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Abstract

This report describes important open issues in Large-Eddy Simulation (LES) of turbulent flows, and points
to possible directions for new-generation experimental studies that can address the relevant questions. This
report is an outgrowth of a one-and-a-half day workshop held in Chicago in October of 1999 that was funded
by NSF, ONR, AFOSR, DARPA and LANL. It contains an introduction to LES and a description of what
are currently felt to be the most important pacing items for future developments in LES. It summarizes the
type of experimental information that is needed and the new experimental methods that can be brought to
bear on the problem. It also proposes several flows that appear well suited to address the important issues
identified. o

1 Introduction

On October 4-5 of 1999, a workshop was held in Chicago to discuss the development of Large-Eddy Simu-
lation (LES) of turbulence and the role that experimental data must play in this development. The workshop
was jointly sponsored by John Foss at NSF, Tom Beutner at AFOSR, Amy Alving at DARPA, Candice Wark
at ONR and Shiyi Chen at the Los Alamos National Laboratory. The authors of this report were asked to
organize the workshop. ‘ <

The sponsors and organizers undertook this event becéuse there are a number of important issues that
must be addressed in the development of LES, and these appear to require extensive experimental input.
Furthermore, because of the unique features of LES, it seemed likely that obtaining the needed experimental
data would require experiments specifically designed for the purpose. Thus, close collaboration between
experimentalists and LES developers is needed. The workshop was organized to begin fostering such col-
laborations. ‘

Thirty-six participants were invited to Chicago for a two-day discussion of LES and experiments. The
participants were approximately evenly divided between experimentalists and computationalists, with the
occasional theorist added for good measure. A list of participants appears in the appendix. The participants
were limited to 36, though there were many others who were interested in attending, in order to foster ef-
fective discussions. Participants were selected to represent a wide range of experimental and computational
interests and activities.

There were three immediate goals of the workshop:

e To have the LES and experimental turbulence research communities educate each other regarding
what is required for progress in LES and what is possible given current and foreseeable experimental
instrumentation.



e To identify promising experiments that could be undertaken to address LES development.

e To begin a discussion in the turbulence research community as a whole regarding the role of experi-
ments in LES development.

The workshop consisted of two hours of introductory talks given by the organizers to provide background
for the discussions. During most of the remainder of the meeting, the participants were divided into four
groups for discussions of different aspects of the LES problem.

This document is the report of the results of the workshop. It is organized as follows: In section 2, fun-
damentals of LES are reviewed and important open issues are described on the basis of various phenomena
occurring in flow over an airfoil. Section 3 summarizes the type of information needed for advancing LES,
section 4 reviews the relevant instrumentation, and section 5 proposes several flow configurations that were
discussed during the workshop. Concluding remarks are given in section 6.

2 Issues in LES and illustration in flow over airfoil

2.1 Introduction to LES

The technique of Large-Eddy Simulation (LES) has emerged as a very promising alternative to the tradi-
tional RANS approach in order to confront the scale-complexity problem inherent to high Reynolds number
turbulent flows. For reviews of LES, see Rogallo & Moin 1984, Lesieur & Metais 1996, Piomelli 1999, and
Meneveau & Katz 2000. .

In LES, one separates the motion into small and large scales, and solves equations for the latter. The
separation is achieved by means of a low-pass filter, which can be formulated in several ways, such as an
integral filter, or a projection onto a finite set of basis functions. However, an extremely broad set of filters
can be expressed as integral filters (including projection filters), so we will consider only integral filters
here. In the simplest case of a homogeneous filter (i.e. a filter that is independent of location), the filter is
applied by convolving the velocity u(x, t) with the filter kernel G (x). The convolution kernel is devised
to eliminate scales smaller than A. The LES equations are obtained by filtering the Navier-Stokes equations
and read (for incompressible, nonreactive flow)

1 .
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where () represents a convolution with G5 (x), and 7 is the subgrid stress tensor. When the equations are
written as in (1), 7 is given by
Tij = UiUj — UiUy. 2)

Equations 1 are amenable to numerical discretizations at a spatial resolution near A, which is typically
much more affordable than Direct Numerical Simulation, which requires resolutions near the Kolmogorov
scale, 7. When the filter is not homogeneous, the subgrid term cannot be written as the divergence of the
subgrid stress as in (2), because the filter operator does not then commute with differentiation. In general, for
inhomogeneous filters, the divergence of the subgrid stress in (1) would be replaced by the subgrid force m,
which would include the effects of the noncommuting filter. However, these commutation effects are often
ignored. The subgrid force is just the term that appears in the LES equations, which with homogeneouos
filters is the divergence of the subgrid stress.

To close (1), 7;; (or m;) must be expressed in terms of the resolved (filtered) velocity field. In the
absence of an accepted theory of turbulence to solve the problem of SGS modeling, the development and
improvement of SGS models must include judicious use of empirical information. The main objective of
this workshop is to explore what experimental turbulence research can contribute to this goal.
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2.2 The Role of Experimental Data

Large-Eddy Simulation is a turbulence prediction technique, which like RANS (Reynolds Averaged Navier
Stokes) relies on a model to account for the effects of turbulent fluctuations that are not explicitly simulated.
The subject of the workshop reported on here was the need for experimental data to assist in the development -
of such models. However, if LES is to be a predictive tool, it must be applicable to new flows in the absence
of such detailed, or indeed any experimental data on that flow. So, the models that are developed must be
broadly applicable.

The need for experimental data extends to a broad range of flows, with various complicating features,
such as walls, imposed strains and separations, and various complicating physics, such as scalar mixing,
combustion and compressibility. These are needed because we want LES models that are applicable in
flows with these features. The expectation is that well constructed models that work in idealized flows with
these complications, will work in any flow with such complications. Since the model need account for only
the small scales of turbulence, the prospects for such broad applicability are better than for RANS models
which must account for all the turbulence fluctuations.

‘The data discussed here is needed for two purposes: the development of LES models and the validation
of LES models. For model development, the data is needed for such things as setting constants, suggest-
ing functional forms and dependencies and evaluating the causes of model shortcomings. In at least one
modeling technique, detailed data is used directly to formulate the models (Langford & Moser 1999). To
support model development, very detailed measurements that will allow the determination of the terms that
are being modeled are most useful (see section 3). Such measurements are needed in a modest number of
different flows that exhibit some or all of the complications discussed above. The. task of the LES modeler
will then be to use this information to construct generally applicable models. To validate these models, less
detailed measurements are needed in many more flows. For validation, the required measurements are of
the quantities we expect an LES to be able predict, and many more flows are needed to ensure that the are
in fact valid over a broad range of flows.

The ultimate goal of all the measurements and model development is an LES model or set of models,
with well characterized applicability, that can be used with confidence to predict the effects of turbulence in
complex technologically relevant flows. An example application is discussed below.

2.3 Flow over airfoil

To illustrate some of the difficulties encountered in performing an LES in a relatively complex flow of
technological importance, we consider the example of an airfoil, as sketched in Fig. 1. When performing
LES of this flow at high Reynolds numbers, various difficulties arise that LES does not currently handle
well. Near the leading edge, the incoming flow is subjected to very strong mean (irrotational) deformations.
Incoming turbulence (part of which may be unresolved) will be strongly affected by this rapid distortion.
Little is known at present about how well SGS models represent the response to such rapid perturbations
(see e.g. Liu ef al. 1999). On the suction side of the airfoil, the turbulent fluid continues along over a
laminar boundary layer which is evolving toward a possible transition to turbulence. It is well-known that
perturbations in the free-stream can strongly affect transition scenarios (Goldstein & Hultgren, 1989). If
those perturbations occur at small scales (unresolved in LES), an LES will have great difficulty correctly
predicting transition. Also, at high Reynolds number it is often not possible to resolve the laminar boundary
layer, and the prediction of transition in an LES is an open problem. A related problem is how to prescribe
inflow and outflow conditions in LES (see e.g. Lund et al. 1998).

