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Finite Rate Chemistry Modeling for Pollutant
Emission Prediction near Lean Blow Out

G. Eggenspieler*and S. Menon!

School of Aerospace Engineering

Georgia Institute of Technology
Atlanta, Georgia 30332

Large Eddy Simulation (LES) of turbulent premixed combustion for operating condi-
tions close to Lean Blow Out (LBO) in a gas turbine engine has been performed. The
main objective of the study is to simulate and analyze the combustion processes and to
predict the sudden exponential increase in CO emission as the equivalence ratio is de-
creased below a critical value. It is found that the only process that can explain the CO
emission trend is the release of unburnt methane (UHC) occurring at the flame front when

it locally quenches.

In addition, the computed turbulent premixed combustion regime

does not fall into the domain of validity of the classical G-equation approach, and, the
G-equation technique can neither predict nor simulate quenching and re-ignition process.
On the other hand, an alternate method based on the Linear Eddy Model (LEM) is able
to simulate the combustion and turbulence interactions even in this very lean limit.

1 Introduction

Recent more stringent emission regulations have
pushed for the development of more fuel efficient and
low-NO, gas turbine systems. However, design stud-
ies of new devices will require accurate prediction
of emissions (CO, NO and UHC) as a function of
the operating conditions. Recent measurements in a
full-scale combustor (denoted DOE-HAT, hereafter)
showed that, as the equivalence ratio is decreased, the
CO emission first decreases and then, suddenly in-
creases exponentially. This phenomenon (which is also
observed in many other liquid- and gaseous-fueled gas
turbine combustors) can (in some cases) be followed
by, or related, to combustion instability during which
the flame undergoes rapid oscillations and eventual
blows out. This process is often called the lean-blow
out (LBO) and understanding and predicting this phe-
nomenon is a major research issue.

The present effort focus on the development of a gen-
eral purpose combustion model. In very lean systems,
all types of premixed combustion regimes (corrugated
flamelet, thin reaction zone and broken reaction zone)
are encountered. Many approaches have been devel-
oped in the past. In the G-equation approach, chem-
istry information reside in the laminar flame speed
and the turbulence enhances the flame propagation.
A technique, the Linear Eddy Model (LEM) demon-
strated2s here directly reproduces the subgrid turbu-
lence influence upon the chemical processes. Hence we
discuss the applicability of these two models in lean
combustion systems.
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In the present application of of interest, local flame
quenching is expected. Lean premixed flame front
have a low tolerance toward high turbulence and the
process of flame extinction due to aerodynamic stretch
can not be neglected. Combustion instabilities can also
lead to flame extinction, and must therefore, be pre-
dicted. Results will show the limitation of the widely
used G-equation approach and the advantages of the
Linear Eddy Model.

The first part of this paper will present the G-
Equation and the LEM techniques. The models used
for pollutants formation are then described in some
details. Combustion regimes are analyzed and the
limitation of the G-equation approach is highlighted.
The capability of LEM to predict flame quenching is
discussed and pollutants emission predictions are dis-
cussed.

2 Numerical Formulation

The governing equations of motion for an unsteady,
compressible, reacting, multi-species fluid are the
Navier-Stokes equations describing the conservation of
mass, momentum, total energy and N-species. In the
LES methodology, the large scale motion is fully re-
solved on the computational grid using a time- and
space-accurate scheme and only the small scales are
modeled. The separation between the large (resolved)
and the small (unresolved) scales is determined by the
grid size (A). A Favre spatial top-hat filter (which
is appropriate for the finite-volume scheme employed
here) is employed to derive the LES equations® The
filtered Navier Stokes equations, and their closure will
not be described here but information can be found
elsewhere @

American Institute of Aeronautics and Astronautics Paper 2003-4941



2.1

In the treatment of premixed combustion, numer-
ous studies®® use the G-equation approach due to its
ability to resolve the flame behavior in the corrugated
flamelet, as well as in the thin reaction zone regime,
and due to its low computation cost. In this approach,
the flame front is represented as a infinitely thin sur-
face that is convected by the flow and also propagates
normal to itself at a characteristic flame speed Sy,
St being the laminar flame speed of the premixed
mixture. This flame propagation speed contains the
effect of the entire thermo-chemical state of the fuel-
air mixture. Thus, S, is uniquely defined for a given
equivalence ratio, inlet temperature and pressure. The
governing equation for the G-equation model is:

opG 8
o T 6.’(:1

ot
Here, G is a progress variable that has no physical
meaning except that the flame is represented as a level
surface that resides between G' = 1 (premixed fuel) and
G = 0 (burnt products).
Applying the LES filtering on this equation leads to:

G-Equation
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Eqn. (@) needs to be closed. The subgrid convec-

tion term is modeled using a gradient assumption

that incorporates the effect of the curvature of the

3%1, (l/b:é - Ezé) =pDrR|VG| where % is the

flame curvature defined as k= Vn=V(-VG/|VQ)),
(n is the unit normal vector oriented in the direction
of flame propagation). The flame front propagation
term pSz[VG| is modeled as pSrp|VG| where Sr is
the flame speed propagation. Sg depends upon the
combustion regime and has to be modeled. For lami-
nar flow, Sp=S5r, and for turbulent flows SFp=Sr. In
this study, the model developed by Pocheau® is used,
S7=Sr(1+20.0(u'/SL)?)%>.

