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Toward Validation of Large Eddy Simulation
for Turbulent Combustion

Joseph C. Oefelein,” Robert W. Schefer,” and Robert S. Barlow*
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A quantitative overview focused on validation of the large eddy simulation (LES) technique for application to
gas-turbine combustion processes is provided. The primary objective is to provide a systematic analysis of the
current state of the art and assist in the development of technical performance metrics for model validation.
Research is currently required to provide both improved multiphase combustion models and improved datasets
for validation. Phenomenological requirements for further model development must be established through more
detailed analyses of the space-time characteristics of small-scale turbulence-chemistry interactions. Concurrently,
arefined set of implementation requirements must be established for LES, and a systematic hierarchy of databases
for model validation must be developed. Steps taken toward these goals are described by focusing on validation
requirements, boundary conditions, and the progressive implementation of LES in more complex configurations.
First the distinct set of tradeoffs and requirments for LES are listed. A systematic progression of case studies
that highlight key aspects related to the state of the art is then presented. In conclusion, recent findings associated
with the International Workshop on Measurement and Computation of Turbulent Nonpremixed Flames, from the
perspective of validation and model development for LES, are highlighted.

1. Introduction

MPROVEMENTS in computational speed and capacity over the

past several years have made application of the large eddy simu-
lation (LES) technique feasible for increasingly complex flows. This
method has been used successfully as both a complementary tool
for understanding turbulence and for modeling the effects of turbu-
lence in a variety of engineering applications. With the advent of
massively parallel computer hardware, LES now provides a means
to study coupled combustion, transport, and multiphase processes
in parameter spaces that are unattainable using the direct numerical
simulation (DNS) technique, with a degree of fidelity that can be
far more accurate than other conventional methods. Here we focus
on issues related to the development and application of LES to gas-
turbine combustion processes. The primary objective is to provide
a systematic analysis of the current state of the art and assist in the
development of technical performance metrics for model validation.

Development of next-generation gas-turbine systems requires op-
timal flowpath integration and thermal management. Flow processes
are inherently turbulent, and enhanced performance and operabil-
ity between the turbomachinery and combustor are imperative for
improved control of combustion dynamics over a wide range of op-
erating conditions. Most systems now operate at elevated chamber
pressures to enhance performance. This significantly increases the
operational Reynolds numbers and turbulence intensities present in
various flow passages and the combustion chamber. In many cases,
operating pressures approach or exceed the thermodynamic critical
pressure of the fuel and/or oxidizer. Under these conditions, many
fundamental questions arise regarding the dynamic behavior of the
system. A significant shortfall associated with these stringent sys-
tem requirements is the lack of validated design and analysis tools.
These tools are required to achieve optimal control of the highly
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turbulent and unsteady flowpath dynamics, the fuel-oxidizer mix-
ing characteristics, and the resultant combustion dynamics.

LES provides a means to study coupled mixing and combustion
processes with a higher degree of fidelity than conventional meth-
ods such as those based on the Reynolds-averaged Navier—Stokes
(RANS) approximation. This potential advantage is offset by a much
stricter set of developmental and operational requirements. Results
from LES are far more sensitive to algorithmic characteristics and
boundary conditions. Significant care must be taken to ensure that
conservation properties are enforced and that dissipation and disper-
sion errors do not impose erroneous results. The application of LES
also comes with a much stricter set of resolution requirements that
cannot be violated. Unlike the RANS approach, which averages over
both the temporal and spatial scales, LES maintains both the tem-
poral and spatial characteristics of the turbulence. The assumption
that LES accurately captures these dynamic broadband processes
must be validated in a manner that quantifies both the temporal and
spatial coherence of the flow.

Significant research is required to provide 1) improved multi-
phase combustion models and 2) improved datasets for validation.
Phenomenological requirements for advanced model development
must be established through more detailed analyses of space—time
characteristics associated with multiscale turbulence—chemistry in-
teractions. Concurrently, a refined set of implementation require-
ments must be established for LES, and a systematic hierarchy of
databases for model validation must be developed. This paper out-
lines steps taken toward these goals by focusing on three distinct
issues:

1) The first issue is validation requirements. The assumption that
LES and relevant subgrid-scale closure schemes accurately model
the temporal and spatial characteristics of a flow system must be val-
idated with a wide range of simultaneous measurements. Minimal
requirements include comparisons of the cold flow characteristics,
initial and boundary conditions, time-averaged and unsteady mea-
surements of velocity, and scalar mixing processes. Measurements
of unsteady strain, flame structure (curvature, wrinkling, surface
area), surface dynamics, and reaction rates are also desirable but
not easily measured. Eventually, data sets that characterize flame
stability, acoustic interactions, ignition, and extinction phenomena
will also be required.

2) The second issue is boundary conditions. Use of experiments
that provide clean, nonambiguous boundary conditions are imper-
ative. Both the mean flow quantities and higher time-evolving mo-
ments at respective inflow boundaries are required and must be
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matched identically in the simulation. Rig designs that produce fully
developed turbulent profiles with adiabatic or isothermal walls pro-
vide the optimal way to meet this requirement. The wall temperature
or heat flux profiles must be quantified as a function of space and
time when isothermal or adiabatic conditions do not exist. Bounded
domains with subsonic flow must also provide a well-defined pres-
sure condition at respective outflow boundaries. This is especially
important for swirling, recirculating flows. Given the current sta-
tus, flow conditions that involve transitional or acoustically excited
conditions should be avoided.

3) The third issue is flow complexity. Geometric features asso-
ciated with various experiments, injection techniques, and ambient
conditions each impose a distinct set of turbulence, flow, and thermo-
chemical interactions. These interactions provide progressive levels
of coupling between the fluid dynamic, thermodynamic, transport,
and chemical processes. Identifying and defining these progressive
levels of complexity in well-defined geometries serve as effective
ways to assess both model accuracy and inherent model sensitivities.

These issues are addressed by first outlining the distinct set of
tradeoffs between LES and RANS to provide a common perspec-
tive. We then present a systematic progression of case studies that
highlight aspects of each issue and the current state of the art. We
conclude by highlighting some of the more recent findings associ-
ated with target flames that have been studied as part of the Inter-
national Workshop on Measurement and Computation of Turbulent
Nonpremixed Flames.!

II. RANS vs LES

Use of the RANS and unsteady-RANS approximations has his-
torically provided the central basis for engineering design codes
throughout industry and government. The primary advantage of
RANS is that it requires a minimum of computational resources
and facilitates fast solution turnaround times required for most en-
gineering design studies. A disadvantage of RANS, however, is that
all of the turbulent motions are modeled; thus, it provides only a
bulk approximation of all of the strongly coupled phenomenologi-
cal interactions that occur over the full range of spatial and temporal
scales. The closure is entirely empirical and based exclusively on
scaling arguments that apply in the time-averaged limit. RANS pre-
dictions of complex systems typically give only qualitative insights.
They are highly sensitive to models and model constants, and these
constants must be adjusted or tuned for every class of flows.

LES is amuch more numerically intensive methodology but offers
a higher degree of accuracy in return. For this approach, the large
energetic scales are resolved and the subgrid scales are modeled
to provide a complete representation of the full range of relevant
scales. LES closures are time accurate and the subgrid-scale (SGS)
models tend to be more universal. The universal nature of the SGS
models significantly reduces the need to tune the model constants.
Implementation of the dynamic modeling procedure eliminates the
need to use any model constants by effectively converting them to
local coefficients in space and time. This enhanced fidelity, however,
comes at a significant cost in terms of computational resources and
turnaround time.

Compared to RANS, the use of LES imposes an extremely strict
set of algorithmic and resolution requirements that must be rig-
orously enforced. A significant range of energetic scales must be
resolved on grids that minimize commutation errors. This has strin-
gent implications regarding the density and quality of grids and the
amount of allowable grid stretching that can be used. Numerical
dissipation and dispersion errors must also be minimized because
they have significantly detrimental effects on SGS models and can
negate any effect produced by these models. The presence of these
errors depletes energetic turbulence scales at the mid to high wave
numbers and consequently competes with the models. When this
occurs the SGS models themselves have little or no effect, and the
contamination often leads to erroneous conclusions. Solutions based
on the RANS approximation are inherently less sensitive to dissipa-
tion and dispersion errors because only the largest scales of the flow
are represented numerically, and the bulk effects of multiple-time,
multiple-length scale interactions are modeled.