After transition, at high Reynolds numbers it becomes impossible to resolve the near-wall features of
the boundary layer such as the viscous sublayer on the LES mesh. This introduces severe challenges to LES
modeling. One such challenge is that the dynamically important “large-scale” turbulence is not resolved
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Figure 1: Sketch of flow over airfoil and various challenging regions for LES.

near the wall. Another is that the wall-shear stress cannot be related to the resolved velocity by means of
differentiation of the velocity at the wall. Classical models of the wall-shear stress 7, such as those often
used in LES of atmospheric flows relate 7,, to the resolved velocity in the log-layer using an assumed log-
layer behavior. For general, unsteady conditions with pressure gradient and roughness effects, the problem
remains a challenging one. For a discussion, see the recent review article by Piomelli (1999).

As the boundary layer evolves further, it may separate. The region around the separation point presents
further challenges for near-wall modeling, because of the strong stream-wise inhomogeneity. But, once
the flow has separated, the free-shear wake region is characterized by turbulence that is approximately in
equilibrium. Here a number of current SGS models perform fairly well in reproducing mean velocities and
second-order statistics. However, not much is known about the ability of current models to reproduce details
of coherent structures typically found in such flow regions.

Compressibility effects play an important role in high-speed aerodynamics. Very often the relevant
physics occur at small scales that cannot be resolved on the LES grid (e.g., shock waves and their interaction
with turbulence, Knight and Degrez 1998). Furthermore, it is not clear that present models can be accurately
extended to flows with large density differences. Other subgrid physics that pose serious challenges to LES
(not covered in the example of Figure 1) include: turbulent reacting flows, where generally the entire reaction
occurs at the subgrid scales and, hence, requires modeling (e.g., Cook and Riley 1998; Colucci et al. 1998);
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two-phase flows, where usually the interactions between the two phases take place at the subgrid scales;
rotating flows, where the effects of rotation can be either stabilizing or destabilizing at the subgrid scales
(e.g., Piomelli and Liu 1995); and stable or unstable density stratification, which can significantly alter the
transfer of energy to the subgrid scales, and hence their modeling (e.g., Métais and Lesieur 1992).

Finally, the example of flow over an airfoil illustrates the severe challenges to numerical techniques
posed by turbulence simulation in complex-geometry flows. Turbulence simulations (both LES and DNS)
are commonly carried out in very simple geometries with highly accurate, low dispersion, low (or no)
dissipation numerical methods. This is necessary because of the broad range of scales that need to be
simulated (even in LES) and, for LES, in order to minimize the effects of discretization error on SGS models.
These methods are often not applicable to more complex geometries. Thus, the airfoil application requires
further development of highly accurate low dispersion methods that can be used with local grid-refinement
and on unstructured grids etc.

2.4 Pacing items for LES and main issues addressed during the workshop

The foregoing discussion illustrates what are considered to be the main pacing items for the successful
deployment of LES to predict high Reynolds number.complex flows in practically relevant conditions. They
are

e Realistic parameterization of the SGS stress tensor (or the subgrid force) under a variety of non-ideal
conditions (such as non-equilibrium turbulence, transitional flows, effects of coherent structures, etc.).

e Appropriate specification of inlet and outlet conditions, and the effects of these conditions on transi-
tion mechanisms.

e Modeling near-wall effects and wall stress in high-Reynolds number wall-bounded flows in which the

near-wall features (e.g. viscous sublayer, buffer layer, streaks etc.) cannot be resolved on practical
LES meshes.

e Modeling unresolved physics such as compressibility effects, chemical reactions, effects of other
“phases such as particles, droplets and bubbles, etc.

e Continued improvement of numerical techniques, and formulation of SGS models that account for
numerical discretizations errors.

Physical experiments can help to address the first four of the items listed above, which thus form the
focus of interest of the workshop. ‘

3 Types of information needed

In considering the experimental information needed for LES development and validation, it is important to
keep in mind the unique properties of LES. As in RANS modeling, LES is in need of information about the
quantities for which models are being developed, and information about quantities that are to be predicted.
The former is for model development (a priori analysis, see section 3.2), the latter is for validation (a poste-
riori analysis, see section 3.1). The nature of LES makes these quantities significantly more complicated to

measure and understand. Some of the complications involved in producing experimental data for LES are
listed below.



1. In LES, both the terms to be modeled and the quantities to be predicted are defined by the filter that
is used to distinguish large scales from small scales. Thus, to be most useful for LES, experimental
data (e.g. velocities) need to be filter-able. Since the filters used in LES are generally spatial filters, to
the extent possible, the experimental data needs to be spatially resolved, so that spatial filters can be
applied.

2. LES should be able to predict more than just one-point statistics. In fact, ideally an LES should
be able to recover any multi-point also statistical measure of the filtered velocity. Thus, there is a
great need for multi-point statistics from experimental data, especially well-resolved two-point spatial
correlations.

3. LES is designed to simulate the evolution (dynamics) of the large-scale turbulence. Thus, time-
evolution information is required. We need to know how the large scales evolve; however, turbulence
is chaotic so long-time evolution is not predictable. Evolution over short-times (or time derivatives)
is thus of primary interest.

4. Since the LES simulates the dynamic large-scale turbulence, information about the dynamic large-
scale turbulence is needed at the inflow boundaries of a simulation domain. This is unlike RANS,
where one only needs to know the statistical RANS state variables at the inlet. Thus, to ensure that a
simulation in a finite domain and an experiment are working with the same turbulence, an experiment
would need to provide enough time-resolved data on an inlet plane to allow the in-plane space and
time variation of the velocities to be inferred. Obtammg such data is potentially extremely difficult,
see section 3.5 for details.

5. Exactly what quantities are needed for an LES study and how they are filtered depends on the par-
ticulars of the LES formulation being studied. That is, in general, it depends on the filter and the
approximations made when writing down the LES equations. As a result, it will likely be most ef-
fective to measure and retain the unprocessed velocity data, which can then be filtered and used to
compute any quantity of interest. This also suggests that it will be extremely important for LES
modelers/simulators to work closely with experimentalists in producing and analyzing the data.

A brief discussion of the uses made of experimental and DNS data in LES development follows. To
simplify, the discussion below is based on LES of incompressible, nonreacting single-phase flow, except
where noted.

3.1 A-posteriori Analysis

To evaluate the performance of a model for the SGS stress, z’;“’d(x, t) or for the subgrid force, the results
from a simulation that uses the model are compared to available data. The data can be obtained from direct
numerical simulation (DNS) or from experiments, typically in the form of mean velocity and Reynolds-
stress distributions, spectra, etc.. Piomelli et al (1988) has coined the name ‘a-posteriori tests’ for such
comparisons to emphasize that the model is evaluated only after it has been implemented in a simulation.
One important issue, often neglected in a-posteriori analysis, is the need for explicit filtering of the
experimental data. LES gives results for the resolved velocity field, @;, whereas most experimental data are
for the unfiltered velocity field, u; (Of course experimental resolution always causes some kind of filtering
of the data, e.g. at the measurement volume, but for the sake of this discussion we assume that this volume is
significantly smaller that A). Typically, experimentaily obtained root-mean-square (rms) values of velocity
differ from LES results not only due to errors in SGS modeling, but also because the LES results often
do not include the contributions from the SGS turbulence. For SGS models that do not provide explicit
predictions of this contribution (e.g. with the Smagorinsky model, the SGS kinetic energy is not predicted,
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and hence cannot be used to supplement velocity rms values), a meaningful comparison between LES results
and experimental data should involve filtering of the latter.

