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Large Eddy Simulation of Reacting Flows
Applied to Bluff Body Stabilized Flames

C.Fureby* and S.-I. Moiled
Lund Institute of Technology, 5-227 00 Lund, Sweden

The objective of this paper is to present a large eddy simulation model for chemically reacting flows. The
large eddy simulation model, founded on a physical model based on modern continuum mechanics, includes a
complete treatment of the subgrid stresses and fluxes including both backscatter and diffusion. To investigate the
predictive capabilities of the large eddy simulation model, numerical simulations of a configuration corresponding
to a rig consisting of a rectilinear channel with a triangular-shaped bluff body have been performed. Both nonre-
acting and reacting flows have been examined under a variety of operating conditions. This paper focuses on the
reacting case, which is characterized as lean and premixed. The simulation results are compared to experimental
measurements of temperature, constituent mass fraction, and velocity fields in the test rig. The results indicate that
the large eddy simulation technique works well and mimics most of the significant flow features, including the typ-
ical unsteady flow structures. The results from the large eddy simulations are furthermore used to investigate the
mechanisms responsible for the typical flowfield in a bluff body stabilized flame.

Nomenclature
= pre-exponential factor
= specific body force
: cross stress tensor and flux vectors
= activation energy
: heat conduction vector, K grad 0
• constituent formation enthalpy
= identity tensor
: Stefan-Boltzmann constant
= Leonard stress tensor and flux vectors
= molar mass
: mass supply term
: universal gas constant
= Reynolds stress tensor and flux vectors
= reaction rate of reaction j
= barycentricr velocity
= mass fraction
•temperature
: radiation intensity
= conductivity, K(P, 0)
• mass diffusivity, KA(p, 9)
• density
= constituent symbol
• sum of net radiation and power generated by

specific body forces and mass diffusion
: filtered source term for radiative heat transfer in
energy equation

: absorption coefficient
= stoichiometric coefficients for reactants and
products, respectively

Introduction

D IRECT numerical simulation (DNS) of turbulent flows at high
Reynolds (Re) number, encountered in many problems of tech-

nological importance, is almost impossible since the physical and
chemical processes occur at a wide range of time and space scales.
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Consequently, the solutions to such problems must so far be based
on some form of modeling. Traditional methods such as Reynolds
average simulations (RAS) have had only limited success since the
large eddies, containing most of the energy, are strongly dependent
on the geometry of the flow considered; the small eddies are more
universal in character and serve mainly as a source for dissipation.
Following Deardorff,1 it can be argued that better understanding of
turbulent flows can be achieved if the motions of the large eddies
are simulated whereas the effect of the small eddies on the large
eddies is modeled. During the past decades, considerable progress
has been made in large eddy simulations (LES) of isochoric flows.2'3
Despite the intensive research devoted to LES of isochoric flows, it
appears that only few LESs, of anisochoric flows4"6 or of reacting
mixtures7"9 have been attempted.

During the past 25 years there has been increased interest in more
accurate descriptions of combustion in order to, e.g., help improv-
ing thermal efficiency with minimal noise and pollutant formation
in combustion applications. Simulating combustion systems has its
own particular problems because of the strong interaction between
the energy release from chemical reactions and the dynamics of
fluid motion. The energy released generates gradients in tempera-
ture, pressure, and density. These gradients influence the transport
of mass, momentum, and energy in the system. On a large scale,
these gradients generate vorticity or affect the diffusion of mass and
energy. On a small scale, they are the origin of turbulence, which
affects microscopic mixing and burning rates. A proper descrip-
tion of the strong interplay between chemistry and fluid dynam-
ics is, therefore, important when investigating chemically reacting
mixtures.

The objective of this study is to extend previous efforts6'8 in
developing a LES model for turbulent chemically reacting mix-
tures. In the present investigation we will focus on evaluating the
predictive capabilities of the LES model by collating results from
three-dimensional numerical simulations with experimental data.
Furthermore, following and extending the ideas outlined in Ref. 6,
the basic morphology of the flow will be discussed in order to ob-
tain as much relevant information as possible regarding the physical
processes involved. The main aim of the investigations presented in
this work and in Ref. 6 is to construct a firm basis for investigating
various subgrid scale (SGS) models more in detail, see Refs. 10
and 11 for further details.

Physical Model for Chemically Reacting Flows
A chemically reacting flow can be treated as a mixture assumed

to consist of N bodies that are allowed to occupy common portions
of physical space. By adopting the postulates of Truesdell12 balance
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equations for mass, momentum, rotational momentum, and energy,
including supply terms accounting for the interactions between the
constituents, can be formulated. Furthermore, to close the set of
balance equations, constitutive equations must be formulated, see
Ref. 13. Since the mixture model must be simple enough to solve
practical problems, but still general enough to mimic the physical
behavior, some simplifications must be adopted: 1) The mixture has
only one temperature. 2) The stress tensor of the mixture is sym-
metric. 3) The fluid is assumed to be linearly viscous with Fourier
heat conduction. Thus,

a,(pFA)+div(pyAJt) = divrfA+mA , A = (la)

<Wp) + div(pje) = 0 (Ib)

dt (px) + di\(px ® x) = -grad p + divS + pb (Ic)

dt(ph) + div(phx) = p + 5 - D+ divh + pa (Id)

where *fA = — pYAuA = KA grad YA are the mass diffusion vectors,
p = pRO ^(YA/MA) is the thermodynamic pressure, 5 = A trl>/+
2jjiD is the extra stress tensor, A, = A(p, 0) and /i — ^(p,6) are the
coefficients of viscosity. D = \ (L -h Lr) is the rate of strain tensor
where L = grad jir,

'h =

is the specific enthalpy, where CPA = CPA (9) the specific heats,

is the dissipation function.

