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ABSTRACT

The aim of this study is to compare three different
state-of-the-art Large Eddy simulation (LES) com-
bustion models for a reactive turbulent mixing layer.
The models selected are the Flame-Wrinkling (FW)
model, a Monotone Integrated LES (MILES) model
in conjunction with global chemistry, and the Linear
Eddy Model (LEM). The models are briefly describ-
ed before results obtained from a computational in-
vestigation of a reactive turbulent mixing layer are
presented and compared with experimental data. Fi-
nally, a discussion is provided concerning the intrin-
sic natures and capabilities of these models.

INTRODUCTION

Combustion plays an important role in many engine-
ering applications, as well as in everyday life. The
complex phenomenon of combustion is the subject
of continual research efforts aiming at better under-
standing and improved fuel economy. One aspect is
the search for computational models to describe the
physics involved. Engineering models usually com-
bine Reynolds Average Numerical Simulation (RA-
NS) models of the flow, (Jones, 1993), with combus-
tion models like the Eddy Breakup (EBU), Bray-
Moss-Libby (BML), (Bray and Libby, 1994), or Pro-
bability Density Function (PDF) models, (Dopazo,
1994). The restricted information provided by RANS
about the flow and the combustion model about the
combustion physics and the interactions taking place
between the flow and the chemistry, preclude accu-
rate prediction of cycle-to-cycle variations and com-
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bustion induced instabilities associated with unstea-
dy vortex dynamics, which are crucial for active and
passive control of the flow and combustion. Alterna-
tively, Large Eddy Simulation (LES) is attractive as
it provides a compromise between accuracy and cost
and is presently considered a practical approach for
engineering applications. The key feature of LES is
that it attempts to capture the evolution of the large
scale flow at the same time as it allows for inclusion
of realistic flow and chemistry parameters. However,
the flame-brush thickness A is usually smaller than
the affordable grid size A and thus subgrid combusti-
on models for LES have to be used.

The aim of this study is to compare different LES
combustion models: a Flame-Wrinkling (FW) LES
model, (Weller et al., 1997), a Monotone Integrated
LES (MILES) model in conjunction with global che-
mistry modeling, (Grinstein and Kailasanath, 1994),
and a Linear Eddy Model (LEM), (e.g. Menon et al.,
1993). We first focus on the issue of formulating the
reactive flow problem in the framework of LES, and
then we describe the most promising LES combusti-
on models presently used. Next we explain the labo-
ratory combustor used for validation and comparison
purposes in this investigation (Pitz and Daily, 1983).
LES results from non-reactive and reactive flows are
then presented, discussed and compared with experi-
mental data. Finally, a discussion is provided that is
devoted to the performance and characteristics of the
different LES combustion models.

LES COMBUSTION MODELS

The governing equations of reactive flows are the



Navier-Stokes Equations (NSE) for balance of mass,
momentum, energy and species. Simulation of turbu-
lent reacting flows encompasses dealing with a wide
range of length and time scales. The largest scales
are related to the geometry whilst the smallest are
associated with the dissipation of turbulence through
viscosity. Chemical reactions have their own spec-
trum of scales, and a variety of interactions between
chemistry and turbulence are possible depending on
the overlap of scales. In order to handle this broad
spectrum of scales the NSE are low-pass filtered in
LES to remove the scales below A. Applying such a
filtering operation to the reactive NSE yields,

3, (PHV(PpV)=0

3, (PV)+V(pvev)=—Vp+V(S-B)+pf
3, (Ph)+V(p¥h)=p+SD+V-(h-b)}+pG
3,(PY; )+V'(§i}?i )=V-(ji=b; +W,

(M

where p is the density, v the velocity, p the pressure,
S the viscous stress tensor, f the body force, h the
mixture enthalpy, S-D the viscous work, h the heat
flux vector, o the non-mechanical energy supply, Y;
the species mass fraction, j; the species mass flux
vector and w; the reaction rate for species i. Overbars
and tildes denote filtering, and density weighted fil-
tering, respectively (cf. Sagaut, 2001). Here, f and ©
are assumed negligible. The subgrid effects need to
be included by means of models for (i) the subgrid
momentum, energy and species transport terms B, b,
and b; (ii) the filtered constitutive equations p, §,
h, Ji and p, SD; and (iii) the filtered species reac-
tion rates W;. The subgrid contributions to the con-
stitutive equations, including the diffusive transport
processes, are often neglected, e.g. S:S(_ﬁ,TLYi,V?).
Moreover, it is usually assumed that SD=S-D and
p=p . Subgrid models for B and b are not unique to
reactive flows and can hence be selected among the
wealth of subgrid models developed for non-reactive
flows (cf. Sagaut, 2001). Closure models for b; and
W, therefore constitute the pacing item for LES of
reactive flows. Two methods for the closure of these
terms can be distinguished: either they are modeled
separately, or by combined models.