Algorithms that employ discretization techniques on collocated
grids always require the addition of explicit artificial dissipation
terms to provide numerical stability and eliminate odd—even decou-
pling in pressure. These schemes have historically failed to pro-
vide minimal damping and dispersion characteristics appropriate
for LES. This is easily shown if one compares the magnitude of the
residual associated with the artificial dissipation terms to the resid-
ual associated with a given SGS model. The former is always orders
of magnitude greater in second-order schemes, and the problem
persists for higher-order schemes. Fully implicit or semi-implicit
staggered grid algorithms, on the other hand, have been shown to
provide acceptable characteristics for LES. The key feature of these
algorithms is the use of composite convective difference stencils
that are entirely imaginary in complex space.

Three primary issues must be addressed to avoid contamination
by numerical errors in LES. The numerical method must provide
spatially nondissipative and spectrally clean damping characteris-
tics, the algorithm must provide discrete conservation of mass, mo-
mentum, and total energy to avoid the buildup of spurious modes,
and high-quality grids must be generated with the appropriate lev-
els of resolution. To date, the algorithmic quality of most of the
codes used for validation has not received a sufficient level of at-
tention. Because of the initial emphasis on RANS, algorithms used
in many legacy solvers employ highly dissipative and dispersive
techniques to provide numerical stability. Although acceptable for
RANS, which represents only the largest scales of a flow numeri-
cally, these algorithms are typically not appropriate for LES. Anal-
ogously, the concept of grid independence differs between the two
approaches also.

Achieving grid-independent solutions for RANS calculations is
inherently tied to the ability of a given grid system to resolve the
largest scales in a flow. For LES, the concept of grid independence
is tied to the filter cutoff scale, which must be fixed locally based on
physical arguments to ensure that an appropriate range of energetic
scales is being resolved. The level of energy that must be resolved
varies as a function of the modeling approach and has not been well
quantified to date. A general perception is that levels approaching
80% must be achieved. The LES technique itself is fundamentally
invalid for cases where the filter cutoff to grid spacing becomes less
than one. Values of one imply an implicit filtering process that is
inherently tied to the grid and spatial differencing scheme. Values
greater than one imply explicit filtering. Our current analyses are
limited to implicitly filtered solutions.

III. Approach

A. Theoretical Framework

The case studies presented here were performed using a
theoretical-numerical framework developed and validated over the
last decade by Oefelein.>? This framework has been optimized to
meet the strict algorithmic requirements imposed by the LES for-
malism and was designed to provide a unified treatment of high-
Reynolds-number, high-pressure, real-gas turbulent reacting multi-
phase flows over a wide Mach operating range (from incompress-
ible, through transonic, to supersonic conditions). We are in the
process of establishing a suite of validation studies to be published
subsequently.

The theoretical-numerical framework solves the fully coupled
conservation equations of mass, momentum, total energy, and
species. These equations are coupled with an appropriate equation of
state, appropriate treatments of thermodynamic and transport prop-
erties, and validated mixing and combining rules for the mixtures
of interest to accommodate the most general system. The baseline
formulation accommodates a generalized treatment of the equation
of state, thermodynamics, transport processes, and chemical kinet-
ics for the full multicomponent system. No assumptions are made
regarding the ideality of the mixture state.

For LES applications, the instantaneous conservation equations
are filtered, yielding expressions for mass
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The terms 6, ,OTS, F . Q s, and d_)_yi represent the filtered void fraction
and spray source terms that account for interphase exchange of
mass, momentum, total energy, and species, respectively. The terms
P, T R @g, and 5‘ ; are respective composite, that is, molecular plus
SGS, stresses and fluxes. The terms Q, and &; are the filtered energy
and species source terms.

B. SGS Closure

The current baseline SGS closure is obtained using the mixed
dynamic Smagorinsky model by combining the models proposed
by Erlebacher et al.* and Speziale’ with the dynamic modeling
procedure.5~'° The composite stresses and fluxes in Eqgs. (1-4) are
given as
s
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Here, the term p, is the SGS eddy viscosity given by the relation
1
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The terms Cg, Pr,, and Sc,, are the Smagorinsky, SGS-Prandtl, and
SGS-Schmidt numbers and are evaluated dynamically as functions
of space and time. Thus, there are no tuned constants employed any-
where in the closure. The overall model includes the Leonard and
cross-term stresses and provides a Favre-averaged generalization
of the Smagorinsky eddy—viscosity model!! coupled with gradi-
ent diffusion models that simulate SGS mass and energy transport
processes.

C. Thermodynamic and Transport Properties

The property evaluation scheme is designed to account for ther-
modynamic nonidealities and transport anomalies over a wide range
of pressures and temperatures. This scheme is comprehensive and
intricate; thus, only a skeletal description can be given here. The
extended corresponding states model'>'? is employed with a cubic
equation of state. In past studies'*!3 modified versions of both the
Benedict—-Webb—Rubin (BWR) equation of state and cubic equa-
tions of state have been used to evaluate the p—v—T behavior of the
inherent dense multicomponent mixtures. Use of modified BWR
equations of state in conjunction with the extended corresponding

states principle has been shown to provide consistently accurate re-
sults over the widest range of pressures, temperatures, and mixture
states, especially at near-critical conditions. A major disadvantage
of BWR equations, however, is that they are not computationally
efficient.

Cubic equations of state can be less accurate, especially for mix-
tures at near-critical or saturated conditions, but are computation-
ally efficient. Experience has shown that both the Soave—Redlich—
Kwong (SRK) and Peng—Robinson (PR) equations, when used in
conjunction with the corresponding states principle, can give ac-
curate results over a wide range of pressures, temperatures, and
mixture states of typical interest. The SRK coefficients are fit to va-
por pressure data and, are, thus, more suitable for conditions when
the reduced temperature is less than one. The PR coefficients, on
the other hand, are more suitable for conditions when the reduced
temperature is greater than one. A summary of the cubic equations
of state and recommended constants is given by Reid et al. (Ref. 16,
Chapter 3).

Having established an analytical representation for real mix-
ture p—v-T behavior, thermodynamic properties are obtained in two
steps. First, respective component properties are combined at a fixed
temperature using the extended corresponding states methodology
to obtain the mixture state at a given reference pressure. A pressure
correction is then applied using departure functions of the form given
by Reidetal. (Ref. 16, Chapter 5). These functions are exactrelations
derived using Maxwell’s relations (see VanWylen and Sonntag,'”
Chapter 10, for example) and make full use of the real mixture
p—v-T path dependencies dictated by the equation of state. Stan-
dard state properties are obtained using the databases developed by
Gordon and McBride'® and Kee et al.'> Chemical potentials and
fugacity coefficients are obtained in a similar manner.

Molecular transport properties are evaluated using a procedure
directly analogous to that outlined earlier for the thermodynamic
properties. Viscosity and thermal conductivity are obtained using
the extended corresponding states methodologies developed by Ely
and Hanley.”>?! The mass diffusion coefficients and thermal dif-
fusion coefficients are obtained using the methodologies outlined
by Bird et al.?? and Hirschfelder et al.,>* in conjunction with the
corresponding states methodology proposed by Takahashi.?*

D. Combustion Closure

With the model framework just described in place, the only re-
maining terms that need to be closed are the filtered energy and
chemical source terms. Unlike the preceding sections where we fo-
cused exclusively on a specific set of models directly relevant to the
subsequent results, our goal here in to provide a more general per-
spective on different combustion modeling approaches to augment
the subsequent discussion.

