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A new paralle] two-phase compressible 3-D flow solver has been recently developed to
study high Reynolds number reacting flows in full-scale gas turbine combustors. The past
studies established the ability of this solver to carry out accurate large-eddy simulations
(LES) using relatively coarse grid resolution. Premixed combustion in the flamelet regime
and non-reacting mixing due to spray vaporization were studied using this code. The
present study continues the development of the simulation methodology and investigates
issues related to the integration of detailed finite-rate kinetics into the LES solver. The
use of In-situ Adaptive Tabulation (ISAT) to efficiently calculate multi-species finite-
rate kinetics is demonstrated Application of global kinetics to study fuel-air mixing and
combustion in a Trapped Vortex Combustor (TVC) is also discussed. These studies,
along with the earlier development have established a LES methodology that can used to
simulate complex reacting flows in gas turbine engines.

1 Introduction

Desirable features for the next generation gas tur-
bine engines are combustion efficiency, reduced emis-
sions and stable combustion in the lean limit. To reach
these goals, current research is focusing on improving
the liquid fuel atomization process and to increase fuel-
air mixing downstream of the fuel injector. However,
the structure of complex three-dimensional, swirling
fuel-air mixing layers is very difficult to resoclve using
current experimental and numerical methods. Since
fuel atomization and fuel-air mixing are both highly
unsteady, conventional steady state methods cannot
be used to elucidate the finer details. Here, an ap-
proach using large-eddy simulation (LES) is being de-
veloped for high Reynolds number (Re) flows.

In LES modeling of the momentum transport scales
larger than the grid size are computed using a time-
and space-accurate scheme, while the effect of the
unresolved smaller scales (assumed to be mostly
isotropic) on the resolved motion is modeled using an
eddy viscosity based subgrid model. This approach
is acceptable for momentum transport since all the
energy containing scales are resolved and all the un-
resolved scales (that primarily provide for dissipation
of the energy transferred from the large scales) can be
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modeled by using an eddy dissipation subgrid model.
However, these arguments cannot be extended to re-
acting flows since, for combustion to occur, fuel and
oxidizer species must first mix at the molecular level.
Since, this process is dominated by the mixing process
in the small-scales, ad hoc eddy diffusivity concepts
cannot be used except under very specialized condi-
tions. To deal with these distinctly different modeling
requirements, a new subgrid mixing and combustion
model has been developed that allows for proper reso-
lution of the small-scale scalar mixing and combustion
effects within the framework of a conventional LES
approach.

The earlier studies! ™3 have established the ability of
the LES model in premixed combustion and in fuel-air
mixing. To reduce the computational cost, the past
calculations employed flamelet models (for premixed
combustion) or simulated fuel-air mixing without de-
tailed chemical kinetics. However, for realistic simula-
tions for the reacting flow, detailed finite-rate kinetics
must be used, especially if pollutant formation is to
be studied. As is well known, the computational ef-
fort involved when using detailed kinetics is so large
as to make LES of even a simple configuration com-
putationally infeasible. Typically, global kinetics are
employed to reduce the computational cost. However,
such kinetics are not able to deal with ignition and
extinction processes and are also unable to accurately
predict pollutant (NOx, CO and UHC) formation.

Recent development of skeletal mechanisms has af-
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forded an opportunity to address these issues. Skeletal
mechanisms are derived from the full mechanisms us-
ing sensitivity analysis and have been shown to be
reasonably accurate over a wide range of equivalence
ratio. Although typical skeletal mechanism is much
smaller than a full mechanism (e.g., 20 species instead
of 100+ species in the full mechanism), the computa-
tional cost is still exorbitant for LES application. Here,
we demonstrate that a skeletal mechanism when com-
bined with the ISAT approach is capable of achieving
an order of magnitude (or more) reduction in compu-
tational cost without sacrificing accuracy.

This paper summarizes the effort in the last six
months under the DoD High Performance Comput-
ing (HPC) Grand Challenge projects. Progress under
these projects were recently reported* ® and therefore,
are not repeated here. This paper addresses only the
effort subsequent to these earlier reports.