Large Eddy Simulation Model
In LES it is assumed that the flow can be decomposed into two

parts. For the flow of a compressible fluid,Jhe density weighted
decomposition, given by p = p+p' and 0 = 0+0" where p0 = p0,
is normally utilized. The first part, described by {p, 0}, contains the
large-scale eddies depending on the geometry of the flow domain
in terms of the boundary conditions. The second part, described by
{p', 0"}, contains the small-scale eddies, whose effects on the large-
scale eddies are to be described by separate models. To obtain the
governing equations for the large-scale motion the balance equations
(1) are spatially filtered by the convolution,

0= / G(jc-z,A)0fe,Od3z
/D

(2)

where the kernel G = G(x—z) is the filter function and the integra-
tion is over the entire computational domain D. Applying the filter
operation to an arbitrary variable means that the amplitude of the
high wave number spatial Fourier components are reduced, thus de-
creasing the high demands for spatial resolution. The filter function
must satisfy the following criteria: Firstly, G must be normalized,
fD G(x — z) d3z = 1. Secondly, in the limit as the distance between
adjacent grid points decrease, G becomes a Dirac function; thus,

im /
•-»%
lim

A

Finally, G should be taken as an infinitely differentiable generalized
function (i.e., a distribution) of bounded support in a bounded region
on G = G(x - z) e D where D = [ty e Cn(/?3), ty has compact
support}. Hence,

3t(pYA) + div(pyAi) = div(<*A -

a,(p)+div(pi) = o

af (pi) + div(pi (g) i) = -grad p + div(S - B) + pb

dt(ph) + div(pM) = p H-S-Z> + per + div(^ -^A)

(3)

where we have introduced the density weighted SGS stresses and
fluxes defined by

B =

(4)

x")=L + C + R

bh = p(£h - xh) = p(xh- xh) + p(xh" + x"h)

+ p(h%»)=lh+ct+rh

The terms appearing in the filtered set of balance equations (4)
can be divided into four categories: 1) p,_?A, x, and h',2)R, rA, and
rh\ 3)L,/A,4,C,cA, andc^; and4)^A,mA,5, b,p, S -D,h and or.
The terms in group 1 represent the grid scale (GS) components of the
dependent variables, and their evaluation is the main goal of LES.
The terms in group 2, the Reynolds terms, represent the correlations
of SGS fluctuations and require modeling; their main effect is dissi-
pation or outscatter. The terms in group 3 are particular only to LES
and do not appear in RAS. Leslie and Quarini14 emphasize that the
major effect of the Leonard terms is redistribution among the GSs,
whereas the major effect of the cross terms is backscatter or transfer
from SGSs back to the GSs. The Leonard terms can be calculated ex-
plicitly without additional modeling, whereas the cross terms have
to be modeled. The terms in group 4 are nonlinear and can not be
evaluated without additional assumptions. Assuming that the SGS
fluctuations in the thermal conductivity, the mass diffusivities, and
in the viscosities can be neglected yields the following approximate
expressions:

= KA grad YA w KA grad YA

' = (X trD)I + 2/iZ> w (A tr/>)7 + 2/iD

/i = i

(5).

where icA = /cA(p,£),X = A,(p,0), jl =.ii(p,.0), andic = K(p,0).
The filtered dissipation function and the filtered material time deriva-
tive of pressure can be calculated according to

P = +x- gradp = a,(p) +x • gradp

+ x - grad p' + x" - grad p + x" - grad p'

(6a)

(6b)
The dissipation function (6a) and the substantial time derivative
of pressure (6b) contain additional terms that have to be prescribed
before a complete set of equations are found. For this initial study the
terms containing fluctuating components are neglected. The error
introduced by this approximation is negligible in flows with low heat
release since these terms are small in comparison with the specific
enthalpy variation of the fluid; however, in flows with significant
heat release, SGS pressure gradients can be fairly large in regions
close to, e.g., the flamefront. Recently, work has been initiated to
investigate the importance of the SGS terms in Eqs. (6) utilizing
DNS of both nonreacting and reacting mixtures with and without
heat release.

Analysis of DNS data, e.g., Ref. 15, has shown that backscatter
can occur over significant parts in the flow domain. Furthermore,
other studies16'17 have shown that the dissipation and backscatter
are two distinct processes and, therefore, should be treated sepa-
rately. The aforementioned investigations motivate us to model the
individual SGS terms separately.

The Leonard terms {L, l h j 1A} are in this study explicitly calcu-
lated since they are only functionals of the GS components of the
dependent variables. Extending the analysis of Leonard,18 using
Taylor series expansions of the GS components, it is found that the
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leading-order term in each of the Taylor series expansions of the
Leonard terms is proportional to A2 where A is the filter width.
This implies that at least third-order accurate numerical methods
are needed in order to calculate the individual terms constituting the
SGS stresses and fluxes.

The cross terms {C, ch, CA] are functionals of both the GS and the
SGS components of the dependent variables and must, consequently,
be modeled. Currently, a number of models based on phenomeno-
logical ideas or assumptions for the cross terms are available, among
these, the linear combination model19 and a model based on stochas-
tic backscatter driven by a random force20 are among the most well
known. The linear combination model is founded on the assumption
that the interactions between the GS and SGS components of the
flowfield takes place mainly between the segments of each of the
fields that are most alike. The primary interactions are, consequently,
between the smallest scales of the GS components and the largest
scales of the SGS components. To include this effect, the small-scale
component of the GS components must be defined. One interesting
approach is suggested by Bardina et al.19 who observed that repeated
filtering of a scalar valued field produces a GS field, which is still
richer in the large scales. In this study we follow Speziale et al.5 and
adopt a compressible analog to the linear combination model.