In contrast to the original “laminar” interpretation
of the G approach where the flame is considered as an
infinitely thin interface between G = 0 and G = 1,
the LES-resolved variable G' can range from 0 to 1.
Value of G between 0 and 1 represents a measure of the
flame brush thickness defined as the average location
of the instantaneous thin flames during an integration
time step. However, the heat release is included in this
formulation over a thin zone using a heat of formation
approach.

flame:®

2.2 LEM Methodology

The idea behind Linear Eddy Model (LEM) is to
separate large scale advection and subgrid processes
separately but concurrently. Scalars (energy and
species mass fraction) will be tracked by a Lagrangian

2

technique while the conservation of mass and momen-
tum is solved using the classical Eulerian approach.
To describe this technique more precisely, consider the
governing equation of a scalar v

Apy) | O(ppus) + 9
6t 6.’Ez 6.%'1

+

[—prgZ] =piy  (3)

where D, is the molecular diffusion coeflicient and
is the chemical source term. By splitting u; using LES
techniques (u;=u;+u;) a set of two equations is ob-
tained.
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Where * is the scalar value at the LEM level and
1 is the arithmetic average of all 9* contained in a
given LES cell. n;, and n,,: represent the number of
LEM cells respectively entering and leaving an LES
cell during an integration time step AT. The num-
ber of LEM contained in an LES cell being constant,
Nin+Nout=0. Nin and ng,; are determined using flux
based on the resolved velocity field (4;). Eq. H de-
scribes the resolved convection while Eq. Bl describes
the unresolved turbulent convection, the molecular dif-
fusion and the chemical reaction rate. Scalar fields are
resolved on a one dimensional line embedded in a LES
cell. Molecular diffusion and chemical reactions are
resolved at the LEM level. In this study, chemical
reaction rates are computed using a 5-species 1-step
mechanism. Subgrid turbulence convection is simu-
lated by rearranging the scalar field on the LEM line.
This rearrangement (or stirring) mimics the action of
an eddy of size [ upon the scaler field. The location of
this event is chosen from a uniform distribution, the
frequency of stirring per unit length (A) is derived from
3D scaling laws as:

54 vRe [(B/n) 1]
A oA - /™ )

C), represent the scalar turbulent diffusivity and is de-
termined as 0.067. The eddy size () is chosen from
the following PDF:

(5/3)17%/%

——5/3

0= =005

(7)

where n:N,,ZRegl/ ®. The empirical constant N, re-
duces the effective range of scale between the integral
length scale and 1 but does not change the turbulent
diffusivity (N,€[1.3;10.78]).
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2.3 ISAT and Artificial Neural Network (ANN)

Structure

Chemical reaction rates computation via direct in-
tegration of the system of Ordinary Differential Equa-
tions (ODE) has a high computation cost even when a
5 species, 1 step mechanism is considered. The cost
becomes prohibitive once a more accurate chemical
mechanism is concerned. Computational cost can be
reduced using an InSitu Adaptive Tabulation (ISAT)
method® in an efficient manner” (Speed-up of 30 were
reported™™). In the ISAT method, only the accessed
chemical composition is stored in a database. When
the same composition and temperature re-occurs, the
reaction rates and final temperature are retrieved from
the database rather than recomputed. The retrieve al-
gorithm determines the efficiency of the ISAT method.
Nevertheless, the memory cost of ISAT in LES can be
significant since the ISAT table continues to grow over
multiple flow through times and can eventually over-
flow the memory.

An ANN structure, by definition, is a structure of
several interconnected nonlinear elements, which func-
tions like biological neurons with an ability to learn
from a set of input-output parameter space it is sub-
jected to, and then, predict the output for a new
sample set with a sufficient level of accuracy™ The in-
formation in a network is stored in the form of weights
and biases (or neurons), which are computed itera-
tively in the learning phase of the network training.

The inherent ability of ANN to model highly com-
plex nonlinear processes makes it a suitable choice to
model nonlinear behaviors of temperature and species
concentrations in a chemical reaction. There are sev-
eral training and learning algorithms present in litera-
ture. In general, a perceptron learning rule is favored
for our applications, since it is generally robust in its
ability to generalize from its training vectors and learn
from initially randomly distributed connections.™

Mathematically, the output for a multi-layer percep-
tron (MLP) network can be represented as :

for i=1,..,n(8)

nL
Vi =F > whoi™ +pf
Jj=1
where Y, is the output of the ith neuron of the Lth
layer, w{; represents the weight value for the connect-
ing jth neuron of the (L-1)th layer and the ith neuron
of the Lth layer, 8F is the bias value, ny, is the total
number of neurons in the Lth layer, and F' is the trans-
fer function. Hyperbolic-tangent function is used as
the transfer function most commonly. Figure [l shows
the typical layout of a three layer neural network, that
has been used significantly in the current work.

The major advantage of an ANN structure is in
terms of the tremendous reductions in CPU times (as
opposed to direct integration methods) and disk stor-
age (as opposed to the conventional search/retrieve

3

ISAT algorithms). The choice of the correct ANN
variables and structure, however, is a critical factor
that defines the efficiency and accuracy of the result-
ing ANN.

2.4 Pollutant Models

In the present study, we are primarily interested in
predicting CO, NO, and UHC emission as a function
of equivalence ratio. Here, UHC represents the un-
burnt fuel (C Hy) that is released in the burnt product
region in the event of flame quenching. The produc-
tion of these pollutants occur due to a combined effect
of chemical kinetics and turbulent fluid dynamical pro-
cesses.