2 Simulation Model

The compressible LES equations are obtained by
Favre-filtering Navier-Stokes equations using a top-
hat filter (appropriate for finite-volume schemes). The
filtering process results in terms in the resolved LES
equations that require modeling. The final LES equa-
tions are avoided here for brevity since they are de-
scribed elsewhere.® In general, the subgrid terms rep-
resenting the subgrid stress tensor, the subgrid heat
flux, the subgrid viscous work, the subgrid species
mass flux, and the subgrid enthalpy flux all require
modeling.

The subgrid stresses in the LES momentum equa-
tions are modeled using an eddy viscosity, which in
turn, is modeled in terms of the LES filter width A
and the subgrid kinetic energy K?%9°.7 A transport
model equation for the subgrid kinetic energy is solved
along with the other LES equations.)»*%# The ef-
fects of subgrid turbulence on flame structure (and
propagation) in premixed combustion can be quanti-
fied in terms of the subgrid kinetic energy:? and thus,
it is advantageous to use this type of LES model for
reacting flows. Another distinct advantage of this ap-
proach is that this model does not assume equilibrium
between subgrid kinetic energy production and dissi-
pation (implicit in algebraic models) and thus, helps
. to attribute a relaxation time associated with the non-
equilibrium in the subgrid scales.

To handle the distinctly different physics of scalar
mixing and chemical reactions a new subgrid model
has been developed. Details of this model have been
reported elsewhere® 1012 and therefore, only summa-
rized here.

3 Finite-rate kinetics modeling

The structure of turbulent premixed flame has many
facets in practical combustors due to widely vary-
ing turbulence-chemistry interactions that can occur.

2
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Premixed combustion in the flamelet, the corrugated
flamelet and the distributed reaction (recently called
the thin-reaction zones) regimes can coexist within the
same device. Models used within large-eddy simula-
tion (LES) methodology to simulate practical systems
must therefore, be able to predict these space- and
time-varying flame structure and propagation charac-
teristics without requiring ad-hoc changes.

Simulations of realistic combustion systems using
large-eddy simulations (LES) have also used flamelet
models with reasonable success.=310:11.13  However,
when detailed information of the chemical species dis-
tribution is required flame-turbulence interactions at
all the relevant scales must be resolved. In order to do
this, a model is needed that can be applied in the entire
parameter space without requiring any ad hoc adjust-
ments. In this study, the linear eddy mixing (LEM)
model of Kerstein,'* which was previously demon-
strated for LES in the flamelet regime® %2324 is used
to investigate the nature of flames over a wide range
of operational parameters. The goal of this study is
to demonstrate that LEM is capable of capturing the
physics of these flames without any ad hoc fixes and
therefore, is a viable LES subgrid combustion model.

The structure and propagation characteristics of a
turbulent premixed flame depends in most part on the
relative magnitude of the chemical and turbulent time
and length scales. The ratio of the turbulence inten-
sity u' to the laminar flame speed Sy and the ratio
of the characteristic turbulent scales, e.g., the Kol-
mogorov scale 71 or the integral length scale L to the
flame thickness d; have often been used to characterize
the nature of premixed flame-turbulence interactions.
Combustion diagrams such as the one shown in Fig-
ure 1 have been used to characterize the structure of
the premixed flame.!%1® Two regimes are of particu-
lar interest here. The flamelet regime is characterized
by é; << n and thus, turbulence can only wrinkle the
flame without affecting its structure. On the other
hand, in the distributed reaction regime 7 < d; and
turbulent eddies can penetrate into the flame thereby,
modifying the flame structure.

Recent studies!”!® have suggested that even in the
distributed reaction regime the reaction zone is very
thin and of the order of the laminar flame thickness.
This result is derived from the observations that for
large Ka = (64/n)? and Reynolds number Re = u'L/v
turbulent eddies can enter the preheat zone and thus,
increase turbulent transport of heat and species away
from it. This re-distribution can thicken the preheat
zone. However, eddies do not penetrate into the reac-
tion zone since they are dissipated by increased viscous
dissipation near the flame. Using these results, the
distributed reaction regime has been re-classified as
the extended flamelet!” or the thin-reaction-zones?®
regime. The key implication is that modified versions
of flamelet models can be used in the thin-reaction-
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zones regime, as recently described by Peters.?°

We simulated the methane-air flames Bl, F1, F2
and F3 that were recently studied.!®1%2! The typi-
cal location of these flames are given in Figure 1. As
shown, Bl is in the corrugated flamelet regime while
the flames F3-F1 cover the entire regime in the dis-
tributed regime. Only flames B1 and F1 are discussed
here. More details of this study is reported in a recent
paper.??