In the case of isotropic turbulence, this can be achieved by exploiting isotropy and performing the filter-
ing as a post-processing step on the measured energy spectrum. This has been the practice in simulations of
decaying isotropic turbulence that are compared with the classical grid decay experiments of Comte-Bellot
& Corrsin (1966). In the latter, longitudinal spectra measured at various downstream locations are trans-
formed into 3-D radial spectra using isotropy. They are then filtered and integrated to yield the decaying
rms values of filtered turbulence which can be directly compared to LES (see e.g. Moin ef al. 1991, Men-
eveau ef al. 1996, Misra & Pullin 1997). Filtered energy spectra can also be compared. However, in flows
where the SGS turbulence is not isotropic, this procedure cannot be applied since the longitudinal spectrum
is not uniquely related to the 3-D spectrum. Similar difficulties arise in non-homogeneous flows, for which
comparisons of LES with experimental data are especially needed. For instance, in Kravchenko & Moin
(1998) temporal LES spectra in the cylinder wake are compared with experimental hot-wire data of Ong &
Wallace (1996). The comparison would have been more conclusive if the experimental data could have been
spatially filtered.

If one is interested in second-order statistics only, a suitable generalization of the spectral approach to
non-homogeneous flows is to perform measurements of all relevant two-point correlations. These can then
be processed by convolution to yield correlation functions of the filtered velocity field. This approach has
the advantage that the filter scale and kernel can be changed during post-processing (see the discussion in
Jimenez & Moser (1998)). Extending this technique to higher order statistics quickly becomes unmanage-
able. For example, to compute filtered third order statistics, three-point third-order correlations are required.
Similarly to determine the probability distributions (pdf’s) of the filtered fields, one needs to know the
multi-point joint pdf’s.

Because many different filters are possible and of interest, the most useful data for LES, though perhaps
most difficult to obtain, are unaveraged spatially resolved (at least locally) instantaneous velocity (and pres-
sure, density, etc. for compressible flows). These data can then be filtered and averaged as needed to obtain
the statistical quantities of interest.

However, obtaining experimental data that can be spatially filtered is quite difficult (see section 4). In
situations in which this is not possible, there are less desirable alternatives, which can none-the-less produce
useful information. One example is the direct measurement of spatially filtered velocities with some specific
filter, at some particular scale, as was done by Cerutti & Meneveau (2000). They used data from an array
of hot-wires to approximate a 2-D box filter (see also section 4.2, and high-order moments of such filtered
velocity were reported. Evidently such data could also be produced with massive planar PIV (see section
4.3). This approach is limited since, according to the preceding discussion, the results cannot be filtered
with another filter during post-processing. Hence, the Cerutti & Meneveau data are only relevant for a box
filter at the scale used in the experiment. On the other hand, such data can be compared to simulation results
from LES performed with better resolution A’ (with A’ << A) which is then filtered according to the filter
that is used in the experimental setup (e.g. a 2-D box-filter). Such comparisons of the statistics of the larger
resolved scales can add significant information during a-posteriori tests.

A-posteriori tests are considered to be the ultimate test of model performance. However, due to the inte-
grated nature of the results (combining effects of numerical discretizations, time ‘integration, and averaging),
a-posteriori tests typically do not provide much insight into the detailed physics of models, and the reasons
why they do, or do not work.

3.2 A-priori Analysis

To obtain more insight into the workings and failings of LES models, one can directly compare modeled
quantities such as the subgrid stress 7;5(x,t) and its measured value. Such a comparison requires data at



high spatial resolution that is sufficient to resolve the subgrid scale. The modeled quantity (e.g. 7;; (x,t))
is evaluated according to its definition (2) and the model is evaluated based on the filtered data. For such
analysis, Piomelli ef al. (1988) coined the name ‘a-priori test’ to emphasize that no actual LES is involved.
The data for such studies can be generated using DNS, which allows processing the full three-dimensional
velocity field, but is limited to low Reynolds numbers and simple geometries. Examples of a-priori tests
based on DNS can be found in Clark ez al. (1977), McMillan & Ferziger (1980) and Bardina ez al. (1980),
Piomelli ef al. (1991), Domaradzki et al. (1993), and Hirtel et al. (1994). Further, such a priori analysis can
be used to directly formulate LES models (Langfrod & Moser, 1999). The term “a priori analysis” is used
rather than “a priori test” because, in this case, testing is not the primary goal.

An alternative that complements DNS is to use experimental data. Experiments provide access to high
Reynolds number flows but, with limitations, since generally only partial information is available, such as a
subset of all the relevant fields can be measured.

A-priori analyses have been performed from two points of view.

e One is a very detailed point of view in which the real stress field, 75, and the modeled one, T{;‘Od,
are considered on a point-wise basis in individual realizations. In this analysis, the model is evaluated
based on the filtered real turbulence, as if the filtered real turbulence were an LES field. Historically,
comparisons of this sort have been carried out using correlation coefficients between 7;; and T{}‘Od,

their divergences (SGS force) or their contractions with the strain-rate tensor (SGS dissipation) (Clark

et al. 1977). They can also be compared based on the mean square error between them, especially the

SGS force (Adrian 1990, Liu et al. 1999, Langford & Moser 1999). The latter appears to be a more

stringent criterion as even variables that are well correlated can have a large square error if their mean

or rms values differ (Liu et al. 1999).

Since the small-scale fields are essentially stochastic, even for a given fixed large-scale field, pointwise
comparisons are expected to lead to large differences between real and modeled stress fields. Indeed,
there is a lower bound on the possible root-mean-square difference between real and modeled subgrid
force. This lower bound could be quite large, of the same order as the subgrid force itself (Langford
& Moser, 1999). It is extremely difficult to determine precisely what this lower bound is, and this
makes interpreting pointwise a priori comparisons difficult.

The fact that there can be large differences between modeled and real subgrid terms does not mean
that the models and the LES based on them are poor. Indeed, it can be shown (Pope, 1999; Langford
& Moser 1999) that if the model attains the minimum possible mean-square difference with the real
term, then this is sufficient for the LES to reproduce the statistics of the simulated large scales. The
unique model that attains this minimum is the conditional average of the subgrid term given the large-
scale velocity field. This observation leads to a strategy for LES development in which the conditional
average (the ideal model) is approximated directly (it cannot be determined exactly).

One technique for approximating the ideal model is stochastic estimation (Adrian 1977), in which one
determines a linear (or higher order) estimate of the conditional expectation of the subgrid force. Such
estimates demand large quantities of data. Particularly, the two-point correlation of the subgrid force
with the velocities (or other estimation variables), as well as two point correlations of the velocities
(or other variables) with themselves.

e The second point of view is concerned with important statistical features of the subgrid stress or force,
and how well they are represented by the model (see Meneveau (1994) for a discussion on statistically
necessary conditions for LES models). For instance, if one wishes to examine the effects of the SGS
on the mean momentum equation, one might compare the mean SGS stress (7;;) with the mean of the

1,

modeled SGS stress <T-m°d>. These quantities are important, especially when the grid or filter scale
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A is comparable to the turbulence’s integral scale. Then the mean SGS stress is comparable to the
Reynolds stresses and they affect mean momentum directly. This occurs often in LES of wall-bounded
turbulence, or turbulence with other strong inhomogeneities.