The Reynolds terms {/?, rh, rA} are only functionals of the SGS
components and must, therefore, also be modeled. The most popular
models for the_Reynolds terms are based on the assumptions: R^=
2jpqRI+2fjLRDD,rJt - Krh gradA, andrA = KrA gradYA, where/)/)
is the deviator of D; q% is the specific SGS kinetic energy related
to R\ and ju,/?, Krh, and KrA are the eddy viscosity and difrusivity
coefficients that can be related to the characteristic time and length
scales Tsgs = crll^H"1 and Asgs = c[/2A, respectively, where \\D\\
is the Frobenius norm of/), by traditional dimensional arguments.

Combining the separate contributions constituting the total SGS
stresses and fluxes we obtain the following expression for the total
SGS stress tensor and flux vectors:

B w p( x ®x - x <g> j) + f c/pA2||£>||2/ - 2cDpA2\\D\\DD

| gradfc (7)

- f A) - 2cApA2\\D\\ grad YA

where c/ — cLjc\, CD = CL/CT\ CH = <X(CL/CT) and, finally, CA —
P(ci/cT) are dimensionless constants that have to be separately
evaluated.

What remains to be specified is a relation between the filter width
A and the local geometry on the grid. For a nonuniform grid, it
is not obvious how to determine the resolved length scale. Several
measures have, however, been proposed, e.g., Ref. 1. In this study
we have used a box filter and assumed that A = v^CA*,-)2) in
which A*,- is the local grid spacing in the /th direction.

Global Combustion Modeling
To obtain expressions for the mass supply terms mA appearing in

thebalance equations (Id) accounting for production and destruction
of each constituent due to each chemical reaction step, we consider a
reaction mechanism involving N constituents and M reaction steps
of the form

A €
(8)

where &/ are the rate constants for the reaction step j, normally
expressed in Arrhenius form, i.e., kj = Aj exp(—£///?#). For con-
stituent A the contributions of all reactions may be expressed com-
pactly according to

where the SAJ are the stoichiometric coefficients, if reaction step j
is a fundamental reaction step, else they are empirically determined

numbers. Since the mass supply terms mA are nonlinear functions
of temperature, density, and mass fractions, the determination of the
filtered mass supply terms m A , or more precisely the filtered reaction
rates Wj, results in complex expressions involving terms account-
ing for the alteration of the reaction rates as given by the product
of GS and SGS components of temperature, density, and mass frac-
tions. Subsequently/the local rate of reaction can be significantly
influenced by SGS phenomena.

Chemical reactions are assumed to take place when reactants
are mixed on a molecular level having sufficiently high tempera-
ture for the reaction to start. Experiments21-22 suggest that the pro-
cesses occurring at the SGS level are important for molecular mixing
and energy dissipation. These processes are also found to be inter-
mittent or concentrated in isolated regions denoted fine structures.
The intermittency can, according to Ref. 23, be quantified in terms
of the volume fraction y of the fine structures. From the energy
cascade process, the characteristic velocity and length scales are
found to be w* = (^r2)1/4(^)1/4 and r = (125£2)1/4(v3/£)1/4»
respectively. Consequently, the expression for the volume frac-
tion is x = X*Asgs = (125^2)1/4X-1y3/4e-1/4. The dissipation of
specific kinetic energy can _approximatively be evaluated from
g = (A:3/2)A~1, where k — \(x2) + qs is the total specific kinetic
energy. The dimensionless constant § is associated with the energy
transfer mechanism in the cascade process and can be evaluated by
demanding that the SGS dissipation rate esgs and the dissipation at
the first level in the cascade process s' are equal; hence, | =0.09.
Within the^ fine structures it is implicitly assumed that the reactants
are mixed at a molecular scale and create the reaction space for
nonuniformly distributed reactants.

The filtered mass supply terms can, thus, formally be approxi-
mated as a reciprocal sum of two time scales related to mass transfer
and chemical reactions, respectively. Hence,

= MAVA(vp
Aj^ (10)

where u)™338 is the net mass transfer rate for reaction /between the
fine structures and their surroundings, and wfem is the chemical
reaction rate for reaction j based on the Arrhenius rate expressions.
Geometrical considerations yield that the mass flow per unit mass
and time between the fine structures and the surrounding fluid can
be expressed as m = (w* A*)y = M* Asgs = (Af -2)i/4(eu)i/4 -p^
resulting mass transfer rate for reaction j can, consequently be ex-
pressed by

(11)

where rM is a characteristic time scale for SGS mixing related to
the volume fraction y and the mass flow rh according to rM =
(l-y)/m.

In this investigation we will focus on premixed combustion of hy-
drocarbon fuels. The oxidation of any hydrocarbon fuel CnH(2n+2)
consists primarily of the sequential fragmentation of the initial fuel
molecule into intermediate constituents, which are ultimately con-
verted into products usually dominated by H2O and CO2. Extending
the description utilized in Ref. 8, the four-step global reaction mech-
anism of Hautmann et al.24 is adopted here

> (n/2)C2H4 + (2n + 1)H2

C2H4 + O2 -> 2CO + 2H2

H2 + ±02 -> H20

(12a)

(12b)

(12c)

(12d)

where ethene (C2H4), in principle, represents the presence of all
hydrocarbon intermediates that are formed during the oxidation
process.
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Additional Submodels
To describe processes such as thermal radiation and emission

formation, additional submodels are needed. In this section we will
present a novel approach for including thermal radiation and NO
formation in the LES model earlier described. Both thermal radi-
ation and NO formation are processes which are sensitive to local
temperature variations and, therefore, the models adopted may be
oversimplified; this aspect will be addressed in greater detail in a
forthcoming study.