Issues related to combustion closures for LES are fairly well
known, and a variety of approaches have been taken. Most cur-
rent SGS models have been carried over from RANS and ex-
tended in a way that makes use of the additional information
available from LES. All of the current SGS models for combus-
tion are relatively simple due to computational limitations and
the long-standing requirement of fast turnaround times for calcu-
lations. Approaches aimed at obtaining accurate closure schemes
for nonpremixed flames include the assumption of fast chemistry,
the assumption of laminar flamelets,>>® the conditional moment
closure (CMC),?’=% and probability density function (PDF) trans-
port models.3*~33 Klimenko>* established the relation between CMC
and unsteady flamelets. There are significant tradeoffs associated
with each of these approaches:

1) The assumption of fast chemistry, while computationally sim-
ple and inexpensive, circumvents the estimation of the chemical
source terms. Under this assumption, the thermodynamic state is
completely determined as a function of mixture fraction. Effects
like ignition and extinction cannot be accounted for, and the forma-
tion of pollutants, whose rates of formation are kinetically limited,
are poorly predicted.

2) Laminar flamelet models assume that flame structures are thin
in comparison to turbulent eddies. The laminar flamelet regime is
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considered to comprise an ensemble of strained laminar flames that
only depend on mixture fraction and scalar dissipation. Although
computationally efficient, there is considerable debate on the degree
to which the flamelet assumption is valid at device relevant condi-
tions and the applicability of this method to flames outside of the
flamelet regime.

3) The CMC method solves transport equations of conditionally
averaged quantities instead of the spatially filtered counterparts.
Variables that chemical reactions are known to depend on must
be identified and used as conditioning variables. Whereas CMC
tends to be more global, solving transport equations in conditioned
space adds more dimensions to the problem. With these dimensions
come additional modeling issues, approximations, and the related
uncertainties.

4) PDF transport methods solve a transport equation for the fil-
tered joint PDF of species, energy, etc., to represent SGS interac-
tions within a statistical hypervolume. The filtered chemical source
terms occur in closed form within the transport equation of the joint
PDF. The dimensionality, however, increases with the number of
species, and issues related to the closure are shifted from treatment
of the chemical source terms to modeling unclosed molecular mix-
ing terms.

The limitations just outlined exhibit clear tradeoffs involving
model accuracy and the validity of the baseline modeling assump-
tions. The combustion regime in contemporary devices at atmo-
spheric pressures, for example, is typically intermediate between
flamelet combustion and distributed combustion. At elevated pres-
sures the validity of various approximations can change signifi-
cantly.

Application of the moment-based reconstruction methodology
similar to that developed by Pantano and Sarkar®® and Mellado
etal.’® has the potential to offer a direct method of closing the filtered
energy and chemical source terms. Although much more research
is required, the conceptual methodology provides the formalism
to incorporate progress variable effects directly. The instantaneous
scalar field, defined here as the vectorZ = (p, T, Y1, ..., Yy),ises-
timated using an approximate deconvolution operation that requires
the statistical filtered moments of respective scalars to match to a
specified order. The estimated scalar field Z,, is used as a surro-
gate for the exact scalar field to calculate the SGS contribution. The
surrogate field is given by the expression

Zy=7Z+cZ—2) (10)

where Z = (p, T, 171, ol 17,\,) and Z represents a test filter value.
The coefficient ¢y depends on a modeled spectrum and is a func-
tion of the turbulent Peclet number associated with a given scalar
[Re,(Pr, or Sc;)] and the ratio of the filter length scale to the integral
scale of the scalar field y. The functional dependence of ¢( on these
quantities is shown in Fig. 1. Respective turbulent Peclet numbers
are given by the mixed dynamic Smagorinsky model, which effec-
tively converts ¢y to a dynamic coefficient in a manner consistent
with Cg, Pr,, and Sc,,.
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Fig. 1 Functional dependence of ¢y on turbulent Peclet number
[Re;(Pr; or Sc;)] and ratio of filter length scale to integral scale of scalar
field ~.

Modeling premixed flames poses an additional set of constraints.
Reaction zones in premixed flames are typically orders of mag-
nitude smaller than the local LES cutoff scale. Chemical reac-
tions occur completely at the SGS level and must be modeled
entirely. Examples of recent models include the thickened flame
approach,” the linear eddy model (LEM),*® and the level-set G-
equation approach.?® All of these models explicitly assume a flame
topology:

1) The thickened flame model artificially increases the character-
istic flame diffusivity such that the flame zone is resolved numer-
ically. This introduces errors in the flame propagation speed that
must be compensated for by modifying the mean chemical source
term. The disadvantage of this approach is that it alters the natural
physical coupling between transport and chemical kinetics.

2) The multiple-scale approach simulates spatial and temporal
dynamics of SGS scalar mixing and combustion processes using
the one-dimensional stochastic methodology provided by LEM.*
This approach, and its successor, the one-dimensional turbulence
model,** provide key dynamic information and, thus, have the po-
tential to provide a high-fidelity closure. Current disadvantages are
the potential cost and uncertainties related to the SGS to resolved-
scale coupling procedure.

3) The G-equation approach applies a level-set procedure to de-
scribe the turbulent flame front. The flame front is represented by an
arbitrary isosurface of the scalar field defined by G. This isosurface
is the only valid quantity, and the evolution equation for G is not
uniquely defined and completely empirical in nature. Because of
this empiricism, phenomena such as local flame speeds are difficult
to quantify.

Models based on assumed flame topologies significantly limit the
predictive nature of simulations when the exact regime of combus-
tion is not known a priori. This is always the case for applications
that involve swirling and recirculating flow, in which significant
variations in thermodynamic and transport properties, turbulence—
chemistry interactions, and acoustic interactions can occur locally.
To approach a truly predictive capability, next-generation SGS mod-
els must incorporate more general closure schemes. Achieving this
requires development of detailed validation data sets, close cou-
pling between experiments and simulations, and development of
refined criteria with respect to implementation requirements for
LES.

E. Numerical Framework

Case studies presented in subsequent sections were performed us-
ing a single unified numerical framework. The formulation treats the
fully coupled compressible conservation equations but can be eval-
uated in the incompressible limit. Thus, incompressibility is treated
as a limiting extreme of the more general compressible equation set
given by Eqs. (1-4). A unique dual-time multistage scheme is em-
ployed with a generalized (pseudotime) preconditioning methodol-
ogy that optimally treats convective, diffusive, geometric, and source
term anomalies in a unified manner. The spatial scheme employs a
staggered methodology in generalized curvilinear coordinates that
provides nondissipative spectrally clean damping characteristics and
discrete conservation of mass, momentum, and total energy. Thisis a
critically important feature for LES. The differencing methodology
also includes appropriate switches to handle shocks, detonations,
flame fronts, and/or contact discontinuities in a manner appropriate
for LES.

The baseline method provides a fully implicit time advancement
using a fully explicit multistage scheme in pseudotime. The implicit
formulation is A stable, which allows one to set the physical time
step based solely on accuracy considerations. It accommodates any
arbitrary equation of state, handles the thermodynamic nonidealities
and transport anomalies over a wide range of conditions typically
encountered in contemporary propulsion systems, and provides full
thermophysical coupling (compressible and incompressible) over a
wide range of conditions. A Lagrangian—Eulerian formulation is em-
ployed to accommodate particulates, sprays, or Lagrangian-based
combustion models, with full coupling applied between the two
systems. The Lagrangian solver can accommodate both particles
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and parcel methods and employs asynchronous multiple timescale
integration to account efficiently for time-history effects.

The algorithm has been optimized to provide excellent parallel
scalability attributes using a distributed multiblock domain de-
composition with a generalized connectivity scheme. Distributed-
memory message-passing is performed using message passing inter-
face and the single-program—multiple-data model. It accommodates
complex geometric features and time-varying meshes with general-
ized hexahedral cells while maintaining the accuracy of structured
spatial stencils. The software package has been ported to all con-
temporary massively parallel computer platforms. The basic method
is well suited for high-performance computations and maintains
highly efficient fine-grain scalability attributes.

IV. Case Studies

Here we present a progression of case studies with increasing
complexity. Emphasis is placed on validation requirements and im-
plementation of the LES methodology in a manner that minimizes
ambiguities associated with the treatment of boundary conditions.
Establishing these criteria is a first and necessary step before the
more intricate issues related to combustion modeling can be ad-
dressed. We conclude by highlighting some of the more recent find-
ings associated with experiments being conducted in the Turbulent
Combustion Laboratory at Sandia National Laboratories, in partic-
ular, those associated with the Sandia piloted flames and the Inter-
national Workshop on Measurement and Computation of Turbulent
Nonpremixed Flames.