3.1 Model Formulation

The details of the LEM model have been given else-
where!%:14:23:24 3nd therefore, are only briefly sum-
marized here. LEM is a stochastic model which treats
reaction-diffusion and turbulent convection separately
but concurrently. Reaction-diffusion processes evolve
on a one-dimensional (1D) domain in which all the
characteristic length scales in the turbulent field (from
L to 7)) are fully resolved (6 cells are used to resolve
n). The orientation of the 1D domain is in the direc-
tion of the scalar gradient!* and within this domain,
the equations governing constant pressure, adiabatic
laminar flame propagation are solved. The determin-
istic simulation of the reaction-diffusion processes can
be viewed as a local direct numerical simulation. As
a result, the reaction rate terms do not require any
closure.

Turbulent stirring of the scalar field is implemented
as distinctly independent process that interrupts the
deterministic evolution of the reaction-diffusion pro-
cesses on the 1D domain. Stirring is implemented as
stochastic re-arrangement events called triplet maps,
each of which represents the action of a turbulent eddy
on the scalar fields. It has been shown!? that this
mapping can capture correctly the physical increase
in scalar gradient (without affecting the mean scalar
concentration) due to eddy motion. Three parame-
ters are needed to implement these turbulent stirring
events: the typical eddy size, the eddy location within
the 1D domain and the stirring frequency (event rate).
The method to obtain these parameters are given else-
where.14

3.2 Numerical Implementation

Methane-air flames similar to those in the experi-
ments are studied here. In order to obtain a realistic
chemical state over a wide range of operating condi-
tions, a 15-step, 19-reaction skeletal mechanism?® is
employed. This mechanism (which included NOx ki-
netics) has been shown to be quite accurate over a wide
range of equivalence ratios. It is also capable of pre-
dicting extinction and re-ignition which is particularly
relevant here since the F1 flame is considered close to
the extinction limit.!® Table 1 summarizes the chem-
ical species and reactions in this skeletal mechanism.

The numerical method is the same as in the ear-
lier study?* and therefore, only briefly summarized.
To simulate a stationary flame, a moving observation
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window is used that translates with the flame brush
to maintain approximately the same relative position
between flame center and observation window (even
though the flame propagates freely into the reactants).
All statistics are obtained relative to the flame center.
The computational domain is chosen large enough to
fully capture this flame brush (typically 6L). Earlier
studies?®2* and the present study show that statis-
tically, stationary flames can be simulated using this
approach.

A fractional operator splitting method®* 26 is used
to first evolve (via molecular diffusion and turbulent
stirring) the scalar equations (without the reaction
terms) for a small time step &t to obtain the thermo-
chemical state after mixing. Then the reaction system
is integrated over 8t to get the final scalar state. The
reaction point problem is very stiff due to a wide range
of characteristic chemical time scales and hence, the
computational cost for the time integration can be very
high. Here, the ISAT approach?® is used to efficiently
handle the finite rate kinetics.?”

In ISAT, only the accessed region of the composition
space which is a subset of the whole realizable region
(the set of all possible combinations of compositions
for a given number of species) is tabulated. This tab-
ulation is done as a part of the simulation and when the
same composition re-occurs, the table is searched and
the stored information is retrieved using fast binary
tree search algorithm. Since only the accessible region
is stored, the overall time required to build, retrieve
and store information reduces significantly. Further
details of the ISAT algorithm is given elsewhere?” and
therefore, avoided here for brevity.

To further reduce computational cost, the present
model was parallelized with message passing (needed
for the solution of the reaction-diffusion equations)
handled by MPI directives. For the chemistry point
problem no communication is needed. Each processor
builds a table for the composition that occurs inside
its domain during the computation. This localizes the
ISAT table to each processor and reduces the over-
all load (including search and retrieve time) for each
processor (as opposed to building a single table for all
the composition that occurs over the whole of the do-
main). All simulations were done on a 32 processor
CRAY-T3E system.