The MILES Model

The MILES model (Grinstein and Kailasanath, 1994,
Fureby et al, 2000) is based on solving the unfiltered
reactive NSE for a global reaction mechanism. The
thermodynamic model uses the equation of state for
a ideal gas mixture and the standard equation of state
for the mixture enthalpy. Diffusive transport proces-
ses, i.e. viscosity, thermal conduction, molecular dif-
fusion and thermal diffusion are included using spec-
ies and temperature dependent coefficients. Molecu-
lar diffusion is described by a generalized Fickian
scheme, the mixture viscosity is modeled by Suther-
land’s law, thermal conduction is included in a simi-
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lar way as the mixture viscosity, whilst thermal dif-
fusion effects are neglected. Finite rate chemistry is
included using global two-step mechanisms, with re-
action-rates described by Arrenhius models, with co-
efficients obtained by matching with detailed reacti-
on mechanisms, (Westbrook and Dryer, 1981). The
reactive NSE are discretized using a finite volume
method, effectively filtering the reactive NSE across
the grid, (Fureby & Grinstein, 1999). Time integrati-
on is performed with the Crank Nicholson method.
Viscous and diffusive terms are treated using central
differencing. Convective terms are represented by a
Flux Corrected Transport (FCT) scheme, in which
the functional reconstruction is performed by hybrid-
izing a low-order dispersion-free flux function with a
high-order flux function using a non-linear flux lim-
iter I". The limiter T is selected as to enforce mono-
tonicity, positivity (when appropriate) and causality,
and results in implicit (or built-in) momentum and
energy subgrid closure models of generalized eddy-
viscosity and eddy-diffusivity form.

The Flame-Wrinkling Model
The FW-model (Weller et al., 1997, Fureby, 2000),
belongs to the class of thin flame models. This con-
cept is widely used due to its simplicity and the fact
that the chemical reactions are often confined to thin
wrinkled interfaces separating cold reactants and hot
products. The FW-model is based on solving the fil-
tered mass, momentum and energy equations (1,-15)
together with an equation for a reaction coordinate b,
measuring the progress of reaction. This model has
been derived using both conditional filtering and tra-
ditional low-pass filtering. Independently of method,
the transport equation for the resolved part of the re-
action coordinate b takes the same form, having the
effective reaction-diffusion imbalance V-j—-w repre-
sented by the flame-wrinkling density =, and the un-
stretched laminar flame speed S, i.e.
3, (pb)+V(p¥b)=V-j-w=—p S, EIVbl )
An exact transport equation for = can be derived that
is related to the transport equation for the subgrid
flame surface density . The generation and removal
terms in this equation needs, however, modeling —
the approach taken here uses the flame speed corre-
lation of Giilder (1990), which has proven particu-
larly good. Within this framework, a transport equa-
tion for S, is formulated in which S, is advected with
the surface averaged interface velocity, affected by
chemical and strain-rate time scales, as modeled by
asymptotic relaxation. This model requires the un-
strained flame speed S;, and the strain response
Cext, both of which may be the result of an analysis
of the reactive diffusive structure of the premixed
flame. The momentum and energy subgrid closure
models are of ordinary eddy-viscosity or diffusivity
form whilst the thermodynamics and diffusive trans-



port processes are modeled in the same way as for
MILES. The governing equations are here discretiz-
ed using second order accurate central schemes, and
the discretized equations are solved in a sequential
manner with the Courant number C0<0.2.

The Linear Eddy Model

LEM was first developed as a stand-alone model for
scalar mixing in turbulent flows, but has been shown
to be an attractive subgrid model for the reaction-dif-
fusion imbalance, (Chakravarty and Menon, 1999).
LEM is a stochastic method which treats molecular
diffusion, chemistry and turbulent convection sepa-
rately but concurrently. The turbulence kinematics is
implemented as a Monte-Carlo type method in order
to compute statistical properties of scalar fields, such
as Yjand h along a one-dimensional, arbitrarily ori-
ented, sub-domain within each LES cell, i.e.,

{a,(pyi )+, (D;9, Y, )= +w, 3)