A. Turbulent Channel Flow

Gas-turbine combustion processes are dominated by both the up-
stream injection characteristics and the downstream pressure distri-
bution at the combustor exit. The injection of air into the chamber
through, for example, swirl-cup injectors, always involves strongly
coupled fluid dynamic interactions in regions of high shear where
the fluid expands into the chamber from the injector ducts. The fluid
entering the chamber from the injector is initially dominated by wall-
induced shear and the related turbulent boundary-layer interactions.
On expansion into the chamber, a transition occurs to a condition
that is dominated by free shear-layer interactions. The spatial evo-
lution of the turbulent flow during this transition is governed by
small-scale vortical interactions between structures initially created
by the injector walls. These structures subsequently coalesce within
the free shear-layer just downstream of the injector and grow in a
spatially evolving manner. In general, these dynamics must be re-
solved to represent accurately the evolution of the energetic scales
in the combustor.

The limitations of LES in the vicinity of walls are well known.
Given these limitations, there are only two basic options available
to handle wall effects. The first is to apply one of a variety of wall
modeling approaches. The second is to perform a so-called wall-
resolved LES by applying near-DNS resolution in the wall-normal
direction and maintaining fairly stringent spacing requirements for
LES in the streamwise and cross-stream directions. Application of
wall models is ultimately the more desired solution because this
facilitates significantly coarser grid resolution. The current diffi-
culty, however, is that wall modeling for LES is still in the research
stages. It is not clear how accurately these models can represent the
turbulent flow dynamics in the vicinity of the injector exit, where
the boundary-layer dynamics interact strongly with the downstream
shear layer as the fluid expands into the chamber. Application of the
wall-resolved approach, on the other hand, is numerically expen-
sive but has proven to provide a reasonably accurate representation
of the near-wall turbulence structure when the dynamic modeling
procedure is used.

To demonstrate the level of accuracy achieved using the wall-
resolved approach, we have performed a validation study by com-
paring results from an LES, using the theoretical-numerical frame-
work described in the preceding section, to the DNS data provided
by Moser et al.*! Moser et al. have performed DNS calculations of a
turbulent channel flow up to a Reynolds number based on the friction
velocity of Re; =590. The LES calculations were performed on a

Fig. 2 Instantaneous magnitude of vorticity (dimensionless) from LES
of turbulent channel flow at conditions identical to DNS in Ref. 41;
Reynolds numbers based on % and friction velocity are Re;, =1.38 x 104
and Re, =5.9 x 102, respectively.

grid that was 10°. The computational domain was 64 x 2k x 3% in
the streamwise, wall-normal, and cross-stream directions, respec-
tively. Stretching was applied in the wall-normal direction such that
the first cell from the wall was within a y™ value of 1 and the first 16
cells within the interval 0 < y* < 30. The transverse grid spacing
was set such that Ax™ and Az' were approximately 50. No-slip
boundary conditions were applied at the upper and lower walls,
with periodic conditions applied in the streamwise and spanwise
directions.

Figure 2 shows a representative result for a Reynolds number
based on the friction velocity of Re, =590. This Reynolds number
is the highest considered by Moser et al. and coincides with values
that typically exist in simple laboratory-scale injector ducts at atmo-
spheric pressure. Shown in Fig. 2 are contours of the instantaneous
(dimensionless) magnitude of vorticity. Contour ranges are set to
highlight both the structure of the core flow and the longitudinal
vortical streaking near the wall. The dimensionless magnitude is
observed to vary between 0 and 1 in the core flow and approaches
values of 30 near the wall. The longitudinal, cross-stream, and near-
wall structure is indicative of the well-known horseshoe vortex dy-
namics that occurs in turbulent boundary layers, where longitudinal
near-wall vortices coalesce in the core flow forming strong cross-
stream vorticity components.

Figure 3 shows comparisons of 1) the mean streamwise compo-
nent of velocity, 2) the streamwise and wall-normal rms components,
and 3) the resolved-scale shear stress for the Moser et al. Re, =590
case. The LES results match the DNS data to within 5% or better.
This level of agreement is considered necessary to achieve realistic
near-wall flow dynamics inside the injector ducts of gas turbines.
The results shown in Figs. 2 and 3 are unique in that the solution
was obtained by solving the full-compressible conservation equa-
tions of mass, momentum, and total energy in the incompressible
limit using a time-step based on the convective velocity. In addition
to demonstrating an ability to run the full compressible equation set
efficiently in the incompressible limit, these data provide a baseline
criteria with respect to the resolution required to perform an accu-
rate wall-resolved LES of fully developed turbulence in a duct as a
function of the Reynolds number.

B. Particle-Laden Flow in a Coannular Combustor

To build on the criteria established in the preceding subsection,
we now focus on the next level of complexity. Sommerfeld and
Qui,*> Sommerfeld et al.,* and Sommerfeld and Qui** provide a de-
tailed series of one-component phase-Doppler-anemometer (PDA)
measurements from a swirling particle-laden flow. A schematic of
the experimental apparatus is shown in Fig. 4. The model combus-
tion chamber is designed to produce the classical recirculating flow
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Fig. 3 Time-averaged velocity profiles: a) mean streamwise compo-
nent, b) streamwise and wall-normal rms components, and c) resolved-
scale compared with DNS by Moser et al.4!

conditions typically observed in gas-turbine combustors. The appa-
ratus is cylindrical and consists of an injector section, main cham-
ber, and plenum chamber. The coannular injector houses a centered
particle-laden primary jet surrounded by a swirling secondary jet.
Flow is injected into the main chamber from the top. On entering
the chamber the flow undergoes a sudden expansion followed by
a series of complex fluid dynamic interactions. The flow then un-
dergoes a second expansion at the exit of the main chamber into a
plenum chamber. The rig stands vertically, with gravity acting in the
downward direction.

The experimental geometry is characterized in dimensionless
units using the radius of the outer wall of the secondary jet,
R =32 mm, which is also the diameter of the primary jet. The main
chamber is approximately 30 dimensionless units in length and ex-
tends a radial distance of approximately 3 dimensionless units. The
injector section (not completely shown in Fig. 4) extends eight units
upstream from the main chamber face plate. The plenum cham-
ber begins approximately 30 dimensionless units downstream of
the main chamber, ends at 50 dimensionless units, and extends a
radial distance of 9 units. The region of interest bracketed in Fig. 4
is shown in greater detail in Fig. 5. The primary jet has a radius of
r/R=0.5 and is laden with spherical glass beads. Flow from the
primary jet evolves to a fully developed turbulent state before injec-

tion and enters the main chamber axially. The secondary jet extends
over a radial interval of 0.59 <r/R <1, is fully developed axially,
and is injected into the main chamber with a swirling azimuthal
velocity component.

The eight axial stations where cross-sectional PDA measurements
were made are also shown in Fig. 5. Gas-phase and particle-phase
mean and rms velocity components are given with simultaneous
measurements of the particle size and mass flux distributions. Data
were obtained with two different particle mass loadings in the pri-
mary jet, for three different particle size classes. The relevant flow
conditions and particle properties are listed in Table 1. The Reynolds
numbers in both the primary and secondary jets are comparable to
that in the channel flow presented in the preceding section. Particles
are injected into the primary jet in equilibrium with the gas-phase
velocity according to the distribution given by Fig. 6. This distribu-
tion produces a mean number diameter of 45 um and particle sizes
over the range 20 < d,, < 80 um, which is representative of typical
fuel drop size distributions in gas-turbine combustors.