The interaction of radiation passing through a medium can be
described by its absorption, scattering, and transmission. Absorption
and scattering processes will reduce the intensity of a flux in a
certain direction, whereas the volume element under consideration
is emitting new radiation due to its composition and temperature.
An energy balance for a finite control volume leads to the radiative
transfer equation, which under the assumptions of grey gas and
nonscattering medium is

-,/
i/ fi =

- 4aak94 (13)

In addition to the global combustion model describing the pri-
mary oxidation of the hydrocarbon fuel, a separate model for the
additional NO formation has been adopted. Assuming fuel lean
conditions, the NO emission is believed to come from two main
sources.25"27 The first is described by the extended Zeldovich mech-
anism, and the second by the N2O mechanism.28 The calculation of
NO mass fraction requires knowledge of the mass fractions of O, H,
and OH. In a previous investigation Rokke et al.29 used the steady-
state approximation for O and assumed partial equilibria for the
shuffle steps OH + H2 «> H2O + H and H + O2 <* OH + O.
Accordingly, we assume,

(14)

where the pre-exponential coefficients and the activation energies
for the Zeldovich and N2O mechanisms are: A\ = 4.2 x 109, E\ =
319.6 x 103, A2 = 3.17 x 103, and E2 = 218.3 x 103, respectively.

Methods for Discretizing the Governing Equations
The governing equations are discretized on a staggered mesh by

a finite volume technique. In the LES model presented, the SGS
terms explicitly provided are proportional to A2 and, thus, the nu-
merical scheme adopted must be of at least third-order accuracy
to avoid implicit coupling between the SGS terms and the trunca-
tion error. For evaluating the connective fluxes, we have adopted
the monotonic third-order accurate SMART scheme of Gaskell and
Lau.30 This scheme is based on piecewise polynomic reconstruction
of the fluxes at the control volume surfaces and strictly preserves
the monotonicity of the solution by the inclusion of a flux lim-
iter on the third-order upwind-biased interpolation approximation.
For the diffusive fluxes a fourth-order accurate difference interpo-
lation approximation has been adopted. The time advance is made
with a second-order accurate Crank-Nicholson method. The dis-
cretized equations give a system in which all dependent variables
are coupled; the SIMPLER scheme31 is used to decouple velocity
and pressure. Since we use the mass flux conserving transforma-
tion, the coupling between density and momentum is only through
the source terms/The energy equation is updated after updating the
velocity and pressure.

Simulation Object and Related Initial and
Boundary Conditions

Numerical simulations of nonreacting and reacting flow have been
carried out for a configuration corresponding to a flexible modu-
lar combustor with optical access.32 On this test rig, an extensive
set of data from experimental measurements, such as CARS mea-
surements of the temperature field33 and laser Doppler yelocimetry
(LDV) measurements of the velocity field32 are available. The rig
consists of a rectilinear channel, with rectangular cross section, di-
vided into an inlet section and a combustor section equipped with
a two-dimensional triangular-shaped flame holder; see Fig. 1. The
fluid adopted in the simulations was assumed to be composed of

h=0.120m

Fig. 1 Validation rig: outline, coordinate system, and overall dimen-
sions.

79% N2 and 21% of O2, at atmospheric pressure. For the nonreact-
ing case the inlet temperature was 298 K, whereas for the reacting
case the inlet temperature was 600 K. In the reacting case the air was
premixed with propane giving a range of equivalence ratios between
0 = 0.50 and 0 = 0.90. The mass flow rate into the combustor was
allowed to vary in the range of 0.6-1.1 kg/s resulting in a Reynolds
number (based on the inlet velocity on the centerline and the height
of the bluff body) varying between 47,500 and 87,100 in the non-
reacting case and between 24,200 and 44,300 in the reacting case.

All numerical simulations started from rest, and the unsteady flow
characteristics evolved naturally. At the inlet boundary, Dirichlet
conditions for the velocity, pressure, mass fractions, and enthalpy
were utilized. The velocity profiles at the inlet were obtained
from experimental LDV measurements32 revealing an almost plug-
shaped profile, whereas the pressure, mass fractions, and enthalpy
were given uniform values across the inlet boundary. At the outflow
boundary, we have followed the recommendations of Gustafsson
and Sundstrom34 and applied boundary conditions for all but one
dependent variable. Boundary conditions for the velocity compo-
nents, enthalpy, and the mass fractions are thus specified as zero
Neumann conditions. For the wall boundary conditions, we fol-
lowed the recommendation of Piomelli et al.,35 whereas all remain-
ing scalar quantities are subjected to zero Neumann conditions.

The computational grid adopted was concentrated around the
bluff body, and near the channel walls, and geometrically stretched
in other regions. The number of control volumes were 400 x 60 x
60, and grid refinement showed that the spatial resolution was ad-
equate; using more control volumes showed improvement, but the
difference was insignificant.

Results and Comparisons
In this section we will present results from numerical simulation

in a combustion case characterized by Re = 24,200, Ma = 0.11,
and 0 = 0.60. For comparison with corresponding nonreacting flow
in the same test rig we refer to Fureby.6 Experimentally mea-
sured velocity components, temperature field, rms-velocity fluctu-
ations, rms-temperature fluctuations, and mass fractions of GO and
NO are available at three cross-sections: z = 0.348, z = 0.460, and
z = 0.686, as well as at the centerline y = 0.060; see Fig. 1. All
measurements are made in the plane x = 0.120; see Refs. 32 and 33
for details.