3, (ph)=0, (k,h )+

The thermodynamics and diffusive transport proces-
ses are modeled in the same manner as for MILES.
Since turbulent convection is implemented explic-
itly, the convective terms in the species and enthalpy
equations are symbolically represented by f*" and
fi"", respectively. The terms are implemented using
stochastic rearrangement events or triplet maps (Me-
non, 1993) each of which represents the action of the
small-scale turbulence on Y; and h. This rearrange-
ment mimics the action of individual eddies on the
scalar fields, and is controlled by the characteristic
eddy size, A, and the frequency of the rearrangement.
Scaling the diffusivity of a random walk process to
the subgrid diffusivity provides sufficient constraints
for the determination of A and its distribution. The
chemistry is implemented in (3) in a straightforward
manner, as for the MILES model, using a two-step
global reaction mechanism, (Westbrook and Dryer,
1981). The LES-equations are here solved using a
second order accurate scheme with a Courant-num-
ber restriction of Co<0.2.

DESCRIPTION OF THE TEST CASE

An appropriate test case for comparison and validati-
on studies, for which experimental data is available,
is the laboratory rig of Pitz and Daily, (1983). This
combustor consists of a rectilinear premixing section
followed by a smooth contraction to one half of its
height, continued by a step expansion into the main
combustor that is followed by a section in which co-
oling water is injected, figure 1. In the experiments a
premixed propane-air flame, with an equivalence ra-
tio of $=0.57, is studied. The pressure, temperature
and velocity at the inlet are py=101 kPa, T,=293 K
and vo=13 m/s, respectively, corresponding to a step-
height Re number of Re;=22-10°. Appropriate inflow
and outflow boundary conditions (Poinsot and Lele,
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1992) are given at the inlet and outlet, respectively,
whereas reflecting, adiabatic, no-slip conditions are
prescribed at the upper and lower walls. In the span-
wise direction, periodic conditions are enforced at a
distance of 3h apart. All simulations are initialized
with quiescent conditions and the flow evolves natu-
rally. Two grids of 160x30%60 and 320%60%90 cells,
in the streamwise, spanwise and cross-stream directi-
ons, respectively, are used. Geometrical progression
is here used to improve the spatial resolution of the
shear layer and near wall regions.
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Figure 1: Schematic of the laboratory combustor.

NON-REACTING FLOW RESULTS

With the intent of providing a better understanding
of the flow in general, non-reactive flow simulations
were first carried out. Figure 2 shows a perspective
view of the vortical flow structures in terms of the
vorticity number N, =lIWI/IIDIl, where W is the rate-
of-rotation tensor and D is the rate-of-strain tensor,
at a level of Ny=1.25. In regions with N,>1 vorticity
dominates over strain, and these regions can thus be
interpreted as vortical structures.

,“/Aw

£

Figure 2: Vorticity distribution in non-reacting flow
as illustrated by an iso-surface of Ny=1.25.

A laminar, unstable shear layer leaves the step, ex-
pands at a short distance from the step and is gradu-
ally transformed into a series of roll-up eddies which
grow by the distance from the step. The interesting
features of this flow is the formation mechanism of
these eddies, how they expand as they move down-
stream, and how this situation is affected by chemi-
cal heat release. By investigating animations of e.g.
Ny we conclude that large Coherent Structures (CS)
are being formed in a quasi-orderly fashion and car-
ried through the mixing layer, whilst growing by
coalescence and engulfment. It is during this process
that irrotational fluid is ingested and enfolded into
the large CS’s. Meanwhile, internal mixing is occur-
ring by the action of small-scale turbulence and vis-
cosity, and the new fluid is digested and incorporat-



ed into the expanding CS. In addition, the spanwise
vortices that shed off the step are gradually transfor-
med into longitudinal vortices, mainly by inviscid
mechanisms, and a complex vortical pattern follows.
The CS’s impinge on the lower wall and are either
carried away downstream, and transformed into arc-
shaped vortices or become trapped in the recirculati-
on bubble. The growth of the CS’s (with the distan-
ce from the step) affects the recirculation region and
thus the rate-of-spread of the shear layer.