The data acquired by Sommerfeld and Qui,*? Sommerfeld et al.,*
and Sommerfeld and Qui** provide two excellent benchmark cases

Table 1 Flow conditions and particle properties
used in the Sommerfeld experiments

Conditions and properties Case 1 Case 2
Gas (air)
Flow rate in primary jet, g/s 9.9 6.0
Flow rate in secondary jet, g/s 38.3 44.6
Inlet Reynolds number® 26,200 27,250
Swirl number 0.47 0.49
Temperature, K 300 300
Farticle
Loading ratio in primary jet 0.034 0.17°
Flow rate, g/s 0.34 1.0
Mean diameter, um 45.5 45.5
Density ratio p,/pf 2,152 2,152

“Based on total volume flow rate. P°Five times case 1.
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for validation of LES in a turbulent swirling-flow environment very
similar to the flow in a gas-turbine combustor, under highly con-
trolled conditions, and with well-defined boundary conditions. They
also provide a way to systematically validate LES of dilute parti-
cle dynamics in these flow environments without having to treat
the more complex issues associated with atomization, secondary
breakup, and coupling between the gas and particulate phases under
highly loaded conditions. Establishing this level of validation repre-
sents the next progressive step before treating these more daunting
issues. To establish this next level of validation, we have performed
LES calculations of the Sommerfeld and Qui,*> Sommerfeld et al.,*?
and Sommerfeld and Qui** cases using the theoretical-numerical
framework described earlier. Here, our emphasis is on implemen-
tation of boundary conditions and the near predictive nature of the
subsequent results.

There are three critical issues that must be addressed regarding the
implementation of boundary conditions. First, the boundary-layer
dynamics inside of the injector ducts must be resolved such that
the energetic scales near the wall, that is, where the maxima in the
rms velocity and shear stress occur in Fig. 3, provide realistic vor-
tical interactions. Second, the inflow conditions must be generated
in a manner that allows the injected jets to interact with the regions
of high-shear on entering the main chamber, that is, they must fa-
cilitate realistic turbulent fluid interactions inside the shear-layers
created by the jets and recirculating flow in the main chamber. Last,
the unsteady pressure distribution across the exit plane of the main
chamber must be represented in a highly accurate manner. This dis-
tribution has a significant influence on the upstream recirculation
zones that form in the main chamber, and it is imperative from a
validation perspective that these zones be reproduced accurately. To
address these issues, the computational domain used for the LES
was designed to match identically the experimental domain shown
in Fig. 4.

The grid used to perform the calculations includes the injector sec-
tion, main chamber, plenum chamber, and the portion of the injector
section not shown in Figs. 4 and 5, which places the inlet plane of
the primary and secondary jets at a location of eight dimensionless
units upstream of the entrance to the main chamber. This added por-
tion provides the appropriate development lengths required to drive

fully developed turbulent flow in both ducts. The grid spacing in the
primary and secondary jets were set by adhering to the resolution re-
quirements established in the preceding section for the channel- flow
case. The azimuthal grid spacing was set using a uniform distribution
of 64 cells. The grid density in the primary jet was set at 128 x 64 x 64
in the axial, radial, and azimuthal directions, respectively. Similarly,
the grid density in the swirling secondary jet was set at 128 x 128.
This resolution provides the same level of fidelity in each of the
ducts as achieved for the channel flow calculation in the last sec-
tion; that is, the first cell from the wall was withina y* value of 1, the
first 16 cells were within the interval 0 < y* < 30, and the trans-
verse grid spacing was set such that Ax* and Az™ where both less
than 50.

The grid for the main chamber was constructed using the resolu-
tion requirements in the injector ducts as a baseline. The axial grid
distribution was set by matching the spacing of adjacent cells in the
injector section and stretching from the entrance of the main cham-
ber (where the flow enters from the injector) to the exit (where the
flow is further expanded into the plenum). Stretching was accom-
plished by maintaining a relative stretching factor of 1.02 between
adjacent cells. The grid spacing in the radial direction was set by
matching the radial distributions of the cells in the injector ducts at
the inlet and filling in the remaining area in a manner by reflecting
the stretching functions on adjacent sides of the ducts. The spacing
on the plenum side of the main chamber was set to be uniform,
with the inner distribution smoothly transitioned between these two
endpoints. The resultant grid density is 128 x 288 x 64.

The expansion induced by the plenum chamber has a significant
influence on the upstream recirculation zones that form in the main
chamber. It is imperative that this section be included as part of
the LES calculation to provide the correct unsteady pressure dis-
tribution across the exit plain of the main chamber. Significant er-
rors can occur otherwise because a change in the overall structure
of the recirculation zones induces a global shift in the location of
the mean flow characteristics. Such a shift makes comparisons be-
tween measured and modeled results meaningless. The grid density
in the plenum itself can be fairly coarse. Here, we match the grid
at the exit of the main chamber and stretch such that the entire
plenum region is filled with a 32 x 296 x 64 grid. The final grid
of the entire domain is constructed with 1.5, 2.3, and 0.6 million
cells in the injector section, main chamber, and plenum chamber,
respectively.

It is extremely difficult to specify a complete time-accurate de-
scription of the resolved-scale component of velocity, as required
by Eq. (2), because this quantity is entirely dependent on the filter
cutoff value and grid. The best strategy to simulate these quantities
accurately in a manner that provides both realistic boundary-layer
dynamics and turbulent fluid interactions on injection into the main
chamber is to include the injector configuration and appropriate up-
stream development lengths directly into the calculation. This is a
critical factor that must be considered in the design of any experi-
ment intended for validation purposes.

The Sommerfeld apparatus (see Refs. 42—44) provides a partic-
ularly simple way to impose the upstream boundary conditions.
The injector section is long enough that it is valid to assume fully
developed turbulent profiles exist at the inlet to the computational
domain just described. With the added assumption that all wall sur-
faces are hydraulically smooth, we can use the LES solver itself to
drive fully developed turbulence in the injector ducts. The procedure
is shown for the swirling secondary jet in Fig. 7. Fully developed
turbulent velocity profiles are generated inside the injector ducts by
recycling the unsteady velocity field from radial planes at an axial
distance of two dimensionless units upstream of the main chamber
face plate. The structure of resolved-scale turbulence generated in
the ducts is identical to that shown in Fig. 2. The stripped fields are
corrected to maintain the mass flow rates specified in Table 1, then
imposed at the injector inlet eight units upstream with a nonreflect-
ing pressure condition. The secondary jet is also corrected by mod-
ulating the azimuthal velocity in a manner that produces the correct
experimentally measured swirl number at the injector exit. The lat-
ter operation is done using a simple control loop that converges on
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Fig. 7 Implementation of upstream boundary conditions in injector section.

the azimuthal component of velocity required at the inlet to produce
the preselected swirl numbers at the injector exit. All of the walls
inside the injector ducts are assumed to be adiabatic. The walls in
the main chamber are assumed to be 300 K.

To handle the particulate phase, Lagrangian particle models for
momentum are employed using the fundamental framework devel-
oped by Oefelein.'* The source term F s in Eq. (2) accounts for the
interphase exchange of momentum imposed by the particles on the
resolved scales. For particles on the order of, or smaller than, the
Kolmogorov scale, this term is given by an expression of the form

du, } dr (1D
T
dr

@)

_ t+ At
F(x,1) = / > G, —x, 1) {mp
! P

(i)

(iii)

Here the quantity G denotes a generic filter function which char-
acterizes the influence of SGS dynamics at remote points (y, 7) on
resolved-scale values at (x, ¢). Term (i) in Eq. (11) represents the in-
stantaneous force induced by respective particles at remote pointsy,,
and times t. Term (ii) represents the spatially filtered effect of these
remote exchange processes on discrete points x within the volume
of influence defined by the filter. Term (iii) represents the filtered
effect of SGS temporal disturbances over the integration time-step
ot.

In this study, the governing conservation equations are filtered
implicitly, and the resolved-scale variables represent volumetric av-
erages based on the spectral characteristics of the staggered second-
order stencils. The particle source in cell methodology*’ is applied
atrespective cell centroids in a manner consistent with the staggered
scheme. For this situation, the term

2

P

in Eq. (11) represents a summation over all discrete particles within
a given finite volume cell. This approximation was found to be
acceptable for the cases considered here because the particle loading
is almost negligible.