To investigate the influence of the SGS models adopted, two sim-
ulations were performed: one relying on explicit SGS models for
describing the effects of the unresolved thermo-chemical motion on
the resolved motion and one without explicit SGS models, implying
that the truncation error of the numerical method acts as a builtin
SGS model. Monotone algorithms are designed to limit errors in
the smallest resolved spatial scales in a physically meaningful way
using whatever information possible. Woodward and Colella36 and
Colella and Woodward,37 for example, indicate that monotone meth-
ods can actually be viewed as LES models with an intrinsic SGS
algorithm in regions where the viscous effects cannot be resolved.
In that case, this builtin SGS algorithm arises naturally from the
nonlinear monotonicity preserving the flux limiting feature.

To illustrate the different behavior of nonreacting and reacting
flows, instantaneous velocity fields are shown in Fig. 2. From the
results of the simulations, we find that a short time interval, 0.10 s
in the nonreacting case and 0.14 s in the reacting case, is required
for the initial conditions to develop into a physically realistic flow.
During this period there is relatively little broadening of the wake,
and the vorticity seems to concentrate. Unsteady behavior is due to
vortex shedding, with vortices alternatively shedding from the upper
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vrms/wO wrms/wO

Fig. 2 Instantaneous pictures of velocity vector fields over and behind
the bluff body at the centerplane x = 0.120: a) nonreacting case, Re =
64,000, and b) reacting case, Re = 24,200.

,w/wO v/wO

c) 0 0.05 0.1
y(m)

Fig. 3 Velocity profiles in three cross sections downstream of the bluff
body, where + represents LDV measurements,— represents LES with
SGS models, and - - - represents LES without SGS models: a) stream-
wise, z = 0.348, b) streamwise, z = 0.460, c) streamwise, z = 0.686, d)
lateral, z = 0.348, e) lateral, z = 0.460, and f) lateral, z = 0.686.

and lower corners of the bluff body, forming a von Karman vortex
street downstream of the bluff body. In the nonreacting case, Fig. 2a,
the vortex street is regular and declines gradually downstream. In
the reacting case, Fig. 2b, the vortex street is significantly weaker
and is initiated a small distance downstream of the almost stationary
counter-rotating vortex pair residing in the primary wake zone.

The Strouhall number S based on the bluff body height and the
inlet velocity was in the nonreacting case experimentally found to be
S = 0.23, corresponding to a frequency of 102 Hz (Ref. 33); from
simulations,6 the Strouhall number was found to be S = 0.24. In the
reacting case, the situation is somewhat different; experimentally no
distinct Strouhall number is found, indicating that the vortex shed-
ding is strongly suppressed. From the simulations presented here
a large number of characteristic frequencies, having significantly
lower amplitudes than in the corresponding nonreacting case, are
found in the frequency range between 10 and 1500 Hz.

Figures 3-6 show ensemble-averaged quantities and correspond-
ing rms fluctuations at three cross-sections, z = 0.348, z = 0.460,
and z = 0.686, downstream of the flameholder. The ensemble av-
eraging is carried out during the simulations according to: ((/>) =
T£a$a/N and the corresponding rms fluctuations are found from
0rms = V((0 - <0»2> =. \/(0//2} where </> is a generic variable and
N is the number of realizations or time steps used in the averaging
process, typically N = 5000. The sampling is started after 0.2 s
when the flow has developed completely.

d) 0 0.05 0.1

wrms/wO

Fig. 4 Normalized rms fluctuation profiles of the velocity in three cross
sections downstream of the bluff body, where + represents LDV mea-
surements, — represents LES with SGS models, and - - - represents LES
without SGS models: a) streamwise, z = 0.348, b) streamwise, z = 0.460,
c) streamwise, z = 0.686, d) lateral, z = 0.348, e) lateral, z = 0.460, and f)
lateral, z = 0.686.

Trms(K)

y(m)

f) 0 0.05 0.1

Fig. 5 Temperature profiles and corresponding rms fluctuations in
cross sections downstream of the bluff body, where + represents CARS
measurements, o represents gas analysis based on one-step chemistry,
— represents LES with SGS models, arid - - - represents LES without
SGS models: a) temperature, z = 0.348, b) temperature, z = 0.460, c)
temperature, z = 0.686, d) rms fluctuation, z = 0.348, e) rms fluctuation,
z = 0.460, and f) rms fluctuation, z - 0.686.
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0.01
Yco xio"4 Yno

0.05 0.1 0.05 0.1
y(m)

Fig. 6 Constituent mass fraction profiles, CO and NO, in three cross
sections downstream of the bluff body, where + represents measure-
ments, — represents LES with SGS models, and - - - represents LES
without SGS models: a) Fco at z = 0.348, b) FCo at z = 0.460, c) FCo at z
= 0.686, d) FNO at z = 0.348, e) FNo at z = 0.460, and f) FNO at z = 0.686.