In the following sections, we discuss the closure
of the chemical source term puw,, for CO, NO, and
UHC.

2.4.1 Flamelet Library

The term flamelet library refers, in all this study,
to an offline chemical data base generated using
CHEMKIN-PREMIX program outputs. The resolved
value of a given chemical parameter 1) at the resolved
scale 1) depends upon the resolved scale mixture frac-
tion (Z) as well as the level of unmixidness of the
premixed mixture that is measured via the variance
of the mixture fraction (Z"2). These two scalars are
tracked during the computation and the chemical pa-
rameter ¢ can be determined using an assumed PDF f
(Beta PDF in this case). The PDF shape is a function
of Z and Z"2. Thus ¢= [¢(Z)f(Z,Z"?)dZ.

For perfectly premixed combustion, 7 is a constant
and Z"2 is equal to zero. For partially premixed sys-
tems, the mixture fraction approach is valid only if
all species molecular diffusion coefficients are equal
whereas these coefficients can be different if a con-
stant mixture fraction approach is used. This has no
consequences on the G-equation study. For LEM, the
5-species chemistry uses different molecular diffusion
coefficients but because the system is assumed to be
perfectly premixed, the flamelet library data can still
be used.

2.4.2 Carbon Monozide (CO)

CO is formed and/or destroyed by four major
mechanisms. All of these mechanisms have to be
properly modeled in the simulation, and therefore,
are discussed in some detail. The four mechanisms
(and the nomenclature used to identify them) are (i)
the formation of CO at the flame front (subscript
ff), (ii) the oxidation of CO in the post flame region
(subscript ox), (iii) the dissociation of COy (subscript
dis) and (iv) the formation of CO via oxidation of
unburned C' Hy (subscript oxuhc) The overall produc-
tion/destruction rate of CO can then be written as

Woo=wWco,ff+ WCO,0eTWCO,dist WCO,o0zuhc-
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Due to the presence of radicals in the flame front
(especially O), a large amount of CO will be produced
at the flame front (Yco,r7). Yco,rs is given by the
flamelet library. The formation of CO at the flame
front is treated as a jump relationship, i.e. CO pro-
duction rate at the flame front is proportional to the
rate of fuel consumption @ gyer.** Thus, the CO pro-
duction at the flame front is modeled as:

wfuel
Cref

Woo,rp = = Ycoss 9)

where uq=Sr | VG | and Cre;=1 in the G-
equation approach. In the LEM approach, wyye is
taken as the arithmetic average of the fuel consump-
tion rate of all the LEM cells contained inside an LES
cell and Cy.y is equal to the value of the mixture frac-
tion.

Typically, the front flame formation lies, in terms of
mass fraction, between 1 and 3 percent. It should be
noted that the value Ycory computed by CHEMKIN-
PREMIX corresponds to the pollutant formation of a
laminar non-stretched flame. In the flamelet assump-
tion, the flame is wrinkled by turbulent eddies but
cannot change the laminar flame structure. There-
fore, turbulence has no direct effect on the pollutant
emission from the local laminar flame.

The above assumption is not generally valid since
flame stretch can modify the local laminar flame
structure (in the thin-reaction zone regime) and this
can impact the local CO formation at the flame front.
However, at this time, this effect is neglected and only
a more detailed chemistry mechanism can predict the
exact amount of C'O produced at the flame front for
different combustion regimes.

Once CO is formed, it will be oxidized into COs.
The flamelet library provides the oxidation time scale
Tco,0z Of CO. The rate of oxidation of CO is given
as 17)00,03 = —(1/7’00701-)?00. The oxidation time
scale is based upon the product temperature at a given
equivalence ratio. To account for change in tempera-
ture due to heat loss, the C'O oxidation time scale is
corrected as follow:

1 = 1 emp(EA
TCO,ox TCO,ozx

where T is the actual LES temperature, T} is the
burnt products temperature predicted by the flamelet
library and E,4 is the activation energy chosen by
curve fitting with the flamelet library data. The
reaction rate of C'O oxidation in the post flame
region is independent of the subgrid turbulence since
CHEMKIN-PREMIX does not take into account the
influence of turbulence. This assumption will be
discussed later.

4

The equilibrium value is defined as the CO mass
fraction reached when the rate of CO consumption
by oxidation equals the rate of CO production via
CO, dissociation. The flamelet library determines the
CO mass fraction at equilibrium (Yco,eq). The rate
of formation of CO via CO, dissociation is taken as
WCO,eq= Pb(l/TCO,oz)YCO,eq where P,=0 on the reac-
tant side and P,=1 on the product side.

The earlier numerical study™® claimed that UHC
were not responsible for C'O emission. Improvement in
the computation and generation of the library shows
that the influence of UHC has to be taken into ac-
count. It will be demonstrated later in section B2 that
combustion takes place in the broken reaction zone
regime. Therefore, UHC release via flame quenching
in very lean system is expected and its re-ignition will
be a key parameter for CO emission predictions. Fur-
thermore the level of turbulence in the flow is assumed
to be high enough such that re-ignition is purely chem-
istry controlled and occurs at a rate defined in other
study@ Once ignited, the unburnt CH, is assumed
to be entirely oxidized into CO.* This assumption is
questionable and can lead to substantial errors in the
predictions.