Computational efficiency of ISAT is significant as
reported earlier.?” The size of the table and cost de-
pend upon the error tolerance (which determined the
allowable error in each of the scalar for a given initial
state). For higher accuracy, this parameter should be
low, leading to an increase in the total simulation time
and storage. For a value of €;,; = 0.0008 a speed-up
of around 30 in the chemical update is achieved by us-
ing ISAT. This is consistent with the speedup reported
earlier.?” Table 2 summarizes the present results.
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3.3 Flame structure

Typical instantaneous images of the flame structure
in terms of the temperature and the destruction rate of
methane, Wy, for flames Bl and F1 are shown in Fig.
(2a) and (2b), respectively. For comparison, a typical
experimental snapshot of the temperature and CH in
the F1 flame is shown in Fig. (2c). We use weg,
to identify the location of the reaction zone (CH is
not available in the skeletal mechanism) since it has
been shown to correlate well location of the reaction
zone.?® The transition from the flamelet (Flame B1)
to the structure seen in the thin-reaction-zones regime
is clearly apparent in these figures. For Flame B1, the
preheat zone upstream of the flame zone is inert with
its temperature close to the free stream value. How-
ever, as Ka and Re increases, eddies penetrate into
the preheat zone and increase the temperature ahead
of the flame brush. For flame F1, the temperature
in the preheat zone increases. However, the reaction
zone still remains localized and thin in all cases with
wcH, peaking at location of steep temperature gra-
dients. There is very good qualitative agreement of
the temperature profiles with the experimental data.!®
The reaction zone thickness is estimated to be 0.16
mm, 0.21 mm and 0.27 mm for F1, F2 and F3 flames,
respectively. These values are very close to the laminar
flame thickness of 0.175 mm.'® Experimental data!®
for CH suggests a value in the range 0.2-0.5 mm for
the F3 and F1 flames.

Although the reaction zone is thin and of the or-
der of the laminar flame thickness, the preheat zone
is much large. Using the definition!® that the preheat
zone is between temperature 600 K and 1300 K, the
thickness of the preheat zone is estimated as 2.2 mm,
1.92 mm and 1.92 mm for the flames F1, F2 and F3,
respectively. In the recent experiments!® the preheat
zone thickness was estimated in the range 2-3.5 mm for
Flame F1. Presence of such thin reaction zones, with
thick preheat zone in front, is characteristic of flames
in thin-reaction-zone regime. Note that n = 0.05 mm,
0.06 mm and 0.1 mm for the F1, F2 and F3 flames, re-
spectively.!® Thus, the preheat zone thickness is much
larger than 7.

Mean and variance of the reaction progress variable,
¢c=(T-T,)/(Ty - T,) where T, and T} are respec-
tively, the reactant and product temperature have also
been computed. The transition from flamelet to thin-
reaction-zones regime combustion is best presented by
the probability density function (PDF) of ¢. Figure
(3a) and (3b) presents the PDFs at six different loca-
tions for flames B1 and F1, respectively. As expected,
in the flamelet regime (flame B1), the PDF exhibits
two peaks corresponding to unburnt and burnt gases,
respectively. In this regime probability of the reactive
states corresponding to the transition between reac-
tants and products is small.

For the F1 flame, the PDF is not bimodal since the
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interaction between flame and turbulence is not en-
tirely kinematic but also depends on the length scales.
Small eddies that enter the preheat zone broaden the
flame increasing the probability of intermediate val-
ues of progress variable. There is excellent qualitative
agreement with the progress variable PDF’s reported
in?® for flames in similar regimes.

The mean temperature profiles for the two flames
are shown in Fig. (4) as a function of X/L (note the L
is much larger for B1). A direct comparison shows that
as Ka increases the flame brush thickness increases
which results in a broadened mean temperature profile.
An increase in preheat zone thickness can be observed
as we move from flamelet to distributed regime. The
thickness of the preheat zone is of the order of the
integral length for all the F-flames. This suggests that
eddy as large as L are involved in the transport of heat
and mass from the reaction zone into the preheat zone.