Figure 3 shows normalized (WQ = 36.5 m/s) stream wise and lat-
eral velocity component profiles. As can be observed, the stream wise
velocity profiles at all three cross sections (Figs. 3a-3c) correlate
well with the measured profiles, except for the peaks in the shear lay-
ers just behind the bluff body (Fig. 3a) and that the simulated wake
profile seems to be somewhat more narrow than the experimental
wake profile (Fig. 3b). By comparing the stream wise velocity pro-
files at the centerline, it is found that the LES model underpredicts
the length of the recirculation zone to a small extent (<5%) and
underpredicts the magnitude of the velocity in the immediate recir-
culation zone (<5%); see also Fig. 3a. The lateral velocity profiles
(Figs. 3d-3f) also correlate well with the measured profiles with the
exception of the cross section at z = 0.348 (Fig. 3d). As can be ob-
served, the influence of the SGS models on the ensemble-averaged
velocity profiles are almost negligible.

The normalized (WQ — 36.5 m/s) profiles of the rms fluctuation
of the lateral and stream wise velocity components, corresponding
to the yy and zz components of the turbulent Reynolds stresses are
given in Fig. 4. Both simulations behave similarly and yield simi-
lar predictions of both rms fluctuation profiles. In general, the rms
fluctuation profiles obtained from the LESs correlate well with the
experimentally obtained profiles. The only significant deviation is
in the lateral rms fluctuation at z — 0.348 (Fig. 4a) in which the
shape is predicted better by the simulation without SGS models.
In conclusion, the agreement between simulated and measured di-
agonal components of the turbulent Reynolds stress tensor is good
and the idea that the LES model is capable of accurately resolving
significant parts of the turbulent behavior is supported.

The temperature profiles (Figs. 5a-5c) and their corresponding
rms fluctuations (Figs. 5d-5f) also show reasonable agreement with
measurement data. For completeness, both CARS measured temper-
ature profiles and temperature profiles obtained from gas analysis
based on one-step chemistry32 are shown. First, we may observe the
pronounced difference between the experimental results in the two
cross sections, z = 0.348 and z — 0.460 (Figs. 5a and 5b). CARS
measurements are generally regarded as more reliable than gas anal-
ysis, especially in the temperature range 500-2300 K (Ref. 33);
therefore, the comparisons are made primarily with the CARS mea-
surements. Estimated error bounds for the CARS measurements are
±90 K (Ref. 33). We may, therefore, conclude that the simulations

give very good agreement, both with and without the SGS mod-
els. As can be observed, the influence of the SGS models on the
ensemble-averaged temperature field is almost negligible. Compar-
ison of the rms temperature fluctuations (Figs. 5d-5f) suggests that
the shape of the profiles obtained from both simulations coincide
well with the measured profiles, but the magnitudes show devia-
tions; however, they are too small to give any indications of whether
SGS models are needed or not. The maximum rms fluctuations oc-
cur in two streaks originating from the upper and lower corners of
the bluff body, implying that cold reactants mix with hot products
in these regions.

Figure 6 shows profiles of selected mass fraction fields;
Figs. 6a-6c show profiles of FCo whereas Figs. 6d-6f show profiles
of FNO- In the case of CO both simulations reproduce the measure-
ment data with reasonable accuracy; again, hardly any difference is
noticed when turning off the SGS models. The measured CO profile
at z = 0.686 (Fig. 6c) contains two measuring points (the points
close to the walls) that are not in accordance with the temperature
measurement and should, therefore, be disregarded. The magnitude
of the measured profiles and the magnitude of the profiles obtained
from the simulations are acceptable in all cross sections indicating
that the total amount of CO present at each cross section is well cap-
tured by both numerical simulations. The shape of the CO profiles is
predicted differently; turning off the SGS model widens the CO pro-
files (Fig. 6b) slightly and improves the predictions to a small extent.
In the case of NO the agreement between measured and simulated
profiles is not satisfactory. At z = 0.348 (Fig. 6d) the profiles are too
narrow, and the maximum amount of NO produced is overpredicted;
in the remaining profiles (Figs. 6e and 6f) the profiles obtained from
the simulations are again narrower than the experimentally obtained
profiles, whereas the amplitude is slightly overpredicted. The total
amount of NO present at each cross section is, however, reasonably
well captured in the simulations.
'_ Collating profiles of temperature, temperature rms fluctuations,
FCO and FNo reveals that FCO is formed in regions where large tem-
perature rms fluctuations are predominant, i.e., in two streaks, char-
acterized by strong mixing between hot products and cold reactants,
originating from the upper and lower corners of the bluff body,
respectively. Furthermore, FNO is formed in the high-temperature
zones that have modest fluctuation levels. As can be observed from
Eq. (14) the formation of FNO is strongly affected by the tempera-
ture; small temperature variations result in significant changes in the
FNo levels. The model used so far for NO formation lacks accurate
SGS treatment, but as can be observed from (Figs. 6d-6f), this does
not seem to be the cause of the discrepencies. Other causes may be
that thermal radiation is predominant or that the chemical model is
too simple.

In Fig. 7 a comparison of predicted and measured (using CARS)
probability density functions (PDFs) of the temperature field at four

1000 2000

Fig. 7 Temperature probability density functions normalized with re-
spect to their maximum values at the four positions (y, z), where mea-
sured PDFs are indicated by • • •, simulations by —, if SGS models are
turned on and by - - -, if SGS models are turned off: a) (0.080, 0.348),
b) (0.080, 0.460), c) (0.080,0.686), and d) (0.060,0.460).
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(y, z) positions, three in the shear layers (0.080, 0348), (0.080,
0.460), and (0.080, 0.686) and one at the centerline (0.060,0.460),
are presented. The simulated PDFs were obtained from a time in-
terval of 0.2 s or 5000 samplings whereas the measured PDFs were
obtained from 1000 samplings spread out over an interval of 3 min.
By comparing the peaks of the measured and simulated PDFs it can
be observed that the movement of the flame front is captured by
the LES model and thus gives rise to PDFs, which qualitatively are
similar to but narrower than the measured ones. It is further noticed
that the temperature field is slightly overpredicted in some of the
positions, indicating that the thermal energy removing mechanisms,
conduction and radiation, might not be accurately described in the
LES model.