Figure 3 shows a typical comparison of the mean
streamwise velocity (v;) and its rms-fluctuation v,"™
between experimental data, LES with the Smagorin-
sky model (SMG) and the One Equation Eddy Vis-
cosity Model (OEEVM) (cf. Sagaut, 2001) and MI-
LES. In general, good agreement with experimental
data is found for the (v,)-profiles, although the maxi-
mum reverse velocity is somewhat underpredicted as
compared to the measurement data. From the v,""-
profiles regions of intense turbulence are found to be
confined by the shear layer and spread as the layer
widens downstream. At reattachment, the turbulence
decreases, and the rms-profiles begin to take on the
characteristics of fully developed turbulent channel
flow. The position of the peak rms-fluctuation initi-
ally coincides with the centreline, but drops towards
the lower wall with downstream distance at the same
time as the profiles broaden. The peak values of v;""
increase at first due to the formation of large coher-
ent structures, to stabilize around 22% of ug, being in
good agreement with experimental data. Grid refine-
ment gives virtually no improvement with the exep-
tion of Dbetter agreement between predicted and me-

asured v, -profiles further downstream.
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Figure 3: Statistical comparison of (v,) and v|""* for
non-reacting flow. Legend: (o) Exp. (Pitz and Daily,
1983), (—) SMG, (- —) MILES and (- -) OEEVM.

REACTING FLOW RESULTS

Some key aspects of the reacting flow are illustrated
in figure 4, which presents an experimental schlieren
image (figure 4a) and corresponding emulated schli-
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eren images from LES with the FW, LEM and MIL-
ES models (figures 4b, 4c and 4d), respectively.

Figure 4: Experimental and emulated schlieren ima-
ges from turbulent reacting shear layer. Legend: (a)
Exp., (b) FW-model, (c) LEM, and (d) MILES.

LES appears successful in capturing the shape and
development of the flame, although differences are
observed between the different subgrid models. The
incoming fluid contains premixed reactants, which
mix with hot combustion products in the shear layer,
behind the step prior to burning. As for the non-re-
acting case, CS’s are formed in the initially laminar
shear layer that shed of the step. These grow by en-
trainment, heat expansion and coalescence as they
move downstream. Due to concentration of vortici-
ty, longitudinal vortices develop together with undu-
lations of a recently shed spanwise vortex in areas of
high-strain between subsequent vortices of the same
orientation. Based on the shear-layer development it
is anticipated that exothermicity occurs mainly with-
in the CS as they entrain cold reactants and hot pro-
ducts, causing volumetric expansion. Volumetric ex-
pansion due to exothermicity, baroclinic torque and
temperature dependent viscosity effects combine to
form thicker vortical structures as compared to the
non-reacting flow, hence reducing the strain of the
flame and the mass entrainment rate. The longitudi-
nal vortices mainly wrinkle the reaction sheet, and
thus, this surface develops regions of high curvature.
As the flame is advected downstream it propagates
normal to itself at the speed S,, causing negatively
curved wrinkles to contract, and positively curved
wrinkles to expand, this also increases the possibil-
ity of pockets of reactants breaking away from the
rest of the reactants. As spanwise vortices shed off
the step and roll up, cold reactants and hot combus-
tion products become entrained and mix macrosco-
pically. Reaction is, however, initially quenched by
the high strain-rate in the shear-layer, causing a cha-



racteristic time delay that is typical of the observed
large-scale pattern of burning CS’s.

Figure 5 shows a preliminary comparison of the
axial mean velocity (v,) and its rms-fluctuation v{™
between LES using the FW, LEM and MILES mod-

els on the coarse grid and experimental data.
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Figure 5: Statistical comparison of (v;) and v;"™ for
reacting flow. Legend: (o) Exp. (Pitz and Daily,
1983), (—) FW, (~ ) MILES and (- -) LEM.

The predicted (v,)-profiles are in reasonable agree-
ment with the experimental data, with the largest
deviations in the recirculation region (x;/h<6.5%0.5).
Here, all LES underpredict the reverse velocity with
about 10%. The reason for this may be that adiabatic
no-slip wall boundary conditions are used in LES,
whilst the walls of the laboratory rig are cooled. The
cooling reduces the heat-release through large-scale
mixing, thus increasing the reverse velocity as com-
pared to an adiabatic wall. This will be further studi-
ed elsewhere. Comparison of predicted and measur-
ed v|™-profiles shows reasonable agreement, with
the best agreement for the FW-model and the least
satisfactory for the MILES model, still being within
10% of the data. Regions of intense turbulence are
bounded by the shear layer and widens with down-
stream distance. Near reattachment, the intensity de-
crease and the v|"™-profiles begin to resemble those
of fully developed turbulent channel flow

ylr‘a) x/h=2.0
1
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Figure 6. Statistical comparison of (Y co,) for react-
ing flow. Legend as in figure 5.