Analysis of the resolved or unresolved kinetic energy equation (Piomelli et al. 1991) shows that it is
strongly affected by the SGS dissipation rate — <'rij§,~ j>. Hence one wishes a model to reproduce this
statistical feature of the SGS stress. That is to say, a good model should enforce that

- <T¢j§ij> = — <Tir;0d§ij> . (3)

If for instance the SGS dissipation is under-predicted by a model, there will be pile-up of resolved ki-
netic energy and excessive resolved Reynolds stresses may result. In that case, the mean velocity will
be affected by excessive turbulent transport. Overly dissipative SGS models may dampen resolved
turbulence too much, again affecting resolved Reynolds stresses which will affect the mean velocity
field.

The results of Langford & Moser (1999) provide strong evidence for the importance of modeling
the SGS dissipation. In isotropic turbulence, with Fourier cutoff filters, they observed that a linear
estimation model, which by construction matches the per wavenumber dissipation rate, but no other
statistical properties of the model, captures the dominant effect of the SGS stress term. Further, a
posteriori tests show that this simple linear model performs very well (Moser, Langford & Volker,
1999).

Much can be learned from conditional averaging in more complex flows. For instance, one is often
interested in coherent structures computed from LES. It is important that the SGS model dissipate
resolved kinetic energy properly with respect to the coherent structure. For instance, one would
not wish to dissipate excessively inside the core of large-scale coherent vortices. Many methods
of identifying and defining coherent structures exist in the literature, one of which is conditional
averaging. In this case it appears important that a model predict the correct conditionally averaged
SGS dissipation,

- <‘T7;j§,;j l cond> = - <7‘2?°d-5.ij I cond>, (4)

where ‘cond’ is some particular condition that is satisfied. This is consistent with the expression of
the ideal model discussed above as a conditional average. Such analysis is described in O’Neil &
Meneveau (1997) and Porté-Agel et al. (1998,2000). Conversely, the conditional velocity structure
associated with certain SGS dissipation values can also be studied, see Piomelli et al. (1996) and Lin
(1999). These studies have shown very strong effects of coherent structures upon SGS dissipation.

3.3 Additional Requirements for Compressible and Reacting Flows

When considering chemically-reacting flows, additional information is required of the models. For exam-
ple, for non-premixed, chemically-reacting flows, in addition to the subgrid stresses mentioned above, also
required (at a minimum) are the filtered values of a conserved scalar field (Z, the mixture fraction), its
variance, and its dissipation rate (y) (Cook and Riley 1998). Furthermore, since the reaction zone is usu-
ally fairly local, and the mixing/chemical reaction process is strongly nonlinear, it is probably the case that
maintaining (x™°?%) = (x) will not be sufficient to correctly model even the mean reaction rate.

Information about the frequency distribution (filtered density function) of Z in a subgrid volume element
is also necessary (Cook and Riley 1994). For models which solve the equation for the joint filtered density
function of the species mass fractions, additional measurements are required for the filtered density, for the
filtered velocity, conditional on the values of the mass fractions, and for the conditional species dissipation
rates (Colucci et al. 1998).



For flows with large density variations, e.g., reacting flows or high-speed, compressible flows, it is
convenient to introduce density-weighted filtering. Therefore, in order to test models, it is important to have
measurements of the density field simuitaneously with the other variables.

3.4 Wall Boundary Conditions

LES of wall-bounded flows at high Reynolds number present special challenges because the energy con-
taining scales of turbulence will become small compared to any fixed grid or filter as the Reynolds number
increases. It is desirable for the cost of an LES simulation to remain finite as the Reynolds number becomes
infinite. In this case, at high Reynolds number, none of the familiar near-wall structure of wall bounded tur-
bulence (e.g. viscous and buffer layers, streaks, inclined/hairpin vortices etc.) will be part of the simulated
large scales. For example, if one is performing a channel LES say, with filter scales (grid scales) of 0.056
(6 is the 1/2 width) then at Re, = 10,000, the grid size is 500 wall units. This means that the closest grid
point to the wall is at y© = 500, far out in the log layer, and this increases with Reynolds number. The
LES wall boundary condition problem is then to account for the effects of the near-wall turbulence between
the wall and the first grid point, and its transfer of momentum to the wall. These observations indicate that
detailed measurements throughout the log-layer are needed, since it is in the log layer, where both inner and
out scalings are valid, that the closest grid point must be located, and it is the momentum transfer through
the log-layer to the wall that must be modeled. Particularly useful will be two-point correlations and the
other detailed data discussed in section 3.6.

In many formulations of the LES wall boundary problem, the fluctuating wall shear stress is the quantity
that needs to be modeled. Thus wall shear stress data are of importance, and wall shear stress measured
simultaneously with the velocity in a plane located at an appropriate location for the first grid point from
the wall is even better. Another approach is to consider the boundary of the simulation to be at the first
grid point from the wall. There one needs to specify the mean velocity tangential to the wall, as well as the
turbulent velocity. Specifying the latter poses challenges similar to those of prescribing turbulence inflow
conditions, discussed below.

3.5 Turbulent Inflow Characterization

Virtually all simulations will be performed in a finite spatial domain so that, at one or more of the boundaries
of the domain, there will be an inflow, and this inflow is likely to be turbulent. Some specification of the
inflow turbulence is then required. If such a simulation is to be compared to an experiment, then the inflow
turbulence specified in the simulation must be consistent with the turbulence that exists in the experiment.
Thus, detailed experimental information on a plane that could be used as an inflow boundary in a simulation
is needed. How much data and how much detail are needed is not clear at this point, and it is likely to depend
on the flow under consideration. Several examples of data that could be made available, and how useful they
might be, are given below: :

1. If all three velocity componénts are known on a plane as a function of time, then this is clearly
sufficient data to specify the inlet turbulence for a simulation. However, this would be exceptionally
difficult data to obtain from an experiment.

2. If one had a statistical description of the turbulence on the inlet plane (e.g. mean, Reynolds stress
tensor, two-point space-time correlation) one could construct a stochastic inlet condition that matched
these statistics. However, it is not clear how much statistical information is needed to assure that the
simulated turbulence is consistent with that in the experiment. This sort of inlet has been used in the
past (Le & Moin, 1994; Lee et al. 1997) by matching mean Reynolds stress and/or spectra, and an
adjustment region in which the turbulence heals from the artificial inlet condition occurred in these
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cases. It seems likely that more detailed statistical properties would need to be matched, such as the
Eulerian time correlations, or space-time correlations.

3. Intermediate between these two cases is to construct an inlet condition that matches both statistical
information and the velocity time evolution at a small number of points. This has been done by Bonnet
(Bonnet et al. 1997) using two-point correlation data to form stochastic estimates of the velocity on
the inlet plane based on time records of velocity at several points. This was quite successful in the
mixing layers studied by Bonnet, but it is not clear how many points of velocity data would be needed
for other flows.

3.6 Qualities of an Experiment for LES

To satisfy the needs outlined above, an ideal experiment would provide spatially resolved velocity mea-
surements in as high a dimension as possible (2 or 3). The measurements would be resolved in time, for
at least a short duration, to allow estimation of time derivatives, and would have at least two decades of
spatial dynamic range (preferably more), so that filters could sensibly be applied. Ideally, for inflow charac-
terization, time-resolved measurements of all three velocity components on a suitable inlet plane would be
provided, though detailed statistical information (including two-point correlations) in the plane along with
simultaneous time records of velocity at an array of points on the plane could also be useful. For maxi-
mum flexibility, the unprocessed velocity data would be made available, perhaps in addition to precomputed
statistics. Also of interest are two-point correlations, both to allow computation of filtered statistics (Jimenez
& Moser 1998), and to use in model development as described by Langford & Moser (1999). Finally, in
wall bounded flows, time and space resolved measurements of wall shear stress would be available. Current
techniques do not easily allow for such measurements, although MEMS technology has promise toward this
goal.