Discussion and Interpretation of the Simulation Results
Results from the LES model described can now be used in dis-

cussing the combustion process. A similar discussion for the non-
reacting flow has been carried out in Ref. 6. As indicated in Ref. 6,
three-dimensional effects are important in the nonreacting flow situ-
ation and may perhaps be even more pronounced in the reacting case
since the rate of chemical reactions critically depends on the small-
scale three-dimensional flow. The need for a deeper understanding
of the flow to evaluate different SGS models and a general interest
in flame stabilization and bluff body flow motivates a discussion of
the morphology of the flowfield. Results from the simulation with
SGS models are used.

In Figs. 8-10 a few quantities of interest are plotted in a full height
section of 0.240 m length starting at z = = 0.330. The quantities cho-
sen to investigate the flow characteristics are the instantaneous fluc-
tuating velocity field (*' = jr— (I)), the ensemble-averaged veloc-
ity field (#), the barocliriic torque (p~l grad"px gradp), the specific
kinetic energy of the fluctuating motion (^i72), the production of
specific kinetic energy due to the fluctuating motion [-r • D where
r ==•' p(jd <g> i:')], the Frobenius norm of the rate of strain tensor
(||PIt), the dissipation of specific kinetic energy of the fluctuating
motion (S1' -D' where Sf = Xdiv x* + 2/xlX), the normalized vortex
streching (f =& •• LcD/a;2), the heat release due to chemical reac-
tions (E^^tZu), the spanwise vorticity component'"[|'(curli)i],
some of the reaction rates, the thermodynamic pressure, the instan-
taneous temperature field, the instantaneous CO mass fraction field,
and, finally, the instantaneous turbulent stresses [r= p(*' ® x')].

Topologically the structure of the flow can be characterized by
extremum points (centers) and saddle points denoted by + and

a) e)

=== = = = = = = = = = = = =

C) g)

Fig. 8 Contours: a) instantaneous velocity fluctuations, b) ensemble-
averaged velocity field, c) baroclinic torque, d) normalized vortex strech-
ing, e) kinetic energy of the fluctuating motion, f) production of the
kinetic energy of the fluctuating motion, g) rate of strain, and h) dissi-
pation of the kinetic energy of the fluctuating motion at the centerplane
(x = 0.120) in a full height section of 0.24 m length starting at z = 0.33.

a) e)

Fig. 9 Contours: a) heat release, b) spanwise vorticity component ux in
the reacting case, c) spanwise vorticity component u>x in the nonreacting
case, d) reaction rate for the oxidation reaction C3Hg + |C>2 —>• 3CO +
4H2, e)reactionrate for the reaction CO + \ O2 —> CO2,f) instantaneous
pressure, g) instantaneous temperature, and h) instantaneous CO mass
fraction field at the centerplane (x = 0.120) in a full height section of
0.24m length starting at z = 0.33.

x, respectively. The fluctuating velocity vector field of Fig. 8a
shows organized vortical motion around the centers and specifies
the saddle points. In contrast to the nonreacting case in Ref. 6,
the vortex shedding is not initiated directly after the bluff body
but at a distance further downstream. The origin of this pro-
nounced difference in behavior becomes evident when examining
the ensemble-averaged velocity field, Fig. 8b. In the wake region,
the ensemble-averaged velocity field is dominated by a pair of al-
most stationary counter-rotating vortices, primarily responsible for
flame stabilization through recirculation ofhot-combustion prod-
ucts. Fluctuations in the velocity or density fields induce instabili-
ties in this vortex pair, which ultimately leads to vortex shedding.
Further downstream, other processes, such as the baroclinic torque
(Fig. 8c) and combined diffusion and dilatation of vorticity, become
increasingly important and gradually eliminate the vortex shedding
(Fig. 8d), which shows an intermittent and complex behavior.

The kinetic energy of the fluctuating motion (Fig. 8e) has lower
values at the front than at the back of the large-scale structures; thus,
the unburnt fuel-air mixture is engulfed into the wake region pri-
marily downstream of the structures. Further, lower contour levels
at the front of the structures extend slightly toward the wake cen-
terline implying that some fluid can be entrained from the opposite
side of the wake. Furthermore, this suggests that the vortex street
is not a continuous sheet but perforated. Contours of production of
kinetic energy due to the fluctuating motion (Fig. 8f) and the rate of
strain (Fig. 8g) are observed to have local maxima close to the sad-
dle points. Accordingly, significant production of turbulence due to
the large-scale motion occurs in the saddle regions; a similar ob-
servation was made in the nonreacting case.6 Dissipation of kinetic
energy of the fluctuating motion (Fig. 8h) occurs in a somewhat
more localized fashion; peak values are predominantly localized at
the front of the large-scale structures where the kinetic energy of
the fluctuating motion is lower.