Particle dynamics are simulated assuming that 1) the density of
the particles is much greater than the density of the carrier fluid,
2) the particles are dispersed and collisions between particles are
negligible, 3) the particles are on the order of, or smaller than, the
Kolmogorov scale in size, and 4) that particle motion due to shear is

negligible. Under these assumptions, the Lagrangian equations that
govern instantaneous particle motion can be written as

&, (12)
dr, _
dr 4
Wy Yy 2 (13)
d, v R
dr T, r Uzg

These equations are nondimensionalized using the same reference
quantities used in Egs. (1-4). The subscript p denotes values as-
sociated with individual fluid particles. The ratio 7,/t; (where
75 = R/ Uyy) is the dimensionless particle relaxation time

v/t =St/ (1 +a,Re,)) (14)

The term St is the Stokes number based on the mean flow timescale
7y, that is,

St=1,/t; = (1/18)p,d; Re (15)

The quantities p, and d, are the dimensionless particle density
and diameter, respectively. The term Re,, is the particle Reynolds
number

Re, = d,Relu —u,| (16)

The instantaneous drag acting on respective particles is modeled
using the nonlinear correlation given by Schiller and Nauman (see
Ref. 46). With this correlation, Eq. (14) is evaluated using a, =0.15
and b, = 0.687. This correlation matches the standard drag curve to
within £4% on the interval Re,, < 800. Equations (12) and (13) are
integrated using a fourth-order Runge—Kutta time-stepping tech-
nique applied in a manner consistent with the evaluation of the
explicit terms in the gas-phase solver. Trilinear interpolation of the
resolved-scale velocity components is combined with a Langevin
model to simulate SGS dispersion processes.'**’ Two-way coupling
is achieved by simultaneously evaluating the source terms given by
Eq. (11) and the individual contributions imposed by term (i) in
Eq. (11).

A representative LES solution corresponding to case 2 in Table 1
is shown in Fig. 8. Figure 8 shows the instantaneous particle distri-
bution superimposed on the corresponding turbulent velocity field.
The radial cross sections correspond to the eight axial stations where
PDA measurements were made and clearly highlight the asymmetric
precessing nature of the flow. At any instant in time there are approx-
imately 2.5 million particles being tracked in the region of interest.
Tracking this number of particles is significant because it verifies
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the feasibility of employing large numbers of physical particles and
eliminates the need to implement classical parcel approximations.

The mean flow characteristics are given in Fig. 9, which shows the
time-averaged gas-phase velocity field for both case 1 and case 2.
With the focus first on case 1, key features of the flow include the pri-
mary and secondary recirculation zones with cores centered at the
(x/R, r/R) coordinates of (3.7,2.0) and (1.4, 2.4), respectively;
the stagnation point in the core region centered at approximately
(3.3,0.0); and the reattachment point centered at approximately
(2.5, 3.0). These numbers coincide with the measured results re-
ported by Sommerfeld (see Refs. 42-44) to within 5%. The high-
est negative velocities within the primary recirculation bubble are
found at the coordinates (3.7, 1.1). Comparing the characteristics
between cases 1 and 2 highlights the effect of particle loading on the
mean flow characteristics. Particles, which initially have the same
velocity as the air, are not able to follow the rapid expansion and
deceleration of the gas jets on injection into the main chamber and
tend to have a higher velocity in the core region. The larger par-
ticles have the highest velocities and tend to penetrate the central
reverse flow region. The smaller particles, on the other hand, tend
to respond quickly to the recirculation of the gas flow and are more
prone to entrainment in the secondary recirculation zone. Increasing
the particle loading tends to increase the momentum in the primary
recirculation zone such that the gas-phase flow penetrates to a lesser
extent.

Direct comparisons between measured and modeled results for
case 2 are shown in Figs. 10-14. Results in each of Figs. 10—14 coin-
cide with the experimental measurement locations shown in Fig. 5.
Figures 10 and 11 show comparisons of the mean and rms com-
ponents of the axial, radial, and azimuthal components of velocity.
Open circles represent the measured data acquired by Sommerfeld
and Qui,* Sommerfeld et al.,** and Sommerfeld and Qui,** and the
lines represent time-averaged LES results. Identical comparisons
for the particle-phase are given in Figs. 12 and 13. Figure 14 shows
comparisons between the particle diameter (both mean and rms pro-
files) and the momentum flux profiles. These data represent a small
subset of the available results and provide a reasonable representa-
tion of the level of accuracy achieved in the simulations. In all cases,
the agreement between the measured and calculated results is excel-
lent. We achieve the best agreement on the gas-phase mean values,
which clearly falls within the experimental error bounds. Similar
agreement is achieved with respect to the gas-phase rms values,
with only slight degradation compared to the mean values. Compar-
isons between the particle-phase quantities are not quite as good,
but exhibit similar trends and are still well within the experimental
uncertainties.

The agreement between the measured and modeled results ex-
hibited in Figs. 10-14 is especially significant because there are no
tuned constants used in any of the models. The only controlling pa-
rameters in the simulation are the grid spacing and implementation
of boundary conditions. Thus, discrepancies can only be attributed
to four possibilities: 1) bad numerics, 2) lack of appropriate grid
resolution, 3) ill-posed implementation of boundary conditions, or
4) poor model performance. By implementing the approach just de-
scribed, we are able to eliminate fairly confidently all but the last
before performing the calculation. We can further conclude, based
on the agreement between the measured and model results, that the
current modeling approach performs relatively well for multiphase
flow under lightly loaded conditions and approaches a predictive
capability for the conditions cited.

The novel feature of the results shown is that the cases stud-
ied allowed us to establish a baseline level of confidence in our
ability to simulate a complex flows at conditions representative of



OEFELEIN, SCHEFER, AND BARLOW 427

3 x/R =0.0938 0.781 3.50 4.84 6.09 9.84

SISNNN

—%.50 05115 05005115 -050051 15 —050 0.5 1 15 05005115 05005115 -05005115 -05005115

a) Axial component

3 x/R =0.0938 0.781 3.50 4.84 6.09 9.84

0 Lt L Lt Lodyntition
05005115 —050 05 1 15 »050 05 1 15 —050 05 1 15 05005115 -05005115 -05005115 -05005115

b) Radial component
x/R =0.0938 0.781 6.09

HH Ef

05005115 -05005115 05005115 -05005115 -05005115 -05005115 050051 15 -05005115

¢) Azimuthal component
Fig. 10 Time-averaged profiles of dimensionless gas-phase velocity field (case 2): O, measured data from Refs. 42-44 and ——, LES results.

3 x/R =0.0938 0.781 1.63 6.09
00 02 04 0 02 04 0 0 02 04 0 02 04 02 04 0 02 04 0 02 04
a) Axial component
. x/R =0.0938 0.781 2.66 3.50 6.09 9.84
o
2+
€
1r
0 02 04 02 0.4 0 02 04 0 02 04 0 02 04 0.2 04 0 02 04 02 04
b) Radial component
. x/R =0.0938 0.781 1.63 2.66 6.09 9.84
) °
o ©
©
2r ©
3 (o}
1F
0 02 04 02 04 0 02 04 0 02 04 0 02 04 02 04 0 02 04 0 02 04

¢) Azimuthal component
Fig. 11 RMS profiles of dimensionless gas-phase velocity field (case 2): O, measured data from Refs. 42-44 and ——, LES results.



428 OEFELEIN, SCHEFER, AND BARLOW

. x/R =0.0938 0.781 2.66 3.50 4.84 6.09 9.84
©
2F
€
o

1F O

0 ) [ , \ PRI L Leress ey Leeia . Leress
0.5 0 05 0.5 0 05 —05 O 05 1 05 0 05 1 05 0 05 1 05 0 05 1 05 0 05 1 05 0 05 1
a) Axial component

. x/R =0.0938 0.781 1.63 2.66 3.50 4.84 6.09 9.84

. o

o

2r
€

1r

0 1 L 5 1 ] L 1 ] L 1 1 L 1 ] L 1 1 L 1 ]
05 0 05 -05 0 05 1 05 0 05 1 05 0 05 1 05 0 05 1 05 0 05 1 05 0 05 1 05 0 05 1
b) Radial component

3 x/R =0.0938 0.781 1.63 2.66 3.50 4.84 6.09 9.84

¢) Azimuthal component
Fig. 12 Time-averaged profiles of dimensionless particle-phase velocity field (case 2): O, measured data from Refs. 42-44 and ——, LES results.