4 Experimental methods available

A large number of experimental techniques have been developed and used for the study of turbulence. In
this section, the prospects for using these experimental methods to support LES development are discussed.

4.1 Previous experimental tools used for study of SGS in turbulence

Over the last several years, a variety of experiments and experimental data have been used for LES de-
velopment, particularly for a priori testing. A brief summary of the existing literature on the experimental
methods that have been used to date for a-priori testing is given by Meneveau & Katz (2000). Their summary
reads as follows: ' :

Using planar Particle Image Velocimetry (PIV), 2-D distributions of four tensor elements can be
measured by means of spatial filtering in two directions (see Liu et al. (1994, 1995), Meneveau
& Katz (1999a) for data in the far-field of a round jet, Bastiaans et al. (1998) for results in free
convection, and Liu ef al. (1999) and Meneveau & Katz (1999b) for rapidly distorted turbu-
lence). Laser-Induced-Fluorescence concentration measurements (Dahm ef al. 1991) have been
used to measure the subgrid-scale variance of a conserved scalar (Cook & Riley 1994). Using
hot-wire single-point sensors, Meneveau (1994) as well as Meneveau & O’Neil (1994) stud-
ied grid turbulence and O’Neil & Meneveau (1997) considered turbulence in a cylinder wake.
Porté-Agel et al. (1998) studied turbulence and scalar transport in the atmospheric boundary
layer using a sonic anemometer. These single-point data were analyzed using temporal filtering,
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which was interpreted as one-dimensional spatial filtering in the streamwise direction by invok-
ing the Taylor hypothesis. To achieve quantitatively more accurate results, two-dimensional
filtering should be used. It can be approximated by an array of point-sensors arranged along
a line perpendicular to the mean velocity. This approach has been proposed by Tong et al.
(1998) and applied in Porté-Agel ef al. (2000a,b) for sonic anemometer measurements in the
atmospheric boundary layer. It has also been applied to hot-wire measurements in laboratory
turbulence (Cerutti & Meneveau, 2000, Cerutti ef al. 2000). The accuracy of 2-D filtering and
Taylor’s hypothesis has been addressed for wall-bounded flows using DNS (Murray et al. 1996)
and LES (Tong ef al. 1998). Finally, techniques for multipoint three-dimensional velocity mea-
surements, e.g. holographic PIV (Barnhart ez al. 1994, Meng & Hussain 1995 and Zhang ef al.
1997), are beginning to provide crucial data on the spatial distribution of all the SGS tensor
components (Tao et al. 2000).

More detailed discussions of the various measurement techniques are given below.

4.2 Single-Point Instruments

Traditional methods of experimental fluid mechanics used instruments that measure quantities at a single-
point, i.e., hot wires, hot films, laser Doppler velocimeter, pitot tube, concentration probes, etc. In the study
of turbulence structure these instruments provide information on conventional single-point statistics, but
their use in the general LES context is less straight-forward.

Known instruments inherently average in at least one dimension. For example, the hot wire averages
along the length of the wire; LDV averages throughout the measurement volume, principally in the long
direction of the measurement volume, and so on. If this averaging were consistent with the filter in a
particular LES, then the instrument would provide a direct measurement of filtered velocity. However,
this is unlikely to be the case, given the idiosyncratic averaging implicit in these instruments. Instead,
the averaging length scale should be much smaller than anticipated LES filter scales, and the data should be
filterable. Unfortunately, single-point probe data are only directly filterable in time, which can be considered
a one-dimensional spatial filter through Taylor’s hypothesis.

To enable true spatial filtering, multiple single-point probes are needed. Arrays of hot wire probes are
currently used to obtain better data on the structure of turbulence, especially of larger eddies.

For filtering purposes, one needs measurements with probe separations significantly smaller than the
filter width. Depending on the filter size and the accuracy with which the filter is to be represented, this can
require an array with very finely spaced probes. For example, in a shear layer (e.g. channel or boundary
layer), a filter width (in the cross-stream direction) of approximately 1/20 of the shear layer width would be
typical. Probe separations would then need to be at most 1/10 of this filter width to represent the integral
implicit in the filter definition. For a typical laboratory shear layer width of order a centimeter, probe
separations would need to be of order 50 microns.

Such small separations would be needed to obtain accurate estimates of filtered quantities. However,
when such fine probe separations are not possible, useful information can still be obtained. Often the subgrid
fluxes are dominated by the largest of the unresolved scales. In such cases, approximations to the filtered
quantities could be measured using coarser probe separations (Cerutti & Meneveau 2000). This is not
unlike the situation of Reynolds stresses which are dominated by the most energetic large scales and thus
need not be measured at very high spatial resolution (e.g. compared to the Kolmogorov scale). Clearly,
the uncertainties introduced by imperfect resolution of the filter operator using such probe arrays must be
carefully quantified for each application.

Arrays of point sensors have also been used to study SGS fluxes and models in the atmospheric surface
layer, based on arrays of sonic anemometers (see Tong et al. 1999 and Porté-Agel ef al. 2000a,b). Sonic

12



anemometers also measure temperature so that, in addition to SGS stresses, the SGS heat fluxes can be eval-
uated. While appropriate for the relatively large scales in atmospheric turbulence, the spatial and temporal
resolution of sonic anemometers is not adequate for laboratory flows.

An alternative to arrays of multiple probes is to use a smaller number of independently movable probes
and scan them to measure multi-point correlations. Again, one needs to bring the probe volumes close
enough together (much closer than the LES filter length scale, such close proximity is usually prohibited
by probe interference) to allow the correlations to be filtered. These multi-point measurements are made
less daunting by the fact that only relatively small separation correlations are required to support filtering as
described by Jimenez & Moser (1998) or modeling estimation analysis as described by Langford & Moser
(1999). In either analysis, only separations up to several times the LES filter width are required.

The need for this type of multi-point information leads to increased emphasis on the development of
multi-point measurement techniques which are able to make measurements at thousands of points at a single
instant in time. The mainstream methods here are particle tracking velocimetry, particle image velocimetry
and planar laser induced fluorescence; but, there are other less commonly used techniques such as Doppler
global velocimetry, photochromic molecular tagging velocimetry and laser speckle velocimetry.

4.3 Planar PIV

multiresolution..

Particle Image Velocimetry (PIV) has become a widely used tool in fluid mechanics research, and it
offers several interesting possibilities for measuring flow fields in the context of the study of large-eddy
simulation. These methods offer three major capabilities that cannot be easily achieved with single point
probes:

1. Simultaneous observation of large scales and small scales.
2. Data that is filterable in two and three dimensions
3. Measurement of multi-point statistics is feasible.

To appreciate the last point, consider as an example measuring the two-point correlation of an inhomoge-
neous flow on a 100 x 100 grid using a pair of movable probes. There are order 108 probe positions, and
order 10* samples in time must be taken at each probe positions. For three-point statistics, it is worse since
there are approximately 10'2 sets of probe positions. In contrast, using a multipoint technique such as PIV,
a sequence of measured (2D) fields allows all the multi-point statistics of interest to be computed.

A typical PIV system measures velocities in the plane of a laser light sheet over an area of roughly
100 millimeters x 100 millimeters with a resolution of approximately 1 millimeter, i.e., a grid of 100 x 100
velocity vectors are measured at an instant. The PIV can be made to measure over larger or smaller regions,
but more than a factor of ten larger or smaller requires special steps. For example, to increase the field of
view by a factor of ten requires increasing the laser power by a factor of ten, if the intensity of illumination
is to be maintained. The limits of resolution of PIV have been tested recently in the development of micro
PIV systems which are capable of resolving vectors on a micron length scale. However the field-of-view is
correspondingly small. Time resolution is also an issue, especially for characterizing a turbulent inflow. In a
PIV system, the rate at which velocity planes can be measured is limited by the rate at which the illuminating
laser can be fired.

