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This article presents Large Eddy Simulations (LES) of a realistic aeronautical combustor
device: the chamber CTA1 designed by TURBOMECA. Under nominal operating conditions,
experiments show hot spots observed on the combustor walls, in the vicinity of the
injectors. These high temperature regions disappear when modifying the fuel stream
equivalence ratio.
In order to account for detailed chemistry effects within LES, the numerical simulation
uses the recently developed turbulent combustion model F-TACLES (Filtered TAbulated
Chemistry for LES). The principle of this model is first to generate a lookup table
where thermochemical variables are computed from a set of filtered laminar unstrained
premixed flamelets. To model the interactions between the flame and the turbulence at
the subgrid scale, a flame wrinkling analytical model is introduced and the Filtered Density
Function (FDF) of the mixture fraction is modeled by a B function. Filtered thermochemical
quantities are stored as a function of three coordinates: the filtered progress variable, the
filtered mixture fraction and the mixture fraction subgrid scale variance. The chemical
lookup table is then coupled with the LES using a mathematical formalism that ensures an
accurate prediction of the flame dynamics. The numerical simulation of the CTA1 chamber
with the F-TACLES turbulent combustion model reproduces fairly the temperature fields
observed in experiments. In particular the influence of the fuel stream equivalence ratio
on the flame position is well captured.

© 2012 Published by Elsevier Masson SAS on behalf of Académie des sciences.

1. Introduction

Aircraft industry introduces new combustion chamber technologies to decrease fuel consumption and pollutant emis-
sions. Combustion occurs mainly in a premixed-like regime in order to control the flame temperature and consequently the
pollutant emissions such as nitrogen oxides [1]. However, as fuel and oxidizer remain injected separately in the combus-
tion chamber, complex stratified flames are generally observed [2]. It is the case of the helicopter gaz turbine combustor
CTA1, designed by TURBOMECA, where a fuel stream composed of both air and kerosene is injected in the combustion
chamber. Additional air is introduced through secondary inlets and dilution holes generate fuel stratification. It has been
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experimentally observed that the wall surface temperature is strongly affected by the fuel stream equivalence ratio. Indeed,
hot spots are observed under nominal conditions in the vicinity of the injector but disappear when the fuel stream equiv-
alence ratio is increased. The lack of experimental data motivates a numerical investigation of this combustion chamber in
order to explain why the wall surface temperature is sensitive to the fuel stream injection conditions.

High performances Large Eddy Simulations are nowadays sufficiently mature to permit the computation of real gas tur-
bines combustors [3-5]. The numerical simulations remains however very challenging because of both importance of the
unsteady phenomena and the complexity of the chemistry. Tabulated chemistry methods have been developed to introduce
detailed chemistry effects in numerical simulations with affordable CPU cost. Various strategies based on mathematical
analysis such as Intrinsic Low-Dimensional Manifold (ILDM) [6], or based on physical considerations like Flame Prolongation
of ILDM (FPI) [7,8] and Flamelet Generated Manifold [9], have been suggested to construct lookup tables where thermo-
chemical quantities are stored. Different solutions are then possible to introduce tabulated chemistry effects in LES. The
FPI-PCM [10] method accounts for mixture fraction subgrid scale fluctuations with the introduction of a presumed B fil-
tered density function for the mixture fraction. However this approach does not capture the correct propagation speed of
the flame front as shown in [11]. As suggested by Kuenne et al. [12], the thickened flame model (TFLES) combined with
tabulated chemistry is a possible strategy that captures the flame speed, but this approach does not account for the impact
of mixture fraction subgrid scale fluctuations on the flame propagation speed. A recent technique called Filtered Tabulated
Chemistry for LES (F-TACLES) [11,13] has been proposed to include detailed chemistry in LES. It consists in generating a
chemical lookup database from filtered 1-D laminar unstrained premixed flames computed with detailed chemical schemes.
This method has been developed to capture the correct flame propagation speed under practical LES grid conditions, i.e.
when the subgrid scale flame wrinkling is either resolved or partially-resolved [11]. The extension of the model to partially-
premixed regimes has been proposed by Auzillon et al. [13] with accounting for mixture fraction heterogeneities at the
subgrid scale. Numerical studies show that F-TACLES also provides a good prediction of the flame dynamics [14].