2.4.8 Otides of Nitrogen (NO;)

Two mechanisms related to NO formation are taken
into account in the present study. The first mechanism
is the production of NO at the flame front (subscript
ff) and the second one is the production of nitric
monoxide due to the Zeldovich mechanism in the post
flame region (subscript zel).

Prompt NO is formed at the flame front and the
amount formed (Yno,sy) is given by the library. The
rate of formation of NO at the flame front is computed
as the amount of C'O formed at the flame front, thus
WNO,ftf =Wiuel/CresYNOFF

The rate of formation of NO in the post flame re-
gion is computed using the Zeldovich mechanism under
the quasi-steady assumption, i.e., the concentration of
O and N radicals are assumed equal to the O and N
equilibrium concentrations. The Zeldovich mechanism
is described in many books™ Under the quasi-steady
assumption, where O, N, N> and O mass fraction are
considered to be constant. Nevertheless, the reaction
Ny + Oy = 2NO is assumed to be out of equilibrium,
and thus, NO is formed at a constant rate and is ex-
tracted from the chemistry data base.

2.4.4 Unburnt Hydrocarbons (UHC)

If the flame front is partially quenched (mainly due
to aerodynamic stretch), pockets of unburnt methane,
or UHC, will be released in the post flame region.
UHC will oxidize at a rate governed by an Arrhenius-
law.

In order to predict UHC production at the flame
front, the Intermittent Turbulence Net Flame Stretch
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Model is implemented (INFTSY). In this study,
only UHC production via aerodynamic stretch flame
quenching is modeled.

3 The DOE-HAT Geometry

The geometry of the DOE-HAT combustor is shown
in Fig. B (a). In this combustor, the premixed mixture
enters the combustor in a swirling manner through a
circular slot. The flame is stabilized by the recircula-
tion in the base of the dump and also by the recircu-
lation created by the center body. Figure Bl (b) shows
the characteristic grid distribution. A high accuracy
interpolation scheme is used to transfer information
from/to the centerline cartesian domain to/from the
cylindrical grid (see bottom left hand side corner of
Fig. @ (b)).

The length of the combustion chamber is 0.5 m,
its radius is 0.053 m and the inlet is located between
0.0173 m and 0.0314 m from the centerline. The length
of the combustor is chosen so that the emissions predic-
tions (which is only available at 0.381 m from the dump
plane) can be computed and compared with data.

The inflow characteristics are chosen as given in
the earlier DOE-HAT experiment: the fuel is methane
(CH,) and the reactants enter the combustor with a
temperature of 700 K, a pressure of 1.378 MPa., and a
mean inflow velocity of 68.6 m/s. The flow is swirling
and the swirl number is 0.6. The Reynolds number
based on the inlet velocity and the diameter of the
center-body is 230,000. A random turbulent field is
added to the inflow mean velocity and a subgrid tur-
bulence intensity of around 7 percent is used to specify
the incoming subgrid kinetic energy. Characteristic
based inflow and outflow boundary conditions™ are
employed for all the reported simulations.

4 Combustion Dynamic

Lean combustion systems are particularly sensitive
to small perturbations in heat release that can lead to
flame extinction. The instabilities are known to grow
as the operating equivalence ratio is decreased (larger
sensitivity of the flame as Sy, decreases). Nevertheless,
the increase in heat release (as ® increases) can also
increase the instabilities. In this DOE-HAT combus-
tor, the oscillations limit cycle is always reached (i.e.,
the amplitude of the oscillations is constant in time).
The heat release ratio (Tproqucts/Treactants), the lam-
inar flame speed (Sr) and the relative r.m.s. pressure

oscillation (Prars=4/(P — P)2/P) are shown on Ta-

ble

Results show that the decrease in laminar flame
speed is the factor explaining the increase in pres-
sure oscillations as the equivalence ratio is decreased.
These instabilities can promote flame extinction.

5

¢l Se | Paws
(cm/s) | percent
0.41 2.34 6.9 2.3
0.53 2.65 19.5 1.33
Table 1 Heat release ratio, laminar flame speed

and pressure oscillations for two different ®.

5 Pollutants Emission
5.1 CO Emission

A wide variety of mechanisms have to be taken into
account to explain the trends and the value of C'O
emission in a specific combustion chamber. This study
concentrates on the following mechanisms (the follow-
ing list is, of course, non-exhaustive):

o Lack of oxidation of CO formed at the flame front.

e UHC formation via local flame quenching, oxida-
tion in CO in the post flame region and sensibility
of the prediction with regard to UHC' oxidation
rate.

e Influence of the flame speed model.

e Reduction in C'O oxidation rate due to heat losses
at the combustion chamber walls.

e Influence of the level of unmixindness in the inflow
reactant mixture.

e Influence of the turbulence on the oxidation pro-
cesses in the post flame region.