4 LES of Trapped-Vortex Combustor

The TVC is a combustor design under investigation
for IHPTET applications. In this concept, the com-
bustion occurs in a vortex trapped within a cavity and
past results suggest that this can increase flame sta-
bility. Figure 5 shows schematically, the combustor
simulated in the present study.

Various studies into the application of cavity—flow
interaction have been conducted in the past. Ear-
lier3° it was noted that a cavity-locked vortex entrains
very little main-flow air and would result in a low ex-
change of mass and heat between the cavity and the
main flow. Since combustion requires a continuous
supply of reactants, fuel and air must be directly in-
jected in the cavity to sustain the burning processes.
However, direct injection (mass addition) can disrupt
the flow dynamics, possibly resulting in cavity insta-
bility. Previous attempts at numerical modeling of the
TVC 3132 noted the possibility of mixing-limited re-
actions in the TV C. For this reason, fuel/air mixing
and its effect on combustion in the TV C is investigated
in this study.

The model formulation and the various closure mod-
els are summarized in a recent paper3® and therefore,
not repeated here. In the following, we briefly high-
light some of the salient features observed in this study.

To investigate the fluid dynamic mixing properties
of the TVC, two cases (I & II) were conducted under
identical conditions except that the air flow velocity at
the inlet was changed from 20 m/s (case I) to 40 m/s
(case II). Non-reacting mixing was studied with fuel
is injected into the cavity with an equivalence ratio
far above stoichiometric (¢ = 4.4). Thus, entrainment
and mixing with the ambient air is critical in order to
achieve efficient combustion.

To increase mixing rates, higher turbulence levels
are also desired. Regions of high mean and, perhaps
more importantly, high RMS velocities will tend to
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enhance mixing rates. Therefore, we investigated the
effect of increasing in the primary air flow rate.

For visualization, the time averaged and instanta-
neous velocity vectors for cases I & II are shown in
Figs. 6(a) & 6(b), respectively. The higher annu-
lar flow rate (Fig. 6(b)) enhances the trapped-vortex
strength, allowing for increased annular/cavity flow
interaction. In the time averaged results, it is seen
that two vortices are present for case I. In addition
to a vortex rotating in the direction of the annular
flow, the second vortex rotates in the reverse direc-
tion. However, these vortices are not observed in case
I1. Rather, only a single, large vortex rotates with the
flow. The instantaneous images on the other hand
do show transient vortices in the shear layer and in
the cavity indicating a process of unsteady entrain-
ment of the primary air from the inlet. As discussed
elsewhere®® and noted below, this turbulent mixing
appears to be beneficial for fuel-air mixing.

Two reacting-flow cases (IV & V) were also used to
investigate the impact of fuel/air mixing rates under
reacting conditions. The primary equivalence ratio of
the cavity jets in both cases was again 4.4 and the
injection temperature was a slightly elevated value of
500K. As observed by Sturgess et al,3* the cavity
flow entrains relatively little annulus air and will tend
to be fuel-rich under reacting flow conditions. This
was confirmed by looking at the the mean fuel and
oxygen mass fractions®® (not shown here). For the low
speed case, near the injection ports, the RMS values
are much higher due to fluctuations in velocity and
species composition. Far from the injectors, however
(near the fore-body wall), the oxygen is almost en-
tirely consumed leaving a fuel-rich cavity region. The
remaining fuel is finally consumed outside the cavity
in either the dump shear layer or downstream of the
after-body, depending on the inlet flow velocity. For
the higher flow velocity, on the other hand, more fuel
is consumed in the cavity. This indicates that the
primary air stream is entrained more with increase
in flow velocity and the increase turbulence enhances
fine-scale mixing.

The rate at which the fuel is mixed can be viewed
by examining the species mixture fraction, Z, as a
function of inflow velocity. Shown in Figs. 7(a) and
7(b) are the instantaneous and time averaged stoichio-
metric mixture fraction surfaces, Z = Z,, for both
reacting flow cases (The stoichiometric surface, Z,
has been highlighted by a single black line, where Z,;
for methane air is approximately 0.055). As can be
seen in Fig. 7(b) (U, = 40 m/s), Z,; is almost entirely
contained inside the cavity region for both the instan-
taneous and the time averaged results. For the lower
inflow velocity, the surface extends far downstream of
the cavity zone.