The objective of this paper is to perform a numerical investigation of the CTA1 combustion chamber to understand the
effect of the fuel stream equivalence ratio on the flame position. The F-TACLES model, used to perform the computation, is
briefly described in the first section. Mathematical details and model validations are given in [11,13]. The second section
is dedicated to the CTA1 simulations. After a description of the configuration, the construction of the kerosene/air thermo-
chemical database is discussed. The simulations results are then presented. The impact of the fuel stream enrichment on
the wall surface temperature is retrieved and a physical explanation is proposed.

2. F-TACLES for stratified flames

The FPI technique [7,8] is retained here to determine low-dimensional trajectories covered by combustion chemistry. The
chemical subspace accessed by a stratified flame in a complex geometry configuration is mapped by a collection of 1-D lam-
inar premixed flames computed for various equivalence ratio within the flammability limits using detailed chemistry. This
assumption is relevant for premixed and partially premixed flames [15]. However, errors are introduced in non-premixed
regions, when mass diffusion through iso-equivalence ratio surfaces dominates. Nevertheless, these errors are limited when
the fuel feeding stream is close to the rich mixture flammability limits [15], as in the combustor investigated here (equiv-
alence ratio of the fuel stream are either 4 or 6.7 whereas the rich flammability limit of kerosene/air is about 3.7 [16]).
In addition to that, because of micro-mixing phenomena, turbulent non-premixed flames may be piloted by leading edge
flames which exhibit a lean premixed flame region [17] well captured by FPI tabulation.

In the present study, laminar thermochemical quantities are stored in a lookup table as a function of two coordinates:
the progress variable Y. which evolves monotonically between fresh and burnt gases and a mixture fraction z equal to
zero in pure oxidizer and unity in pure fuel. For methane-air combustion, preliminary studies have shown that an efficient
definition of this progress variable is obtained from a linear combination of CO, and CO mass fractions: Y = Yco + Yco,
[8]. Such a definition of Y. ensures a one-to-one correspondence between species and the progress variable.

The methodology F-TACLES has been recently developed to include tabulated chemistry in LES of turbulent stratified
flames [14]. For that purpose a filtered chemical lookup database is generated from the FPI database. One-dimensional
laminar propagating flames are filtered using a Gaussian filter while the filtered density function of the mixture fraction is
described by a S-function. Any filtered thermochemical quantity is then stored in a 4-D table [A Yo, Z, 2] where A is
the filter width. Y, and Z are the Favre filtered value of the progress variable and mixture fraction, respectively and z”2 is
the subgrid scale variance of the mixture fraction. A constant value of A that ensures a sufficient resolution of the filtered
flame front is chosen in the present article. The closure schemes for Z and z’2 balance equations are quite usual [18] and
are not discussed here. The transport equation for Y. reads:

0pYc
at
where p is the density, u the velocity vector, and D the diffusivity. wy, is the progress variable reaction rate expressed

in s~1. The closures of the Right Hand Side (RHS) terms are briefly summarized bellow. A more extensive discussion is
available in Ref. [14].

+V - (pUY) =V - (pDVY,) — V - (puY, — puiY,) + pay, (1)
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2.1. Filtered chemical reaction source term cNE)yC

The filtered reaction rate g)yc is modeled as [14]:
1
~ 1 .
Bu= 15 [loin = 2p() 02 @
0
where Z is the subgrid scale flame wrinkling factor and P(z’) is the subgrid scale FDF of the mixture fraction. (pwy,.|z =Z2')
is estimated by filtering a 1-D laminar premixed flamelet computed at a given mixture fraction z:
+00
pinclz=2)= [ 9o, (4.2)6a e —x) 8% G)
—00
The * superscript denotes quantities issued from a 1-D laminar unstrained premixed flame computed in the direction normal
to the flame front x, for a constant equivalence ratio (or mixture fraction z). In this article, P(z) is modeled by a S-function
parametrized by the first and second order moments of the mixture fraction: Z and z”2. The filtered reaction rate wy, is in

practice pre-computed and stored in a four-dimensional lookup database, g)yE = Z)T,C [Ye,Z, S;, Al where S, =2"2/(Z(1-3%))
is the unmixedness factor.

