with an equivalent LES using time and space
uncorrelated inflow data (white noise preserving only the Reynolds
stresses). Everything being equal, a second computation with these
inflow conditions is made, and mean results are plotted in Fig. 14.
A dramatic breakdown of all of the Reynolds stresses is observed,
and the computation becomes totally unrealistic (Fig. 14).

Conclusions
The determination of inflow conditions for direct numerical sim-

ulation (DNS) and large-eddy simulation (LES) is a crucial issue,
particularly for practical applications of computations of spatially
evolving turbulent flows. In this paper, we recall some basic features
about the large-scale structures, which, in general, dominate the dy-
namics of turbulent shear flows. The need for correct spatiotemporal
estimation of inflow conditions leads to consider in particular the
spatial coherence of the flows while storing a minimum amount of
information. Then, the data processing based on two-point statistics
[such as proper orthogonal decomposition (POD), linear stochastic
estimation (LSE), and combined methods] is a natural approach.
Such a methodology has been tested on experimental LES inter-
faces. For sake of optimization, a DNS/DNS validation approach
has also been used. It then appears that 1) to generate realistic in-
flow condition, it is much more efficient to preserve the spatio tem-
poral coherence of inflow data rather than the spatial and spectral
one-point energy distributions; and 2) the use of the reconstruction
method based on LSE seems to be efficient for inflow condition
generation with a good compromise between data compression and
three-dimensional rendering.

During the DNS tests, we focus on plane mixing layers, and,
based on our earlier experimental experience, we consider three
reference points in the mean shear direction. The optimal choice of
the number and the location of these reference points (and stored
data) is not straightforward if the flow is not known a priori in term of
its spatial organization. A research program is under development
with the TAM of Urbana–Champaign (Illinois) in order to derive
some optimal procedure based on a description of the flow in term
of the POD modes. This procedure will have the advantage of an
objective approach.

As far as a statistically homogeneous direction (for plane or ax-
isymmetric configurations) is concerned, the problem can be more
complex, and the reduction of the number of reference points is still
an open problem. The combined method proposed here can be a
solution, but the transversal, three-dimensional character of the CS
has to be taken into account.

From experiments, we apply the method to the measurements
obtained with a rake of hot wires. We run two kinds of LES, with
different levels of resolution. Even with a poorly resolved compu-
tation presenting some drawbacks with conventional inflow con-
ditions, the present method allows for a spectacular improvement.
A quantitative study in the case of a better resolved LES shows
that further studies should be necessary. In particular, the spanwise
characteristics have to be addressed in more details, and the part of
random signal has also to be adjusted.

For practical applications, other difficulties can appear. The first
one can be encountered for wall-bounded flows where several scales
have to be taken into account, depending of the distance from the
wall. In this case, zonal analysis can be used. A second class of flows
that can be difficult to handle with this method is the compressible
one. In this case, the choice of the relevant reference variable(s) is
not straightforward. Moreover, experiments for this kind of flow are

much more difficult. The combination of numerical simulations and
limited experimental data can be a possible way to overcome these
limitations.

As far as experiments are used to provide the necessary infor-
mation, the use of rakes of sensors as presented here is not always
possible. Other experimental procedures can advantageously be de-
veloped. As an example, the spatial correlation needing POD and
LSE can be obtained through PIV or HPIV in a plane for two-
dimensional slices, or with two PIV slices. The correlation tensor
can be obtained only from statistical averages, and then no temporal
sequences are needed at that stage. Temporal signals for building
the complete set of inflow conditions can separately be obtained by
a limited number of simultaneous time-resolved histories. Such sig-
nals can be obtained for example from a limited number of hot wires
or microphones. The proposed method can then take advantage of
the combination of the good spatial resolution but no time evolution
of PIV with the poor spatial resolution with good temporal response
of hot-wire anemometry.

Some other roads are also open with regard to the generation
of spatial correlations and time histories. For simple flows, stabil-
ity analysis can provide some information about the typical spatial
and temporal relevant scales. Then, with simple models the spatial
correlations can be estimated, avoiding any experiment resolved in
space. In addition, the same stability analysis can provide a tempo-
ral evolution that can be used as an initial template. Lastly, research
under progress is devoted to dynamical systems identification or
POD Galerkin projection that can provide realistic time evolutions.
Finally, let us emphasize that these new possible approaches for
generating “synthetic turbulence” are promising tools not only for
experimental/LES interfaces, but also for hybrid Reynolds-averaged
Navier–Stokes/LES methodologies.
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