¢From the viewpoint of turbulence research, what is more important is the spatial dynamic range of
the PIV system, which is the largest dimension that can be measured divided by the smallest dimension.
Typically the range is of order 100:1. Larger dynamic ranges can be achieved but they require a special
techniques such as the use of large format photographic film or special lenses. The biggest problem is simply
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that of recording enough information on the optical recording medium. Improving dynamic range requires
increasing the information recorded on the medium. Since some media such as digital video cameras may
already be nearly saturated, this means either increasing their size or using a different medium.

In PIV systems, the correlation analysis used to extract velocity vector measurements from the images
yields a volume average of the continuous velocity vector field. If this volume average can be made to
correspond to an LES filter, then direct measurements of filtered velocity are obtained. This may be possible
because there is a potential to manipulate the averaging properties by adjusting the correlation algorithm and
the properties of the light sheet. However, as discussed in section 3.6, it is more generally useful to provide
data that can be filtered during later analysis. For this reason, it will generally be more desirable to adjust
the PIV system to provide resolution that is much finer than probable filter scales, while providing a field of
view that spans many filter scales. The 100:1 dynamic range of standard PIV is adequate for this purpose,
provided the filter width falls approximately in the middle of this range. As summarized in section 4.1, this
is the approach followed in Liu ez al. (1994,1995,1999) and Bastiaan et al. (1999).

Planar light sheet PIV can measure two-dimensional vectors in the planar light sheet or, by means of
stereo techniques, it can measure three-component vectors. Imaging over volumes is possible by scanning
the light sheet, but the rate at which data can be recorded limits the rate of scanning to values that are too slow
to be of practical interest for high Reynolds number turbulence. Particle tracking velocimetry, especially
the photogrammetric variety, uses several cameras to triangulate the position of individual particles. It is
also capable of measuring in three-dimensional volumes, but these techniques are limited to about 1000 to
3000 flow vectors. This represents a cube of no more than 153 vectors. The resolution is hardly enough to
distinguish between large scales and small scales. Therefore, attempts to measure three-dimensional vectors
in volumes have gone in the direction of holographic imaging, which has higher information recording
capacity than photographic or videographic recording.

4.4 3-D Holographic PIV

In holographic particle imaging velocimetry one records the images of a cloud of light scattering particles
using holographic methods. The images are recorded at two separate times and various methods, includ-
ing more or less conventional PIV interrogation analysis, can be used to extract three-dimensional vectors
throughout the volume of the cloud of particles. For descriptions of existing systems and preliminary results,
see Barnhart et al. (1994), Meng & Hussain (1995) and Zhang et al. (1997).

In principle, full 3-D velocity fields allow measurement of the six independent components of the SGS
stress tensor using 3-D filtering, and also the full velocity gradient tensor, if the resolution is adequate
to evaluate derivatives. The errors in evaluating derivatives of velocity over distances equal to the vector
spacing are typically still quite large. However, derivatives of velocity filtered over a number of vector
spacings (e.g. to evaluate terms of current SGS models that depend on the filtered strain-rate tensor) can
be evaluated with sufficiently small errors (for a recent study of 3-D alignments between SGS stress and
filtered strain-rate eigenvectors, see Tao et al., 2000).

institutions - it. spirit of it garage,

While of great usefulness, HPIV results obtained so far have been hard won. The systems are not very
flexible and they are difficult and expensive to operate. Therefore holographic PIV in its current state does
not offer a solution that one can expect, for now, to be widely used for turbulence research. There are several
technological developments on the horizon that promise to improve HPIV capabilities (J. Katz, personal
communication). These include development of digital reconstruction methods, continuing improvements
in digital camera resolution and ongoing advancement in computational capabilities. It is to be hoped that
this and other future developments in HPIV will make it a more widely applicable and robust diagnostic tool
for turbulence research.
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5 Suggested experiments to address pressing needs in LES

The participants of the workshop were divided into four working groups, with the charge of proposing
specific flow conditions and experimental procedures that would best advance LES modeling. These groups
were:

e Group A: Subgrid modeling in canonical incompressible flows.
e Group B: Specification of and sensitivity to inlet, wall-boundary, and initial conditions.
e Group C: LES in high-Reynolds number flows, especially wall-bounded flows.

e Group D: Treating “extra” subgrid physics, such as chemical reactions, compressibility.

Below, the conclusions and concrete proposals from each group are outlined.

5.1 Group A: Subgrid modeling in canonical incompressible flows
5.1.1 Experiment 1: Measurements with new instrumentation in all classical canonical flows

For the purpose of fundamental model development and testing of LES codes and models, there is a serious
need for multidimensional data for all canonical turbulent flows (i.e. mixing layers, boundary layers, jets,
wakes, homogeneous distorted turbulence, etc.). By multidimensional data, one means data that can be
filtered in more than one direction. Such data are currently available only fora very small number of
flows under very limited conditions. The data should be assembled by careful experiments performed by
several groups (to ensure repeatability) that have access to new-generation experimental tools. Such data
are needed for both a priori and a posteriori analysis. The type of data collected should conform to the
general requirements highlighted in the preceding sections. Unaveraged data should be made available,
and statistical data should include mean and rms velocities, SGS dissipation, correlation functions, filtered
statistics, moments and conditional statistics of the SGS stress tensor and SGS dissipation, higher order
moments, etc.

5.1.2 Experiment 2:Flat-plate boundary layer at hzgh Reynolds numbers to address issues of near-wall
modeling at high Reynolds numbers

This case was also discussed at length in group B and C. See section 5.2 for details.

5.1.3 Experiment 3:Stagnating channel flow to study effects of distortion and non-equilibrium

In order to address the problems posed by highly non-equilibrium conditions on subgrid scales and their
modeling, a non-canonical flow of non-trivial, but manageable, complexity is proposed.

A fully developed turbulent channel flow impinges upon a perpendicular wall, creating a stagnation
region with high mean straining. Figure 2 illustrates the basic geometry.

In order to independently vary the turbulence Reynolds number of the 1nﬂow an active grid can be
placed in the channel. This configuration then has an inflow which is fairly easy to control and characterize.
Also, it is a flow which may be quite robust with respect to outflow conditions. The geometry should
be carefully designed to eliminate the possibility of flow separation. The main goal is to vary the non-
dimensional strain parameter Sk /e (S is the strain magnitude) and Reynolds number, Re. A possible variant
is to introduce cyclic variations by oscillating the mean mean velocity in the duct, and examining effects
of Strouhal number, St. Depending on choices of instrumentation and general constraints, this flow can be
implemented in either axisymmetric or planar geometry. Again, the type of data collected should conform
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Figure 2: Sketch of flow in a stagnating channel for experiments to probe SGS modeling for non-equilibrium
turbulent flows.

to the general requirements highlighted in the preceding sections. Massive planar PIV and selected 3-D PIV
would appear to be a particularly useful approach. For reasons explained before, unaveraged data should be
made available if at all possible. Statistical data should include mean and rms velocities, SGS dissipation,
correlation functions, filtered statistics, moments and conditional statistics of the SGS stress tensor and SGS
dissipation, etc.

5.1.4 Experiment 4:Mixing layer to study how to deal with unresolved thin shear layers and quantify
effects of inlet conditions on transition in LES

A basic experiment in a standard mixing layer is proposed, in which well resolved measurements capture the .
transition at small scales and the effects of inlet conditions. Inlet and far-field conditions must be very well
documented (see section below). The data can be filtered and subgrid-scale stresses computed at various
stages of transition. In particular, issues of backscatter of kinetic energy can be studied in this flow. The
data can be used to guide model development of unresolved shear layers. For a more detailed discussion of
sensitivity to inlet conditions, see section 5.2 below.