Also shown in Figs. 7(a) and 7(b) are the instanta-
neous and time-averaged temperature color contours

5
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for cases IV & V . Following the same trends as Z, the
peak temperature regions are seen to shift from out-
side the cavity region for a lower annular velocity to
inside the cavity in case V. In both mean and instan-
taneous views, the cavity temperature increases with
increased flow velocity.

Comparisons with experimental data is possible for
case V. The mean and RMS temperature profiles re-
ported by Hsu et al.3° (obtained with the CARS tech-
nique) are super-imposed in Fig. 8. The combustor
conditions were nearly identical to those simulated in
case V, U, = 42 m/s, ¢ = 4.4, H/d = 0.59; however,
propane instead of methane was used as the primary
fuel. Despite this difference, the mean temperature
trends should still be comparable. A maximum instan-
taneous temperature of 2025 K was obtained inside the
cavity in case II which is slightly lower then the 2150
K reported by Hsu et al.3

For both inflow velocities, the mean temperature
near the injection ports has not been greatly effected.
However, away from the injectors, the higher inflow ve-
locity resulted in higher cavity temperatures for both
mean and instantaneous profiles. The peak tempera-
ture region for the case IV is not inside the cavity but
downstream in the after-body wake resulting in longer
thermal residence times. The longer residence times
may increase thermal NO, production. As would be
expected with the higher inflow velocity, the down-
stream temperature is lower despite higher cavity tem-
peratures. This mainly due to the higher volume flow
rate and lower overall equivalence ratio. The com-
bination of a higher fuel consumption rate and higher
velocity results in a lower thermal residence time. This
is beneficial to lower combustion pollutant formation.

5 LES of full-scale combustor flows

Earlier studies of premixed combustion in the GE
LM6000 were carried out using a flame speed model
that did not account for flame broadening effects.!
Recent studies? have extended this study to allow for
flame stretch effects. Figure 9 shows the schematic
of this combustor. For premixed combustion, highly
swirling lean premixed reactants (methane-air) en-
ter the square combustor (the shape was primarily
dictated by experimental measurement requirements)
from a circular pipe at a preheated condition of 600
K. The test conditions are typical of actual full-scale
operation: Re (based on inlet diameter) of 330000,
Swirl Number of 0.56, Karlovitz Number of 42 and
Damkohler Number of 8.

Figure (10a) shows the mean axial velocity variation
along the centerline and Fig. (10b) shows the mean
radial velocity variation at /Dy = 0.18. Note that,
hereafter, all velocity components (both mean and
turbulence intensity) and the coordinates are nondi-
mensionalized, respectively, by the maximum mean
axial velocity at the inlet (Up) and the inlet jet di-
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ameter (Dp). The dynamic Pocheau’s model when
combined with the broadened-flame model (PBD20)
predicts the mean axial velocity variation most accu-
rately in comparison with the experiment. Different
values of # do not significantly affect this agreement
and 8 = 20 shows the best agreement with the exper-
imental data. The agreement with the radial velocity
is also reasonable.

A stringent test of LES is the ability to predict the
turbulent fluctuation levels. This ability is highly de-
pendent on the accurate characterization of the inflow
turbulence (not much is known about the inflow turbu-
lence in the experiments). Figure (11a) and (11b) show
respectively, the root-mean-square (RMS) profiles of
the fluctuating axial (u,.ms) and radial (wyms) veloc-
ity components. generated in this region due to the
unsteady motion of the flame. The agreement is rea-
sonable considering the many uncertainties involved.

6 Conclusions

The results of our LES model development effort
subsequent to the progress reported earlier®® is sum-
marized in this paper. The past studies established the
ability of this solver to carry out accurate large-eddy
simulations (LES) using relatively coarse grid resolu-
tion. Premixed combustion in the flamelet limit and
non-reacting mixing due to spray vaporization were
studied using this code in full-scale combustors. The
present study has addressed in particular, the issues
related to the integration of detailed finite-rate kinet-
ics into the LES solver. The use of In-situ Adaptive
Tabulation (ISAT) to efficiently calculate multi-species
finite-rate kinetics is demonstrated in this study. It is
also demonstrated that the LEM model can be used
to simulate premixed combustion irregardless of the
nature of the flame structure (i.e., flamelet or thin-
reaction-zones) without requiring any ad hoc fixes.
This study when combined with the earlier studies
clearly suggest that subgrid combustion modeling for
LES is a viable option even when finite-rate kinetics is
to be simulated.
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Table 1 15 Step, 19 Species Mechanism