5.1.1 No UHC are considered

The entire amount of CO formed at the flame front
is oxidized before reaching the emission probe. To en-
sure the correctness of the oxidation rate computation,
the values given by the flamelet library are compared
to values obtained when the CO oxidation rate is di-
rectly computed assuming an Arrhenius law. The CO
oxidation reaction is: CO + OH < CO5 + H and the
CO oxidation rate is expressed as:

d[CO] [COe
S22 = —hi[OH]. (1+

[002]6

)(col-[col.) ()

where the reaction rate k; is given by an Arrhenius
law k;=4400.0T"Sexp(—373/T)) (units are kmol, m,
K and sec). The comparison for different equivalence
ratio is given in Table &

Values reported in Table ] are relatively close, thus
confirming the correctness of library calculations. Fur-
thermore, Eq. [ predicts an even higher CO oxida-
tion rate for ®<0.5, thus verifying the conclusion that
the CO formed at the flame front is not responsible
for the “knee” in the C'O emission curve.
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P l/TCO,om (Eq II]]) l/TCO,ox (Library)
0.41 2089 1523
0.43 2853 2215
0.45 3826 3375
0.47 5045 4571
0.49 6539 6426
0.51 8402 8912
0.53 10589 11021
Table 2 Comparison of the CO oxidation com-

puted by the library and by Eq. Il

5.1.2 Influence of the Turbulent Flame Speed Model.

The turbulent flame speed model can affect pol-
lutant emission prediction because it determines the
flame length. The longer the flame, th shorter the res-
idence time of CO formed at the flame front. The
model developed by Pocheau is used in this study.
St=S(1+ B(u'/SL)?)%®. In order to match experi-
mental data, 3 is generally taken to be 20.0. An upper
limit (¢ is set for u'/SL). A decrease in 8 and/or ¢ cor-
respond to a decrease in turbulent flame speed. Here,
we tested different values of § and ( are summarized
in Table B

Case | f ¢ Yco
1 20.0 | 16.56 | 0.97
2 10.0 | 10.00 | 3.7
3 7.0 | 10.00 | 34.1

Table 3 Constants used in the turbulent flame
speed model and the related CO emission.

CO mass fraction as a function of the distance from
the dump plane are shown on Fig. ??. As the tur-
bulent flame speed decreases, the flame length and
the flame thickness increases. This is clearly show
on Fig. ?7? by the shift of the maximum CO mass
fraction. This maximum shift farther from the dump
plane as a direct consequence of the increase in flame
length. Unfortunately, for the best of these results
(8=7.0 and ¢=10.0), the G-field (i.e. the flame) lost
its structures: convection effects are larger than flame
propagation, and the flame thickness is very large (of
the order of some centimeters). The characteristic of
premixed flamelet combustion is not valid anymore.

5.1.8 Flame Quenching and UHC

Following the conclusions of other studies,* UHC
is considered as a second source of CO. UHC is ox-
idized in the post-flame region forming C'O later in
the combustion process. The time required for UHC
oxidation shortens the total C'O residence time before
reaching the emission probe. Thus, one expects that a
certain amount of C'O present in the post-flame region
will not reach equilibrium before passing at the loca-
tion of the emission probe. The UHC oxidation rate

6

in CO is computed as:

dUHC]
dt

E
- —[UHC][OﬂAea:p( - T) (12)
Two models are considered. Table Hl shows the emis-

sion results.

Model A E YCO
High oxidation rate® | 6.25 x 1016 | 23000 | 0.97
Low oxidation rate™ | 2.4 %10'¢ | 26100 | 8.1

Table 4 Comparison of CO emission at the location
of the emission probe for different UHC oxidation
model for #=0.41. CO mass fractions are given in
ppm @ 15 percent excess O». 0.97 corresponds to
the value of CO mass fraction at equilibrium. For
$=0.41 the ratio between both oxidation rate (for
a given [UHC]) is 1.77

If the UHC oxidation rate is too fast, the CO res-
idence time in the post-flame region is large enough
to ensure complete CO oxidation while a lower UHC
oxidation rate release C'O later in the combustion pro-
cess and a certain amount of this CO will not reach
equilibrium before reaching the emission probe. This
phenomena is an explanation for the trend in the CO
emission curve.

For low equivalence ratio ($<0.5), 2 to 4 percent of
the flame is predicted to quench. Fig. H shows the
flame surface and CO and UHC mass fraction. The
CO mass fraction isolines follow U HC mass fraction
isolines, thus demonstrating that UHC is not a neg-
ligible source of CO. This is confirmed in Fig. A
large portion of CO formed via UHC' oxidation is ox-
idized early in the post-flame region (X<0.1 m in Fig.
B). But the amount of CO released later in the com-
bustion process (X>0.15 m in Fig. B is large enough
such that the entire amount of CO can not be oxidized
before reaching the location of the emission probe.

5.1.4 Heat Losses

The experimental combustion chamber walls are wa-
ter cooled, whereas, the numerical setup consider the
walls as being adiabatic. Because heat losses may re-
duce CO and UHC oxidation rates a heat loss model
is implemented. The cooling water temperature (T,)
is assumed to be 300K while the wall thickness (d,,) is
assumed to be 1 inch (2.54 cm). This is presented on
Fig.

The temperature of the boundary grid point (Tgc)
is a function of the computed LES temperature (Trgs)
and the distance from the wall to the computed LES
grid point (dY"). Tgc is given by:

_ (TLES Ty

S )(6w—dY)+Tw

Tec (13)
Results do not exhibit any change in the CO profile at

the emission probe location. The C'O oxidation rate
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is lower in the thermal boundary layer due to the de-
crease in region close to the combustion chamber walls.
At the same time the residence time increases in the
momentum boundary layer. The CO oxidation rate
decreases in the boundary layer region is balanced by
the increase in residence time.