5.2 Group B: Specification of and sensitivity to inlet and wall-boundary conditions and
Group C: LES in high-Reynolds number flows, especially wall-bounded flows.

Because the issues addressed by groups B and C are interrelated, the results of their discussions will be
presented together in this section. General observations drawn from each group will be summarized first,
followed by conclusions concerning inlet conditions and wall boundary conditions. Lastly, recommenda-
tions regarding experiments in high Reynolds number wall-bounded flows will be discussed. The discussion
of inlet conditions (section 5.2.2) is primarily the results of discussions in group B, while the discussions of
high Reynolds number experiments (section 5.2.4) is primarily the result of group C discussions.
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52.1 General Observations

Both groups strongly affirmed the need to develop new wall boundary treatments for LES, and to obtain
data at high Reynolds numbers for this purpose. If LES is to enable the simulation of flows with arbitrarily
high Reynolds numbers, the filter widths, and therefore the resolution requirements must be independent of
Reynolds number for large Reynolds number (see section 3.4). Developing near-wall models in this context
that are valid for large Reynolds numbers is the primary challenge in LES near-wall modeling. To support
this development, it is essential that data be available at very high Reynolds numbers, especially in view of
recent controversies concerning the behavior of high Reynolds number wall turbulence (e.g. George et al.
1997; Barenblatt et al. 1997).

It was generally agreed that studying canonical flows (boundary layer and channel flow were mentioned
specifically) would offer the most insight when developing models due to their universal nature. The goal
here is not to confirm LES results, but to support LES modeling development (see section 2.2). These
flows offer the additional benefit of experimental simplicity (relative to most non-canonical flows). This
reaffirmation of the need for new canonical experiments was one of the principle conclusions of groups B
and C. Note that group A also specifically reaffirmed the need for canonical flow experiments (see section
5.1.1).

It was noted that several non-canonical flows would also have features relevant to the problem. Two
mentioned specifically were wall-jets and the T-shaped channel, because they introduce strain. A general
observation was also made that one can learn about unperturbed systems by introducing perturbations and
observing the system response as an “exploratory tool,” rather than an application.

5.2.2 Inlet Boundary Conditions

In characterizing what is needed for inlet boundary data (see section 3.5), one needs to explore several dif-
ferent flows, because the sensitivity of different flows to inlet conditions is different. Three simple canonical
flows have been discussed for this purpose: 1) a boundary layer, 2) a mixing layer and 3) a wake. Boundary
layers have not generally been considered to be particularly sensitive to inlet conditions. But, attempts to
simulate boundary layers with synthetic turbulent inlets designed to match single point second order statis-
tics result in an adjustment period in which the turbulence recovers from the artificial inlet conditions. A
mixing layer is of course very sensitive to inlet conditions, especially large-scale quasi two-dimensional
disturbances, so presumably quite realistic inlet conditions would be required in this flow. Finally wakes
appear to be intermediate between the sensitivity of the mixing layer and the relative insensitivity of the
boundary layer. _

As discussed above, in addition to inlet and velocity field data, each of these flows would need to be
well characterized. For example, the free stream turbulence and mean pressure gradients would need to be
known.

5.2.3 Wall boundary conditions

To provide data needed for formulation of LES wall boundary conditions, the greatest need is for detailed
measurements (as discussed in section 3) in simple canonical wall bounded flows. There are two obvious
candidates, a boundary layer and a channel. For the current purposes, there are advantages and disadvantages
to both flows. The channel is convenient for computation, since a fully developed channel is homogeneous
in the streamwise, as well as the spanwise, directions. Experimentally, a channel is in some ways easier to
deal with since one does not need to control streamwise pressure gradients or free stream turbulence, and
one can make a global measurement of mean wall shear stress. Boundary layers have the advantage that
different pressure gradients can be imposed, to yield a family of wall-bounded flows. Also, it is observed

17



that boundary layer experiments may be less susceptible to side-wall three-dimensionality such as the corner
vortices that occur in the channel flow.

Whether a channel or boundary layer is being measured, it needs to be exceptionally well documented.
In addition to the velocity field measurements and wall stress measurements discussed in section 3, the
global flow environment needs to be well characterized. In a channel, the strength and the effect on the
measurement location of corner vortices needs to be measured, and the extent to which the turbulence is
actually fully developed (and therefore streamwise homogeneous) needs to be documented. For a boundary
layer, inflow data are needed as discussed in section 3.5, and pressure gradient measurements and free-
stream turbulence characterization are needed. Finally, if the surfaces are not hydraulically smooth, then
the roughness needs to be characterized. As with inflow turbulence, it is not clear what level of detail is
needed in the roughness characterization. Clearly, a detailed description of surface elevation as a function
of position is sufficient, though perhaps unattainable. A statistical description should suffice, but what this
should be is not known. Roughness is particularly relevant at high Reynolds number where it is difficult to
achieve true smooth wall turbulence.

To be useful for LES boundary condition studies, channel or boundary layer experiments need to be at
sufficiently large Reynolds number for the LES to be meaningful. In this case one is ideally looking for
about a decade of log law, which translates, for a channel, to Re, =~ 10,000. Interestingly, it was also
mentioned (Hunt) that a possible turbulence “transition” point may exist near Re, ~ 10,000, making it all
the more important to obtain reliable detailed data above this Reynolds number. However, just as important
as reaching high Reynolds numbers, is that data be available for a broad range of Reynolds numbers, to
assure the generality of near-wall LES models. During the general discussions of turbulence scaling, it was
noted that no clear high Reynolds number limit has been observed, nor is there any reason to believe that
one should exist. Turbulence may be “fundamentally different” at very high Reynolds numbers, but specific
transition points are not established.

5.24 High Reynolds Number Wall Turbulence Experiments

A mentioned above, there was broad agreement that wall turbulence experiments should be conducted at
Reynolds number high enough to be appropriate for LES. However, the design of such experiments requires
great care. In particular, experiments should be designed that will adequately resolve all measurements in or-
der to draw meaningful conclusions. Ten wall unit resolution is adequate to resolve the most important scales
of the flow. As Reynolds number increases the smallest scales of the flow get increasingly smaller, making
it increasingly difficult to resolve them. Liquids and high-pressure facilities offer high Reynolds numbers
but the associated length scales are too small to resolve using known instruments. Instead, high Reynolds
number should be achieved through larger scale facilities with gas flows or the atmospheric boundary layer.
However, because the atmospheric boundary layer has uncertainties associated with it, a large-scale experi-
mental facility becomes the logical choice, although both types of experiments should be pursued to allow
for comparison. The necessity of such a large-scale facility was one of the principal points of consensus of
the groups C. A compromise design that uses pressurized gas to increase the Reynolds number by increasing
the density can reach very high Reynolds number at scales of only one meter, but instrumental resolution is
still a limitation.

One obvious situation in which extremely large Reynolds numbers occur is in atmospheric flows. It was
noted that interests in atmospheric flows are often different from those in turbulent flows of engineering
interest. For example, the outer region/edge of the boundary layer is of great importance, particularly the
instantaneous structure there (intermittency), because of the effects on propagation of acoustic and elec-
tromagnetic waves through the atmosphere. When experiments (whether laboratory or atmospheric) are
designed to address these issues, they may not address the critical wall-boundary issues in engineering
LES. Likewise, channel flow experiments will do nothing to address the outer layer intermittency questions.
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However, it should be possible for experimental programs to address both the needs of atmospheric commu-
nity and the engineering LES community. In particular, facilities for atmospheric boundary layer research,
such as the SLTEST facility at the US Army Dugway Proving Grounds (Klewicki et al. 1998), provide a
wonderful opportunity to make near surface measurements in very high Reynolds number boundary layers.