3 x/R =0.0938 0.781 1.63 2.66 3.50 4.84 6.09 9.84

o
[e] ©

[e] o

(o] o (o}

20 o o o
° OO o o
& ©
o o
L L ) L L ) L L ) L L ) L L ) L ) L )

0 0.2 0.4 0 0.2 0.4 0 0.2 0.4 0 0.2 0.4 0 0.2 0.4 0 0.2 0.4 0 0.2 0.4 0 0.2 0.4
a) Axial component

x/R 0.0938 0.781 1.63

2.66
o (e]
o
o
o [e]

0.4 0 02 04 0 02 04 0 02 04

3.50 4.84 6.09 9.84

9000
lo o/o 0 0 ©
o

or
o
[N
(=}
(=4
[N}
<
'S
(=}
(=]
[N
=]
'S

b) Radial component

x/R =0.0938 0.781 2.66 3.50 4.84 6.09 9.84

%Li AR

0 02 04 0 02 04 0 02 04 0 02 04 0 02 04

¢) Azimuthal component
Fig. 13 RMS profiles of dimensionless particle-phase velocity field (case 2): O, measured data from Refs. 42-44 and ——, LES results.



OEFELEIN, SCHEFER, AND BARLOW 429

[=}
8}

3 x/R =0.0938 0.781 1. 2.66

T o
o
o
2r o
% Q, o
o
It o
b

OOOQ

3.50 9.84

? f

00009

00988

00 20 40 60 80 0 20 40 60 80 0 20 40 60 80 0 20 40 60 80 0 20 40 60 80 0 20 40 60 80 0 20 40 60 80 0 20 40 60 80
a) Particle diameter (mean profiles)
;3 x/R =0.0938 0.781 1.63 2.66 3.50 4.84 .09 9.84
A Q
o o (6]
o o o
2 o © o
« Q (0>} o o
= © 1) o |o
1 ©
o
o o=
Lol L [P TR [T ST Lot Lical Lkt e Ll TP
00 10 20 30 40 0 10 20 30 40 0 10 20 30 40 0 10 20 30 40 0 10 20 30 40 0 10 20 30 40 0 10 20 30 40 0 10 20 30 40
b) Particle diameter (rms profiles)
s x/R =0.0938 0.781 1.63 2.66 3.50 6.09 9.84
r gf
2r ©
g o)
(0]
l -
o) o)
Q o o)
L 1 ] L ol 1 o 1 I 1 e 1 1 1 1 1 L 1 L 1
00 50 100 150 50 100 150 0 50 100 150 0 50 100 150 0 50 100 150 0 50 100 150 0 50 100 150 0 50 100 150
¢) Momentum flux (x 1000)
Fig. 14 Dimensionless particle diameter and momentum flux profiles (case 2): O, measured data from Refs. 42-44 and ——, LES results.

those typically observed in gas-turbine combustors. It is impossible
to address the more complex issues related to combustion in such
flowfields without achieving this level of confidence first.

C. Validation of LES Combustion Processes
for Gas-Turbine Applications

In the preceding sections we established the groundwork for
simulating wall-bounded turbulent flow, nonreacting particle-laden
flow, and recirulating swirl flow with characteristics relevant to gas-
turbine combustors. We highlighted a systematic approach for val-
idating the accuracy of LES in a progressive manner, with well-
defined and carefully implemented boundary conditions. Each of
these steps is a precursor toward validation of SGS models for re-
acting flows in gas turbines. In this section, we focus on recent work
aimed at the validation of combustion models for LES in a similarly
systematic manner. In doing so, we start with examples drawn from
the International Workshop on Measurement and Computation of
Turbulent Nonpremixed Flames (TNF)! and then look toward com-
bustion modeling challenges that are central to gas-turbine applica-
tions but that have yet to be addressed systematically in the context
of rigorous LES model validation.

Dynamic stability, low-emissions, reliability, and high-per-
formance are key points associated with the design of most com-
bustors. This is especially true in gas turbines due to simultaneously
stringent requirements in all of these areas. The development of
combustion models that can predict combustion in stratified mix-
tures, local extinction, ignition, and edge flame propagation is a crit-
ical consideration. Of equal importance for liquid-fueled systems is
the development and validation of models for fuel atomization pro-
cesses, secondary breakup, and spray combustion phenomena.

The TNF Workshop! is an ongoing collaboration among experi-
mental and computational researchers. Its initial focus was on funda-
mental issues of turbulence—chemistry interaction in nonpremixed
and partially premixed flames. A framework was established to

facilitate detailed collaborative comparisons on measured and mod-
eled results for a series of well-characterized target flames that carry
through a systematic progression in the complexity of the combus-
tion chemistry and flow dynamics. Starting with the simplest cases,
experiments were designed to allow separate physical processes
and individual submodels to be isolated. For example, a series of
hydrogen jet flames with helium dilution allowed a detailed evalua-
tion of NO predictions, independent of uncertainties in the radiation
model.*® Jet flames of CO/H,/N, (Ref. 49) and CH4/N,/H, (Ref. 50)
added kinetic complexity while maintaining the simple attached jet-
flame geometry. The series of piloted CH,—air jet flames®! included
increasing degrees of localized extinction that tests the ability of
models to treat local extinction resulting from strong interactions of
turbulence and chemistry. Turbulent flames stabilized by recircula-
tion zones induced by bluff-bodies™ or swirling flows>* added fluid-
dynamic complexity that is challenging to current models. Lifted jet
flames in vitiated coflow™* serve to isolate the mixing and chemistry
dominated aspects of flame stabilization processes from the com-
plex fluid dynamics of recirculating flows. Much of this work has
involved RANS models, but there has been increasing emphasis on
LES and on experiments directed specifically at validation of LES
for combustion.

A central theme of the TNF series has been to use detailed compar-
isons of results from experiments and multiple modeling approaches
to quantify state-of-the-art modeling capabilities and identify prior-
ities for specific experimental and computational research needed to
progress further toward predictive capability. The piloted CHy—air
jet flames, which were initially measured by Barlow and Frank®' and
have since been modeled by numerous groups (see TNF website!
for references), provide an example of the progress that can be re-
alized through closely coupled experimental and computational re-
search on well-defined target flames. This series includes piloted
flames with increasing jet Reynolds number (1.34 x 10%, 2.24 x
10%, 3.36 x 10%, and 4.48 x 10* for flames C-F) and increasing
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Fig. 15 Scatter plots of measured temperature at x/d =15 in piloted CHy—air jet flames by Barlow and Frank®!; flames C, D, E, and F correspond
to progressive increases in jet Reynolds number of 1.34 x 104, 2.24 x 104, 3.36 x 104, and 4.48 x 10°.

probability of local extinction in the region above the pilot. The de-
gree of extinction is shown in Fig. 15, which includes scatter plots
of the measured temperature at x/d =15 in each flame. The cal-
culated temperature profile of an opposed-flow laminar flame with
a strain of 50 s™! is included to facilitate visual comparisons. Al-
though several modeling approaches have been successful in match-
ing the experimental velocity and scalar results for flame D, only the
RANS-based PDF models>* have so far accurately captured the
progress of extinction in flames E and F. Thus, the modeling of lo-
cal extinction and reignition represents an immediate challenge for
LES.

Initial comparisons at TNF3 in 1998 were limited to flame D
(very little extinction) and were based on multiscalar point mea-
surements and two-component laser-Doppler-anemometer (LDA)
measurements. Questions raised by those comparisons lead to ex-
perimental and computational investigations on the validity of chem-
ical mechanisms®” and radiation models®®> applied to these flames,
with particular emphasis on the prediction of NO emissions. From
the broader perspective, reliable and robust SGS models for predict-
ing emissions do not exist. The relative performance of chemical
kinetics mechanisms in predicting NO in methane flames largely
depends on the degree of partial premixing. This situation is com-
pounded by thermal radiation effects. The target flames studied un-
der TNF typically have a low radiative heat loss. There are no clear
conclusions or recommendations, however, with respect to radia-
tion models, and this remains an open issue. There is evidence to
suggest that the optically thin model is not accurate enough for the
typical flames studied. The influence of flame radiation on major
species mass fractions is not significant, but has been shown to re-
duce the predicted level of NO. The effects of turbulence-radiation
interactions and, most importantly, the effect of temperature fluc-
tuations, can have a measurable influence on the mean radiative
energy.