2.2. Filtered laminar diffusion terms

The model for the filtered molecular diffusion reads:

V- (pDVYe) =V - (ay.pDVYe) (4)
where the correction factor ay, is estimated from 1-D filtered premixed flames:
ave
~ p*D* ¢
ay[Ve,Z, Sz Al = —= (5)
pD ax;

where the laminar diffusivity is computed assuming unity Lewis number D* = A*/p*CI’; and the filtered diffusivity D is
pre-computed and stored in the filtered lookup table as explained in Ref. [14]. As for the progress variable reaction rate,
ay, =ay,[Yc,Z, Sz, A] is stored in the lookup database.

2.3. Subgrid scale convection term

The unresolved convection terms are modeled as:

o~ o [ Z—) G - .
V- (puYe - pii¥e) = & ( po(@)S12) 5 & = po@Si@) £ ) + V- (& = Day, pDVYe) (6)
n n
=82y Y, 7, S, A1+ V- ((E — Day, pDVYe) 7)

where the first RHS term corresponds to the thermal expansion, estimated from one-dimensional detailed chemistry lam-
inar premixed flames and stored in a 4-D lookup database .ch[?C,Z Sz, A]. The second RHS term models the unresolved
transport due to turbulence through a usual gradient formulation. The F-TACLES approach described here is implemented in
the compressible LES code AVBP [19] using the Tabulated Thermochemistry for Compressible flow (TTC) formalism [20].

3. Numerical study of the CTA1 combustion chamber
3.1. Operating conditions of the investigated cases

As mentioned in the introduction, the present work focuses on the helicopter gaz turbine combustor CTA1, designed
by TURBOMECA. The combustion chamber geometry is shown in Fig. 1. In this device, liquid kerosene mixes with air and
vaporizes when flowing through the injection pipes. Therefore, a gaseous and homogeneous fuel stream penetrates the com-
bustion chamber. The fuel stream temperature at the injection pipe exit is 575 K. Additional streams of air are introduced
through secondary inlets and dilution holes. Under nominal operating conditions, the combustion chamber pressure is equal
to 5 bar and the fuel stream equivalence ratio ¢y is equal to 4.0. The introduction of a diaphragm inside the injection pipe
enables to deviate some of the air flow passing through the main injector by keeping constant the kerosene flow rate (the
combustion chamber power is then maintained). In this configuration, the fuel stream equivalence ratio passing through
the injector is increased to 6.7. Experiments have been conducted by operating all injectors under standard conditions
(¢guel =4.0) except one that is modified to inject a richer fuel stream (¢, = 6.7). As shown in Fig. 3(a), the measurements
by thermal painting reveal hot spots on all wall surfaces facing the injectors exit excepted for the enriched pipe.
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Fig. 1. Geometry of the CTA1 configuration.

Table 1

Operating conditions for cases A and B.
Combustion chamber pressure 5 bar
Fuel stream temperature 575 K
Fuel stream equivalence ratio for case A 4.0
Fuel stream equivalence ratio for case B 6.7

3.2. Numerical set-up

The simulation of the whole combustion chamber would be to expensive in term of CPU time. Therefore, CFD com-
putations of one sector corresponding to 1/10th of the combustor rig are performed. Multi-perforations and film coolings
are considered using specific boundary conditions. As the direction of the air passing through the perforated walls differs
from the normal to the wall, a swirling flow is created inside the combustion chamber. Appendages visible in Fig. 1 allow
to properly handle the direction and the injection of secondary air inlets. Two simulations named case A and case B are
respectively conducted with a fuel stream equivalence ratio equal to 4.0 and 6.7, respectively. Operating conditions for cases
A and B are summarized in Table 1. In case B, the air excess induced by the increase of fuel stream equivalence ratio has
been uniformly distributed to both dilution hole and multi-perforated plate inlets. Consequently, both cases A and B operate
at the same global equivalence ratio. Three visualization planes, Downstream, Centerline and Upstream, are defined in Fig. 2
to facilitate the 3-D flow analysis. The mesh of both cases A and B is unstructured and composed of 7,880,220 tetrahedral
elements (or 1,418,848 nodes). Only the so-called primary zone in which the reaction takes place has been highly refined.
Calculations are carried out with the AVBP solver [19] using the third order scheme TTGC [21]. The subgrid stress tensor is
modeled by the WALE approach [22].