An important effect of the heat release from the chemical reactions
(Fig. 9a) on the vorticity field (Fig. 9b) is that the vorticity field now
is less structured compared with the nonreacting case6 (Fig. 9c) and
that multiple local extrema in the vorticity field have developed. An-
other effect of the heat release on the vorticity field is to decrease the
magnitude of the vorticity field at the center of the vortex structures.
The first of these two effects appears to be a result of the baroclinic
torque (Fig. 8c), which also contributes in the development of a more
diffuse vorticity distribution. A more diffuse vorticity field reduces
the lateral velocity component and, accordingly, the straining of the
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a)

b)

d)

e)

Fig. 10 Contours of the instantaneous turbulent stresses: a) normal
stress component TXX, b) normal stress component Tyy, c) normal stress
component r ,̂ d) shear stress component Tjy, e) shear stress component
rXZ9 and f) shear stress component ryz at the center-plane (x - 0.120) in
a full height section of 0.24 m length starting at z = 0.33.

reaction interface and the mass entrainment, which ultimately limits
me rate of the chemical reactions. The second of these two effects
seems to be the result of thermal expansion in the vortex cores, which
is most pronounced at early times during the shedding cycle since
combustion products having low density are rapidly formed in the
vortex cores. Figures 9d and 9e show the reaction rates correspond-
ing to the sequential reactions Eqs. (12a)and(12b)andEq. (12c),re-
spectively. From these figures the individual reaction rates are found
to be intermittent and concentrated in layers with finite thickness,
separating the fuel-air mixture and the combustion products. Col-
lating the reaction rates with the heat release, it may be observed that
reactions Eqs. (12a) and (12b) are less exothermic than Eq. (12c).
Another important effect of heat release in reacting flows is gener-
ally to increase me viscosity and, thus, lower the Reynolds number.
It can be argued that this will tend to have a stabilizing effect on the
flowfield, which can be recognized if the span wise vorticity fields
of Figs. 9b and 9c are compared. The pressure field, given in Fig. 9f,
shows evidence of weak pressure waves. Such pressure waves are
found to have a frequency content of higher frequencies than found
in the corresponding frequency content of the velocity field and,
consequently, the fluid flow dynamics cannot respond to these pres-
sure fluctuations. The instantaneous temperature field, Fig. 9g, is
found to be only weakly affected by the fluctuating velocity (Fig. 8a)
and the instantaneous vorticity (Fig. 9b). Hence, the dissipation
S • D is negligible compared to the heat conduction and thermal
radiation and, therefore, the temperature field is primarily deter-
mined by the constituent composition and the enthalpy. Since the
balance equations of mass are dominated by the mass supply terms,
advective and diffusive contributions are insignificant. This can be
inferred, by inspecting the CO mass fraction field in Fig. 9h, which
is found to be intermittent and concentrated in the shear layers.

In Fig. 10 the instantaneous turbulent stresses r = p(x' <8>x') rep-
resenting transport of momentum at the centerplane (x = 0.120) are
shown. Collating the contours of the instantaneous turbulent normal
stress component rxx with the fluctuating velocity field of Fig. 8a
we note that the large-scale structures coincide with the extrema
of rxx signifying momentum entrainment in the spanwise direction
through to the large-scale structures. The fluctuating motion gener-
ates extrema in rzz above and below each vortex, with xz positive
for one extremum and negative for the other, Fig. lOc. Similarly, the
alternating extrema in ryy of Fig. lOb correspond to extrema in xz.
Figure 1 Of shows the instantaneous turbulent shear stress component
ryz. This stress component exhibits antisymmetry about the wake
centerline; regions of z-momentum flux toward the wake centerline
are separated by smaller regions of z-momentum flux away from
the centerline. In Fig. lOf we may note the large stresses associated
with entrainment of freestream fluid into the regions between the
large-scale structures. Another interesting feature can be observed
by collating the production of turbulent kinetic energy (Fig. 8f) with
Tyz\ we then observe that the extrema in ryz lies close to the extrema

in the production and, thus, also close to the saddle points, implying
that production of kinetic energy of the fluctuating motion through
vortex stretching increases the turbulent shear stress.

Concluding Remarks
This paper focuses on investigating the predictive capabilities of a

LES model by applying it to a well-behaved and well-documented
bluff body stabilized flame configuration. Two three-dimensional
numerical simulations have been performed: one relying on explicit
SGS models for describing the effects of the unresolved motion
on the resolved motion and one without explicit SGS models, im-
plying that the truncation error of the numerical method acts as a
builtin SGS model. From Figs. 3-6 it is obvious that both simula-
tions predict the ensemble-averaged profiles within the error bounds
of the measurements. From Fig. 7 it can furthermore be observed
that the movement of the flame front is well captured by the LES
model and, thus, gives rise to temperature PDFs which qualitatively
are similar to the measured ones. Consequently, the method mimics
most of the significant flow features, including typical unsteady flow
structures.

From the results shown, it is found that the LES method is resilient
to SGS modeling; in this case, the truncation error of the monotone
algorithm succeed as an SGS model when the explicit SGS model is
switched off. Recently, an investigation10'11 has been initiated with
the prime goal of investigating the effects of different SGS models on
the resolved flowfields in greater detail. One of the most important
conclusions from our combined efforts in applying LES to various
flows, however, is that the cutoff wave number, associated with the
particular grid, must be contained within the inertial subrange if
accurate results are to be achieved. If the cutoff wave number is not
contained in the inertial subrange, the results will be progressively
dependent on the SGS model adopted and, in general, not as accurate
as when the cutoff wave number was contained therein.

In this investigation thermal radiation and NO formation are in-
cluded as separate submodels. The effects of the NO formation
model is presented in Figs. 6d-6f; the model predicts the integrated
amount of NO formed in the investigated cross sections fairly well
but not the shape of the profiles, measurements indicate wider pro-
files. The reasons for this discrepancy is not yet fully understood. By
switching off the thermal radiation model, the ensemble-averaged
temperature increases by approximately 30 K, whereas the amount
of NO increases by about 10%; in a propane flame at lean condi-
tions, only small effects from thermal radiation on the temperature
are expected.
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