5.1.5 Partially Premized System

Other studies of the same combustion chamber™
suggests that the C'O emission trend is due to the non-
uniformity of the incoming mixtures. If the system is
considered as being partially premixed, Z and Z'? can
not be considered as constant and zero, respectively.
In a partially premixed system, the LES filtered gov-
erning equations of Z and Z"? are®

(%Z + 6%(%2) = 0(?;

B+ 52 () =g (07,

+2pDr(VZ)’ - X (15)

Here D is the molecular diffusivity and Dt is the
subgrid turbulent diffusivity. Both D and Dt are ob-
tained assuming a unity Lewis number, thus D=v and
DT:VT.

Here, an eddy turbulent diffusivity model is em-
ployed to close the convective subgrid flux. The closure
for filtered scalar dissipation rate (X) is an important
issue. It represents the effect of subgrid turbulence on
Z which tends to reduce the variance of mixture frac-
tion (homogenize the mixture) and is modeled as x=
2D|VZ" |2¥ Because | VZ' | is an unknown quantity,
X is computed as x=2¢/k%9°Z"*. The dissipation of the
subgrid TKE € in the above expression is directly re-
lated to the subgrid kinetic energy: e = C,(k®9%)%/2/A.

The idea behind the consideration of a non-uniform
inflow mixture fraction profile is the creation of rela-
tively cold post flame region - a direct consequence of
regions of low equivalence ratio - that will be charac-
terized by a low C'O oxidation rate.

Inflow equivalence ratio profile is plotted on Fig. [
(a) and is obtained from experiments. The variation in
equivalence ratio is relatively small and agrees with the
assumption that the DOE-HAT combustor is operat-
ing under nearly perfectly premixed combustion. Fig.
[@ (b) show the time averaged mixture fraction. Tur-
bulent convection mixes the gases (reactants as well as
products) and mixture fraction gradients decrease. At
the location of the emission probe, the C'O mass frac-
tion equals its equilibrium value. Therefore, presence
of very lean reactants pockets can not explain the CO
emission trend.

7

5.1.6 Mixing Time Scale

In processes like CO or UHC' oxidation, a turbu-
lent mixing time scale (t,,;;) can be introduced and
a reaction time scale can be defined as the minimum
between the chemical and the mixing time scale. This
so-called Eddy-Break Up (EBU) model should not be
used in a LES simulation because of its lack of accu-
racy: tmizxA/u' only gives an order of magnitude of
the mixing time scale and is grid size dependent. A
very sensitive process like CO oxidation can not tol-
erate such lack of accuracy. Furthermore, due to the
length of the combustion chamber, post flame region
LES cells far from the flame are large enough so that
their resolution may not fall into the inertial range,
thus no mixing time scale can be defined using iner-
tial range scaling laws. Therefore, it will be assumed
that all pollutants formation and destruction rates are
chemistry controlled. Computation show that, when
tmiz can be defined, it is of the order of magnitude of
the chemical time scale, thus confirming that no EBU
model is required.

5.1.7 Summary

Heat losses can not be considered as a factor in-
fluencing C'O emission and a slight non-uniformity in
the inflow mixture fraction is not able to explain the
trend. Only UHC production (CO source late in the
post-flame region) appears to be responsible for the
exponential increase of the CO emission when ® is de-
creased under 0.45. This increase is proportional to
the CO and UHC oxidation rates. Therefore, accu-
rate oxidation rates are required. Furthermore, the use
of a steady state quenching model (INFTS) for a time
dependent LES simulation may only predict the order
of magnitude of UHC production when local flame
quenching occurs. The influence of subgrid turbulence
as a mixing process is neglected. This assumption is
questionable and should be revisited.

Final emission prediction for different equivalence
ratio are presented on Fig. The trend is well
reproduced but the emission for very lean mixtures
(#=0.41) is under- predicted. As stated above, greater
accuracy requires an extensive improvements in flame
quenching and oxidation rates models.

In this study, if the effect of flame quenching is sim-
ulated (i.e. UHC production), flame doe not actually
quench. This is due to the fact that G-equation model
can not model quenching and re-ignition. The main
challenge for accurate pollutants emission prediction
is the ability to predict flame quenching and UHC
formation. This problem requires a different approach
as described later.

5.2 NO Emission

NO emission is presented in Fig. NO emission
prediction is in good agreement with experiments for
low equivalence ratio but is under-predicted when &
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increases. Because post-flame mechanisms are respon-
sible of the largest portion of NO emission for $>0.5
(clearly shown in Figs. [ (a) and (b)), results suggest
that the NO formation rate in the post-flame region is
under-predicted. Other factors, like poor macroscopic
fuel unmixindness®! can increase NO formation at the
flame front and increase the overall NO emission. In
this study, the incoming mixture is assumed to be per-
fectly premixed and this parameter is not taken into
account.

6 Combustion Regimes

6.1 Combustion Regimes Diagram

The different regimes of premixed combustion de-
pends upon two key parameters: the chemical com-
position of the premixed system and the turbulence
intensity.

Numerous regimes diagrams for premixed combus-
tion have been proposed.“%“4 A very useful combus-
tion diagram for LES of turbulent premixed combus-
tion was proposed by Pitsch.*® The regime diagram
for LES of turbulent combustion is shown of Fig. [l
Six regimes are present in this graph and the methods
used to model the flame behavior are different for all
these regimes.