Two chemical lookup tables for kerosene/air combustion, representative of cases A and B operating conditions, are gen-
erated using the detailed chemical scheme proposed by Luche [23]. The mass composition of kerosene is approximated by
76.7% of C1oHaz, 13.2% of CgHyy and 10.1% of CoHig. Unity Lewis assumption is made for this study. The progress variable
Y is defined as Y¢ = Yco + Yco, [8]. As NOx formation is not considered, the mixture fraction z is defined from the nitrogen
mass fraction Y, = Yy,. This coordinate is normalized as:

_yox
7= u (8)
v -y

where z varies between zero and unity. Yzf and Y2* represent values of Y, in fuel stream (here a mixture of kerosene and
air characterized by an equivalence ratio ¢y,;) and oxidizer stream (here pure air). Under case A (B) operating conditions,
the stoichimetric values of mixture fraction are zgs = 0.3 (zs+ = 0.2) for ¢pe; = 4.0 (¢fuer = 6.7). Both chemical look-up tables
are filtered by a Gaussian function operator of size A =5.48; where §; is the thermal layer thickness of the stoichiometric
flame front. This choice ensures at least a computation of the filtered flame front over 4 nodes which is the minimal
resolution required to avoid numerical artifact. The subgrid flame wrinkling = introduced in Egs. (2) and (7) is modeled by
the formulation of Charlette et al. [24].
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Fig. 2. Visualization planes.

(a) Thermal painting

(b) F-TACLES simulation of case A (c) F-TACLES simulation of case B

Fig. 3. Mean temperature fields from measurement and simulations on the wall surface facing the injector exit. The black and green colors respectively
corresponds to high and low temperatures. (For interpretation of the references to color in this figure, the reader is referred to the web version of this
article.)

3.3. Results analysis

Cases A and B are both computed over the same time period of 31 ms to obtain comparable statistics. A comparison
between measured and computed data is proposed in Fig. 3 where the average temperature fields on the wall surface facing
the injector exit are shown. The same color palettes are used for both numerical and experimental results. Accordingly to
the experiment, the hot regions visible in the nominal configuration (case A) disappear when the fuel stream equivalence
ratio is increased (case B). The apparition of these hot spots is actually due to the mixing between fuel and air. Indeed,
Fig. 4 shows the prediction of mixture fraction field for both cases A and B. In the nominal configuration, stoichiometric
conditions (zs = 0.3) are encountered on the wall surfaces, leading to temperature peaks. At the opposite, the mixture
fraction remains bellow the stoichiometric conditions for case B and therefore the temperature field remains close to the
air stream temperature. 2-D visualization of mixture fraction fields in Upstream (Fig. 5) and Downstream (Fig. 6) planes,
shows that unlike to case A, the fuel jet does not impact the wall in case B: the stoichiometric line is displaced and
therefore the combustion occurs away from the wall. The mixing distribution along the Centerline plane is also strongly
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Fig. 4. Computed mean mixture fraction fields on the wall surface facing the injector exit.
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Fig. 5. Mean mixture fraction fields on the upstream plane.
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Fig. 6. Mean mixture fraction fields on the downstream plane.

affected as illustrated in Fig. 7. Figs. 8, 9 and 10, illustrate that the change of the jet structure also affects the temperature
field.

In case B, because of the reduced air flow rate passing through the injector, the jet fuel momentum is decreased by 37%.
The cooling efficiency of the multi-perforated wall is increased and prevent the fuel jet from impacting the wall combustor.
This phenomenon is shown in Fig. 11 where norm of velocity is shown. The hot regions evidenced from the thermal painting
measurement are then due to the importance of the fuel jet momentum that impact the wall surface. For higher values of
fuel stream equivalence ratio, the jet penetration is reduced by the air passing through the perforated wall.
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Fig. 7. Mean mixture fraction fields on the centerline plane.
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Fig. 8. Normalized mean temperature fields on the upstream plane.
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Fig. 9. Normalized mean temperature fields on the downstream plane.
4. Conclusion

A recently developed LES turbulent combustion model that accounts for detailed chemistry effect has been used to
perform the numerical investigation of a realistic helicopter combustion chamber. Two simulations have been performed
that differ by the fuel stream injection conditions, i.e. both equivalence ratio and the velocity. The numerical solutions
present conclusions similar to the experimental measurements achieved by thermal painting. The analysis of the LES mean
flow field shows that the origin of the hot regions observed at the wall combustor surface are in fact due to the fuel jet
stream momentum ratio. When increasing the fuel equivalence ratio, the fuel stream momentum decreases and therefore
the wall temperature decreases.
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