5.3 Group D: Subgrid modeling for supersonic flows and chemically-reacting flows

As mentioned in Section 2.3, there are a number of additional mechanisms that require modeling in appli-
cations of importance; these mechanisms include: chemical reactions, compressibility, multiple phases in
flows, system rotation, and stable and unstable stratification. In this section, experiments are suggested for
two of these mechanisms, compressibility and chemically-reactions.

5.3.1 Compressible Flows

Compressible flows include lower speed (subsonic) flows as well as high speed supersonic and hypersonic
flows. The suggestions in this section will be restricted to experiments and measurements in supersonic
and hypersonic flows. The Reynolds-averaged approach to modeling supersonic and hypersonic flows has
not been very successful for most quantities of interest, and large-eddy simulation provides some hope of
significantly improved modeling.

A series of experiments of increasing complexity is recommended. The measurements suggested are
mainly one-point averages, to be used for a posteriori testing. The subgrid modeling for supersonic and
hypersonic flows is at an earlier stage of development than for incompressible flows, so that more basic
information is required. Furthermore, the measurement difficulties in supersonic and hypersonic flows are
severe enough to make instantaneous, planar data for a priori testing less practical.

Experiment 1: ‘one-dimensional’ shock/turbulence interaction

This experiment would involve passing a strong shock (e.g., Ap/p ~ 2 and higher) through homoge-
neous grid turbulence (figure 3a). Data of interest are the Reynolds stress tensor and corresponding spectra,
and information on shock distortion.

Experiment 2: ‘two-dimensional’ supersonic flow over a wedge

This second flow involves a shock/turbulent boundary layer interaction (figure 3b). Data of interest here
are the Reynolds stress tensor and corresponding spectra, the heat flux at the boundary and the turbulent heat
flux in the flow interior, and the friction coefficient. A major difficulty in applying LES to this flow is that no
adequate near-wall model exists. Hopefully the results coming from experiments suggested in Section 5.2
would be helpful here. It is further suggested that lower Reynolds number cases (Res ~ O(10%)) be included
so that the LES could be used for these cases without the need for near-wall models.

Experiment 3: flow past a ‘two-dimensional’ inlet

In addition to including shock/boundary layer interactions, this flow also includes oblique shock inter-
actions (figure 3c). Data of interest are the same as in Experiment 2. Again, in addition to high Reynolds
number flows, lower Reynolds number cases would be useful in order to avoid employing a wall function
model.

5.3.2 Chemically-Reacting Flows

In reacting flows, the distinction is often made between flows with non-premixed and premixed reactants.
In the former, turbulence plays an important role in mixing the reactants. Furthermore, modeling turbulent
mixing is important in its own right. Therefore a series of three experiments are suggested, the first ad-

dressing turbulent mixing, the second premixed reacting flows, and the final series addressing non-premixed
reacting flows.
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Figure 3: Experimental configurations for shock-turbulence interactions; a) turbulence passing through a
normal shock, b) boundary layer turbulence on a compression ramp, c¢) turbulence in a supersonic inlet.
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Figure 4: Flows for use in non-premixed chemistry experiments.

Experiment 1: turbulent mixing

Most turbulent, chemically-reacting flows are mixing limited, so that modeling turbulent mixing ac-
curately is a necessary condition for the validity of any model. Thus a non-reacting, mixing experiment
is suggested, e.g., an axisymmetric jet seeded with a passive scalar (7). Measurements on two scales are
desired. Very local, very high resolution, planar measurements of Z and its dissipation rate y can be used
for a priori analysis. Measurements of the scalar statistics across the entire jet can be used for a posteriori
testing.

Experiment 2: premixed chemistry

In premixed chemistry, the important feature is the rate of flame propagation. A series of two experi-
ments is suggested. The first is flame propagation through a premixed, turbulent flow. Of interest here are
various aspects of the flame, including the local flame speed and flame surface area. Also, measurements of
the turbulence and chemical compositions ahead of and behind the flame are of importance.

The second step in the premixed flame series would be experiments for reactions in a closed container
containing premixed species, e.g., a cylinder in a model of an internal combustion (IC) engine. The IC
engine is not treated accurately with unsteady RANS, while LES could provide a significant improvement.
Both very high resolution, planar measurements are of interest for a priori analysis, as well as measurements
of phase-averaged quantities throughout the cylinder for a posteriori testing.

Experiment 3: non-premixed chemistry

There is an on-going, large-scale experimental program which addresses this problem, the International
Workshop on Measurement and Computation of Turbulent, Non-premixed Flames. This effort is coordinated
at the Sandia National Laboratory in Livermore, California. Much of the laboratory data are available on
the workshop WEB-site (http://www.ca.sandia.gov/tdffworkshop.html). The experiments were originally
aimed at validating RANS models, but more recently some validation work for LES has been initiated.
The experiments consist of a series of flows of increasing complexity, with chemistry also of increasing
complexity (see figure 4). The experiments range from simple jet flames (H2/No, Hy/He, CO/Hy/No,
CHy/H>/N3) to piloted jet flames (C'Hy /air, natural gas), to bluff body flames (C' Hy / H3); more recently
swirl is being included in some of the flows. There is also some non-reacting flow data available for a
propane jet and for bluff-body flows.

Instantaneous line and planar measurements are planned, which could be used for both a priori and a
posteriori testing of LES models. Measurements will be made of scalar gradients: (i) line Raman, Rayleigh
or LIF measurements plus two intersecting planes of PLIF; (ii) measurements of conditional scalar dissi-
pation rates (x|Z), (iii) spatial structure of the reaction zone, and (iv) detailed structure of laminar flames.
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Also planned are measurements related to stoichiometric contours: (i) simultaneous CH, OH and PLIF,
(ii) flame surface density; and (iii) flame surface curvature and related quantities.

flows. layer is the one. boundary layer, flow should be made included) leave the report "open-ended”
links that are being prepared. discussion topics,

6 Conclusions and closing comments

The unique problems posed by LES call for a renewed effort in experimental turbulence research based on
new-generation measurement and analysis techniques. In this text we wish to summarize some of the most
important issues that were brought forward during the workshop on Turbulence Measurements for LES. One
of the most striking aspects of the workshop results is the unanimous assessment that new measurements
in classical canonical flows are needed. In particular, basic wall-bounded flows such as a planar channel
or flat-plate boundary layer were called out as important by 3 of the 4 workshop discussion groups. It was
felt that new measurements are needed in these well studied flows because LES makes special demands on
experimental data that cannot be met with existing data. Also, new-generation experimental techniques that
can meet the demands of LES are now available and/or are being developed.

It is hoped that the issues and experiments discussed here will stir the interests of both the turbulence
research community and the funding agencies. It is clear that allocation of intellectual and financial re-
sources in this general area of fundamental research are needed to realize the great potential of LES for
robust and reliable prediction of turbulent flows. Development of such reliable prediction techniques are of
great practical importance.

7 Possible points for open discussion on this web page:

This is a “random list” of questions
1. Are there other fundamental flows which would be well-suited for LES developments? Which flows?
2. Are there additional basic issues in LES which could be studied based on experimental data?

3. Are there other statistical quantities upon which comparisons between experiments and LES should
be based (besides those mentioned in this text)?

4. What other emerging measurement techniques can be brought to bear on the problem?

5. Should experimental efforts be centralized in a few high-quality facilities or should resources be
distributed to a number of different groups?

6. Is it necessary for numerical simulators, modelers, and experimenters to be located in the same insti-
tution to foster better integration between the various approaches, or could distant www-based (say)
interactions be developed to serve the integrated development efforts?
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