Figure 6 presents a comparison of the time aver-
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aged CO, mass-fraction (Yco,) between LES using
the FW, LEM and MILES models and experimental
data. The profiles are normalized by the maximum
CO, mass-fraction, which occurs at complete com-
bustion. These profiles reflect the spreading of the
shear layer and hence also the progress of reaction.
Good agreement between the LES results and the
experiments can be observed, with the largest differ-
ences occurring for the FW-model.

The growth of the shear-layer is delayed in the
reacting case as compared to the non-reacting case.
Exothermicity affects the flow development via invi-
scid volumetric expansion and baroclinic vorticity
production mechanisms, as well as through tempera-
ture dependent viscous effects (viscosity increases
by a factor of about 5 in the hot combustion products
over that of the cold reactant mixture); a major role
is played by these chemical exothermicity effects di-
rectly through thickening of the initial shear layer. In
addition, the growth-rate of the shear layer is well
reproduced by both LES models (6=0.30£0.03, with
an experimental value of 0.29). Since the reduction
in growth-rate between the non-reacting and the re-
acting cases is small, effects of the density difference
across the shear layer appear counter-balanced by
the effects of volumetric expansion.

Investigating the temporal energy spectra (from
the FW-model) suggests that the spatial resolution is
satisfactory for the cut-off wavenumber to be within
the inertial sub-range. For the reacting flow the peak
energy is, however, shifted towards smaller scales as
a direct consequence of flame-generated turbulence.
This emphasises that the resolution requirements of
LES become even more severe when chemically rea-
cting flows are considered. Conversely, the demands
on the subgrid models increase.

DISCUSSION

For reacting flow problems of practical interest, sim-
plifications of the fluid dynamics description and the
chemical reaction mechanisms are unavoidable. The
challenge is to identify optimal sets of modeling ing-
redients that will allow capturing the dominant reac-
ting flow features in practical simulations. Here, we
have compared the Flame-Wrinking (FW) LES mo-
del, a Monotone Integrated LES (MILES) model in
conjunction with global chemistry modeling, and the
Linear Eddy Model (LEM) for the case of a turbu-
lent reactive mixing layer stabilized behind a rear-
ward facing step, for which detailed data from labo-
ratory experiments are available.

The FW-model is a flamelet-type model for pre-
mixed combustion. The model is based on treating
the reaction-diffusion imbalance as a product of the
flame surface density Z=EIVBI, where Z is the flame
wrinkling density, p, and the laminar flame speed
S,. Within the framework of the FW-model, physi-
cally-based transport equation, semi-algebraic or al-



gebraic closure models has been developed for these
terms. The FW-model therefore has the possibility
of handling complex chemistry, through S, and tur-
bulence effects, through Z, separately but concur-
rently. Furthermore, the FW-model can easily be ex-
tended to non-premixed combustion.

The MILES framework provides an effective al-
ternative to conventional subgrid models when seek-
ing improved LES for inhomogeneous flows. Desir-
able features supporting MILES include: (i) tensori-
al (anisotropic) nature of the implicitly built-in sub-
grid model when based on flux limiters (e.g., FCT);
(ii) combustion and flow dynamics naturally built-in
through functional reconstruction based on physics-
based modeling in the time-dependent conservation
equations; (iii) reduced competition between subgrid
model and discretization errors (i.e. no commutation
errors); (iv) inherently simple (unified) implementa-
tion for combustion problems involving flame-re-
gions of different character.

The LEM model recognizes the need to resolve
all the scales of the problem, and use a one-dimen-
sional, arbitrary oriented, sub-domain for solving the
reaction-diffusion problem coupled to subgrid turbu-
lence transport. Hence, small scale turbulent mixing,
combustion chemistry and interactions taking place
between mixing and reaction is modeled accurately.
LEM can be applied to premixed or non-premixed
combustion without significant modifications. This
aspect differentiates LEM from PDF methods. Spli-
cing transports the full subgrid scalar structure and
thus captures gradient and counter-gradient diffusi-
on without additional modeling.

In conclusion, although the examined LES com-
bustion models are different, they produce similar
results, which generally are within the uncertainty of
the measurement data, taking into account that some
issues of the laboratory combustor are not known in
full detail. This shows the strength of LES, and that
LES, even for such a complicated problem, is not
critically dependent on the details of the subgrid mo-
del. This suggests that LES, although research is ne-
eded to improve the physics-based modeling, is suf-
ficiently mature to be used in some engineering ap-
plications, and that the LES provides more details of
the flow than RANS can provide.
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