In the corrugated flamelet and the wrinkled flamelet
regime the flame thickness is smaller than the Kol-
mogorov scale (Ka<1). In this case, flame speed
enhancement is a result of surface increase by the tur-
bulent wrinkling. If turbulent eddies are able to pene-
trate the flame preheat zone but not into the reaction
zone (1<Ka<100), the combustion regime is called the
thin-reaction-zone regime. Flame speed enhancement
is directly linked to the turbulent transport of heat and
radicals into the preheat zone and the thickening of the
preheat zone. Flame speed models for the corrugated
flamelet regime®® and the thin reaction zone regime“>
are available. If the turbulence level is raised even
further, the Kolmogorov scale becomes smaller than
the reaction zone (Ka>100) and the smallest turbu-
lent structures have the ability to perturb the reaction
process by destroying the reaction zone structure, thus
promoting flame quenching.

The LES resolution is now considered. If the grid
size is reduced until all length scales relatives to Eq.
[ and all fluid mechanics scales are resolved, flame
propagation is said to occur in the laminar flamelet
G-Equation DNS regime and Sy = Sp. If the grid size
is decreased until the flame structure (preheat and re-
action zones) is resolved, the full DNS level is reached.

6.2 Local Combustion Regimes

The Karlovitz number is computed from instanta-
neous data at different locations inside the combustion
chamber and for different equivalence ratio. The value
has a significance only where the flame front is located,
therefore, Kar is computed, where Kar=KaxHp
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with Hg=1 if the fuel reaction rate is non-zero and
Hp=0 otherwise. Results from flame modeled via
the G-equation approach is shown on Fig. [ (a)
while Fig. (b) shows the Karlovitz number com-
puted with LEM. As expected the Karlovitz number
decreases with an increase in equivalence ratio be-
cause the richer the mixture, the smaller the flame
thickness. The Karlovitz number is higher at location
close to the dump plane and in the shear layer cre-
ated at the edges of the inflow pipe. These data are
instantaneous snapshots of the flow field but a large
number of these instantaneous data is post-processed
to ensure that [[2is an accurate description of the in-
stantaneous Karlovitz number.

For $=0.41 and ®=0.45, the larger portion of the
flame fall into the broken reaction zone. Because no
flame speed models are available for this combustion
regime, the G-equation approach is not well suited for
$<0.45. On the other hand, no such limitation ex-
ist for LEM. Furthermore, flame is expected to locally
and/or partially quench. Quenching can not be pre-
dicted by the G-equation techniques while the LEM is
able to capture the phenomena leading to extinction.
Unfortunately, the single step mechanism used to treat
the chemistry in the LEM study can only quench if
flammability limit is reached and, in general, radicals
have to be incorporated into the chemical mechanism
if quenching via aerodynamic stretch has to be pre-
dicted. Nevertheless, LEM can handle this if the if the
chemical mechanism is detailed enough.

7 LES - LEM vs. LES - G-equation

7.1

Models describing premixed combustion are gen-
erally not valid in all combustion regimes. The G
equation approach is valid in all regimes except the
broken reaction zone. This has been demonstrated
theoretically“® as well as numerically*? Furthermore,
all flame speed models fail and behave differently in
the limit of a high «'/Sy, ratio, i.e., in the range of op-
eration of the DOE-HAT combustion chamber for low
equivalence ratio (low Sp). Table H summarizes the
behavior of the ratio (Sr — Sp)/SL for large u'/Sy,.

Flame speed Model
Pope®
Pocheau”
Smith’s simulations“-

Flame Characteristics

Behavior for large u'/SL,
VA
ocu!
Tends toward 0

Table 5 Behavior of different turbulent flame
speed for high turbulence intensity

In Pocheau’s model, an upper limit on w'/Sp is
needed, such that St can not indefinitely increase.
Smith numerical study reproduced a more accurate
turbulent flame speed behavior. The time averaged
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® | Flame length (LEM) | Flame length (LES)
0.53 3.5 1.5
0.45 6.5 3.0
0.41 7.5 3.5

Table 6 Flame length for different equivalence ra-
tio and different combustion model. Flame length
are given in cm.

turbulent flame speed computed in his study tends to-
ward 0 as the frequency of quenching events increases.

The LEM methodology is valid in all combustion
regimes and does not require any models other than
the stirring frequency and eddy size PDF (models ob-
tained from 3D inertial range turbulence scaling). In
the wrinkled flame zone, no turbulent stirring event
occurs in the LEM domain, thus the reaction progress
locally at Sp. In the corrugated flamelet regime,
stochastic rearrangement of the LEM field mimics the
action of flame wrinkling by subgrid eddies. The in-
crease of flame surface is simulated by an increase in
the number of crossings between the flame surface and
the LEM line. In the thin-reaction-zone, the flame
transport in the preheat zone is enhanced by the fre-
quent occurrence of stirring events at the LEM level.
In the broken reaction zone, the action of stirring can
break the flame structure and if the chemical mecha-
nism includes the major radicals, stirring events have
the capability to quench the flame. This versatility
makes LEM a very powerful method.

Time averaged flame length for different equivalence
ratio is summarized in Table [@

There is a tremendous difference between results.
LEM flame speed is much smaller than G-equation
turbulent flame speed. As demonstrated in section
E2 the G-equation turbulent flame speed used in
this study is not well suited in the lean conditions,
and the increase in flame speed due to turbulence is
over-predicted. It is computed that the LEM resolu-
tion is not fine enough to capture all the turbulence
scales. As a consequence, the local flame speed may
be under-predicted: turbulence-enhanced combustion
is not fully resolved, or the local flame speed may be
over-predicted: the flame front fails to quench. Nev-
ertheless, one expect the LEM results to be a better
representation of the actual flame shape when com-
pared to the G-LES approach since turbulent flame
speed model is not valid in the broken reaction zone.