H + 0.50, = OH

Hy +0.50;, = H + OH
HO, = 0.50; + OH

0.50, + HyO3 = OH +HQO,

0.505 + 0.5C3H, = H +CO 2500 r
CH; + CO + CyHy = 0.502 + CHy + 1.5CoH, —TE®)
0.502 + 2CH3 = Hy + CH4 + CO . 000 | —— W, 60
0.50, + CH; = H + CH,0 .\B’
0.50; + CHy = OH + CH; 2
0502 + CO = CO;, E o0 |
0.509 + CoHg =CH, + CH,0 g
H + OH = H,O = 500
H +CHy + NO + HCN = 0.50; + 2CH; + N, bl
H + 0.50; + CHy +HCN = 2CH3; + NO s 1 2 3 a s
0.502 + CHy + NH3z + HCN = Hy0 + 2CH3 + Ny XL
a) Flame Bl
2500 T
m -
Table 2 ISAT Performance -
1500 |
g
€tol = BB-3 € =8E-3 DI 2 1000 |
Total CPU time 16.66 h 9.46 h 31.11 h g
Chemistry time 0.0108 s 7.3e-3s  0.2278s s
Speed up in 21 31 - .
Chemistry
Speed up in 2 3 -
simulation b) Flame F1
No. of Records 40500 16500 -
3000 r .
——== <CH> * 500
2500 |~ T &)
)
& 200 |
é 1500
: e Re>1 distributed h
w/S; ;:ealitsot:l ed 2::} reaction é 1000 } :Ill
10% Da<l &= 500 b ! l]
n=23&g i
thin reaction zones 0 . . . It .
corrugated 0 2 4 6 8 10 12
10! flamelets r (mm)
c) Flame F1 from Mansour et ai'®
uw=5
T B Uttty wrinkled ~ Fig. 2 Instantaneous temperature and wcy, for
flamelets the flames, B1, and F1 . Scale of wca, is changed
v for ease of presentation.
T T T T T
10° 10! 102 106 104 L&

Fig. 1 Diagram of turbulent premixed combustion
regimes. The location of the flames simulated in
the present study are also shown.
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&
20 1 . . .
Fig. 5 Trapped-Vortex geometry used in this nu-
10 merical study. Total length (x) = 285mm.
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— <> =09
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NN\ =

u

FTTL

b) Flame F1

Fig. 3 PDF of the progress variable ¢ at six differ-
ent locations in the Bl and F1 flames. The tran-
sition from flamelet structure to the thin-reaction-
zones flame structure is apparent in these PDFs.
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=222
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xa, b) U; = 40 m/s
Fig. 4 Mean temperature across the flame brush. Fig. 6 Non-Reacting velocity vectors for U, = a)

20 m/s, b) 40 m/s (cases I & II). Upper halves are
instantaneous, lower halves are time averaged.
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c) z = 35mm |

Fig. 8 Mean and RMS temperature profiles at
z = a) 68, b) 55, c) 85mm for U, = 40 m/s (Case
V) <T > (—), TRMS (_ _)$ Texp (.)’ TS (A)’

ex
Experimental results (..p) from Hsu et al.SJ,
b) U, = 40 m/s
Fig. 7 Reacting flow temperature field and stoi-
chiometric surface for U, = a) 20 m/s, b) 40 m/s. ‘
Upper halves are instantaneous, lower halves are End view |
\

time averaged. Temperature color contour ranges
are 300 K (blue) and 2000 K (red). Stoichiometric
mixture fraction, Z = Z,; ~ 0.055, shown with black
line.
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Fig. 9 Schematic of the LM-6000 being tested at
General Electric
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Fig. 10 Prediction of mean axial and radial veloc-
ity variation in the LM6000. Here, PBD20 denotes
the test case that employed a local dynamic broad-
ened flame speed model.
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Fig. 11 Prediction of axial and radial velocity fluc-

tuations in the LM#6000
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