More recent experimental research on these piloted flames has
focused on scalar dissipation, scalar length scales, and spatial
structure.*%! Scalar dissipation data are important for a wide range
of modeling approaches, including flamelet- and CMC-based com-
bustion models for LES. Structural information, such as length
scales and flame orientation statistics, has the potential to be used
directly in the validation of LES, and some initial comparisons of

these quantities have been reported.®> Therefore, even though these
jet flames are relatively simple with regard to large-scale flow dy-
namics, they represent an important baseline for development and
validation of LES combustion models.

Local extinction is just one of several challenging phenomena that
must be addressed on the way to predictive LES capability for gas-
turbine applications. Combustors typically use swirl to generated
recirculation zones where hot combustion products serve to stabi-
lize the flame in a region that is detached from surfaces. Combustion
generally occurs in mixtures that are stratified to some degree. A
robust model will be required to capture simultaneously these phe-
nomena and more. However, the process of systematic validation is
best pursued by first isolating these separate combustion phenom-
ena and testing models against each aspect of the complete problem.
A last key area pertinent to the robust prediction of combustion is
the treatment of lifted flames. The Berkeley vitiated coflow burner
(see Ref. 54) produces a lifted flame stabilized in a vitiated coflow.
Practical burners use recirculation of combustion products to pro-
mote flame stabilization. The vitiated coflow burner was designed
to examine flame stabilization in combustion products without the
complexity of flow recirculation.

Lifted flames in vitiated coflows are receiving attention with a
particular focus on autoignition as a stabilization mechanism. The
Cabra configuration, which incorporates a large hot coflow, seems
to have lifted modes where stabilization occurs by premixed flame
propagation and autoignition modes where the flame is dominated
by convection and reaction only. Flame stabilization in a nonuni-
formly mixed flow is also challenging model problem. Most turbu-
lent burners are operated so that the flame is not in direct contact
with hardware, that is, lifted. The lifted jet flame is an appropri-
ate starting point for investigation of models that must eventually
predict the flame stabilization details of more complicated burners.
The progression of TNF Workshop target flames has already ad-
dress some of these phenomena, including flow recirculation in the
Sydney bluff-body flames (see Ref. 52) and swirling flames> and
lifted flames stabilized in a coflow of combustion products.>*

There is significant work still to be done to establish appropriate
benchmark cases for validation of models for turbulent premixed
combustion, including combustion of stratified mixtures. When
the philosophy of systematic and rigorous validation expressed
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Fig. 16 CRF swirling-flow dump-combustor designed to study ultra-
lean premixed combustion processes with emphasis on modeling and
validation using LES: a) diagram of burner, b) instantaneous (left) and
time-averaged (right) velocity fields from LES solution of baseline oper-
ating condition, and ¢) OH PLIF image that highlights flame structure
at same baseline operating condition.

throughout this paper is followed, target cases for experimental val-
idation of premixed combustion models must be developed with
specific attention to the requirements for unambiguous boundary
conditions, comprehensive and accurate measurements, and flame
conditions that do not reach far beyond the expected capability of
state-of-the-art models. As one example, experimental and compu-
tational work is currently in progress on the enclosed, atmospheric
pressure, swirling, lean premixed dump combustor shown in Fig. 16.
This burner was designed to study ultra-lean premixed combustion
processes with emphasis placed on modeling and validation us-
ing LES. The design has been optimized to provide nonambiguous
boundary conditions required for the validation of high-fidelity LES
simulations, while making optimal use of the advanced laboratory
and diagnostic capabilities developed at the Combustion Research
Facility (CRF).

Figure 16a shows a diagram of the burner, including the injector
section and two different types of exit nozzles, Fig. 16b a represen-
tative LES solution at the baseline operating condition that shows
the instantaneous (left) and time-averaged (right) velocity field
and Fig. 16¢ a representative OH planar-laser-induced-florescence
(PLIF) image that shows the instantaneous flame structure at the
same baseline operating condition. As was the case for the Refs. 42—
44 configuration shown in Fig. 4, this burner produces two flow
recirculation zones. One is located downstream of the centerbody
and the other is located at the intersection of the vertical combustor
wall and the horizontal inlet plate. At the conditions shown, flames
are seen both downstream of the centerbody and in the corner re-
circulation zone. The corresponding OH PLIF image represents the
variation in the OH mole fraction. The outer edge of the high-OH
region is irregular and reflects variations in the local velocity, which
contort the flame surface. The OH is uniform throughout much of
the flame, with locally high concentration regions forming thin fil-
aments that typically extend along the irregular interface located

between unburned reactants and combustion products. By the use
of high OH as an indicator of high temperature, the high-temperature
region is continuous over a large area downstream of the upstream
flame front. Preliminary LES calculations qualitatively produce the
same trends. Activities in the area of premixed combustion at future
TNF workshops will depend on the pace of experimental progress
and the adoption of one or more target cases by modelers.

V. Conclusions

The results presented provide a systematic approach for the
application and validation of the LES technique for gas-turbine
combustion processes. Emphasis has been placed on boundary con-
ditions and the progressive implementation toward more complex
configurations. The discussion was formulated using the funda-
mental tradeoffs and requirements for LES as the central basis.
A set of case studies were then presented using a single unified
theoretical-numerical framework. First, the groundwork for simu-
lating wall-bounded turbulent flow, nonreacting particle-laden flow,
and complex swirling, recirculating flow typically observed in gas-
turbine combustors was established. This groundwork was estab-
lished by validating the accuracy of LES in a progressive manner,
with well-defined and carefully implemented boundary conditions.
Each of the steps taken represent precursors toward validation SGS
models for reacting flows under well-defined conditions. The dis-
cussion then focused on issues related to combustion modeling. The
goal was not to cite how various models and modeling approaches
perform, but to provide a perspective on what all of the current
models have not been able to predict reliably.

It is clear from the LES calculations presented to date that a
wide variety of grid resolutions are being employed for the same
types of cases. This disparity is primarily due to limited computa-
tional resources and the long turnaround times required when one
uses denser (but preferable) grids. As research progresses, it will
become imperative that grid resolution issues be addressed in a sys-
tematic way to establish the appropriate performance metrics and
better separate numerical errors from modeling errors. The appro-
priate specification of boundary conditions is inherently coupled
to the specification of grid resolution requirements and the related
sensitivities. Ideally, future studies should address both issues si-
multaneously. Detailed analysis of the accuracy and sensitivities as-
sociated with LES SGS models, particularly those associated with
turbulence—chemistry interactions, can only occur after a high level
of confidence is established in our ability to simulate geometrically
dominated turbulent fluid dynamic processes associated with the
various target flames.

Because combustion occurs at the smallest scales, it will become
more and more important to study subgrid turbulence—chemistry
interactions with minimal ambiguities associated with both the ex-
periments and companion calculations. To achieve this goal in the
systematic manner described, itis imperative that the target flame de-
scriptions include simultaneous velocity—scalar measurements with
well-documented boundary conditions. Good progress has been
made, and it will become more and more important to establish high-
fidelity benchmarks that systematically focus on validation, bound-
ary conditions, and treatment of complex flow dynamics at realistic
conditions. In addition, research must be conducted to quantify the
combined effect of noise, spatial averaging, and angle bias in the
measurements of scalar dissipation, such that realistic uncertainty
estimates may be provided.

Effects of turbulent mixing on reaction zone structures in non-
premixed and partially premixed flames have important implications
for combustion models. In particular, a more complete understand-
ing of the response of species mass fractions to turbulent mixing is
needed to improve predictive capabilities. More detailed compar-
isons on measured and modeled results for scalar dissipation and
related quantities are also required. Comparisons need to be ex-
tended back to aspects of the turbulent velocity and scalar fields, so
that the reasons for the wide differences among predicted scalar dis-
sipation profiles may be understood. To do this well, we will need to
compare more than just scalar variance and scalar dissipation. The
systematic progression of results in flow configurations designed for
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closely coupled experimental and numerical research is essential to
the development of robust, predictive, integrated models that have
a solid basis in fundamental combustion science.
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