7.2 Computational Cost

The G-equation approach tracks only one variable
(G) in a perfectly premixed system and three (G,Z and
Z'"? in a partially premixed system. The derivation of
the G-equation reaction rate has a negligible computa-
tional cost. In the LEM methodology, the Lagrangian
tracking of species, temperature, density and energy
has a limited cost but the computation of the chem-
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ical reaction rate can be tremendous. Nevertheless
a strategy for efficient chemistry computation (Neu-
ral Network?) can greatly improve the computation
speed. In Table [[ the computational cost difference
between G-equation and LEM with direct integration
of the chemical reaction rates are reported.

Combustion Model Cost
G-Equation - No reaction 1.0
LEM (12 cells) - No reaction 1.1
LEM (12 cells) - Direct Integration | 7.0

Table 7 Relative computational cost for different
methodologies.

The cost of direct integration being prohibitive,
methods like ISAT or ANN have to be implemented.
Past studies™ have shown that ISAT can speed up the
chemistry by a factor of 30 to 50. However, in transient
simulations like LES, the ISAT table will continue to
grow even after statistically stationary state is reached
and can overwhelm the processor memory.

An alternative method based on ANN“¥ has been
developed. The Neural Network is trained on the a pri-
ori accessible composition space and then implemented
within the chemistry solver. ISAT and ANN both have
to potential ability to drastically reduce the CPU cost
of carrying out finite-rate kinetics and their implemen-
tation within the LES-LEM is an ongoing effort.

7.3 Emissions

Even though the flame length is much longer when
LEM is used, the same emission prediction where ob-
tained (for both CO and NO). This confirms that
the CO formed at the flame front has no effect upon
CO mass fraction at the location of the emission
probe. Therefore, CO prediction strongly depends
upon UHC formation and oxidation. Emission pre-
diction with LEM are shown in Figs. Bland @

8 Conclusion

The G-equation approach is shown to be a very poor
model to simulate the behavior of very lean combus-
tion system (invalid flame speed model, no quenching
and re-ignition capability). On the other hand, LEM
represents a very powerful tool to study such systems.
Use of Artificial Neural Network to compute the chem-
ical reaction rates may ensure a fast computation of
the chemistry parameters, thus making LES+LEM a
promising technique to study pollutant emission near
LBO.

Emission predictions are in good agreement with
experimental data. Nevertheless, the use of a flame
quenching model and the uncertainty in the UHC' ox-
idation rate does not allow accurate predictions. It is
shown that flame quenching and re-ignition of unburnt
reactant must be simulated. LES+LEM appears to be
a powerful technique to handle this challenge but will
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require proper kinetics model implemented as an effi-
cient scheme.
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a) Sketch of the DOE-HAT Combustor setup

b) General view of the 3D computational domain

Figure 2 Geometry and dimensions of the DOE-
HAT combustor and the computational domain.
View of the centerline cartesian grid overlapping
the cartesian grid (Bottom left hand side corner of

Fig. b)
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Figure 3 Influence of the flame speed model upon
the CO mass fraction. X is the distance from the

combustion chamber dump plane. ( — : §=20.0, ¢
= 16.56, - - : =10.0, ¢ = 10.00, -e- : 3=7.0, ( =
10.00)
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Figure 4 Instantaneous snapshot of the flame
surface, Yypc isolines ( thick contours) and Yco

isolines (thin contours).
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CO production via UHC oxidation is taken into
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sion probe is indicated by an arrow.
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Figure 6 Sketch of the geometry of the combustion
chamber walls to take into account the heat losses
related to the water cooling system. e: computed
LES grid points, o: boundary grid points.
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a) Inflow ® as a function of the normalized radius
(2=0.415) - Courtesy: UTRC
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Figure 7 Unmixindness of the inflow mixture. In-
flow profile and time averaged Z field

Increase in UHC
oxidation time
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Figure 8 Experimental and numerical CO emission
for different equivalence ratio (— Experiments, e:
LES - LEM, O: LES - G-equation with no model
for UHC, o: LES - G-equation).
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Figure 9 Experimental and numerical NO emis-
sion for different equivalence ratio(— Experiments,
e: LES - LEM as well as LES - G-equation).
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Figure 10 Instantaneous NO mass fraction field.
Large amount of NO are produced via Zeldovitch
mechanism for $=0.53 while the entire amount of
NO is produced at the flame front for $=0.41
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Figure 11 Combustion regimes for LES of turbu-
lent premixed combustion. B-typeu:m and 1‘“-type'3:|:I
flames are located as well as the LM-6000 gas tur-
bine¥ (designated by L1) and the current gas tur-
bine (designated by D1 for ¢>0.5 and by D2 for
$<0.5)

2500

2000 4

1500

Ka

1000~

500+

3500
3000;

2500;
< 2000}

1500

1000

I . LV o | . . "l‘

/R
b) LES / LEM

Figure 12 Local instantaneous Flame front
Karlovitz number for different equivalence ratio.
Data were taken at 1 cm from the dump plane in
a plane parallel to the dump plane (—: ¢=0.53, - -:
$=0.44, -e-: $=0.41).
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