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Abstract

Large eddy simulation (LES) of a partially pre-
mixed, swirl-stabilised flame is performed using a
transported Probability Density Function approach
solved by the stochastic fields method to account
for turbulence-chemistry interaction on the sub-grid
scales. The corresponding sub-grid stresses and scalar
fluxes are modelled via a dynamic version of the
Smagorinsky model and a gradient diffusion approx-
imation, respectively. A 15-step reduced methane
mechanism including 19 species is employed for the
description of all chemical reactions. The test case in-
volves a widely studied gas turbine model combustor
with complex geometry and the simulation is carried
out for a specific operating condition involving an os-
cillating flame. Overall, results of the velocity, temper-
ature and major species mass fractions as well as the
instantaneous thermochemical properties are shown to
be in good agreement with experimental data, demon-
strating the capabilities of the applied stochastic fields
method. The inclusion of wall heat transfer in the com-
bustion chamber is found to improve temperature pre-
dictions, especially in the near-wall regions. In sum-
mary, this work showcases the LES method’s accuracy
and robustness - none of the default model parameters
are adjusted - for an application to complex, partially
premixed combustion problems.

1 Introduction

The highly turbulent behaviour of swirl-stabilised
flames involving fast chemical reactions and sophis-
ticated geometrical features strongly limits our cur-
rent understanding of the complex flow physics en-
countered in modern gas turbine combustors. A po-
tentially powerful numerical tool capable of provid-
ing better insight into the physical processes associ-
ated with these turbulent reacting flows is large eddy
simulation (LES). The concept behind LES methods
is the direct computation of large-scale, energetic tur-
bulent motions whereas the effects of motions whose
‘size’ is smaller than a defined filter width are mod-
elled. One of the main challenges in the develop-
ment of such methods for turbulent combustion is the
interaction between turbulence and chemistry on the
small, unresolved sub-grid (or subfilter) scales (sgs).

These turbulence-chemistry interactions are governed
by highly non-linear chemical reaction rates and ap-
pear in the form of a filtered source term in the LES
scalar equations requiring extensive modelling work.
Various combustion models addressing the closure
problem have been proposed in the past, though most
of them formulated for one specific burning regime
only.

The sub-grid combustion model underlying the
present work is based on a transported probability den-
sity function (PDF) approach solved by the fully Eu-
lerian stochastic fields method. It has the advantage of
a potentially regime independent description of turbu-
lent flames, which becomes particularly useful in the
context of gas turbine combustion. State of the art
gas turbine combustors are designed to operate under
lean, partially premixed conditions in order to effec-
tively reduce pollutant emissions such as nitrogen ox-
ides (NOy) and carbon monoxide (CO). In the partially
premixed flame regime, parts of the flow field are gov-
erned by premixed flame propagation and finite-rate
effects, i.e. auto-ignition, extinction or ignition, while
other parts will display mixing controlled reactions as
encountered in diffusion (non-premixed) flames. It
has been shown in the past, e.g. Jones and Navarro-
Martinez (2007) and Jones and Prasad (2011), that it
is possible to capture these phenomena within a sin-
gle LES framework using the present stochastic fields
method to account for turbulence-chemistry interac-
tion. In a rigorous study of an industrial gas turbine
combustor, Bulat et al. (2013) employed this LES for-
mulation and achieved good reproduction of the exper-
imentally measured flow statistics. Local extinction of
the flame was shown to be due to turbulence-chemistry
effects rather than large-scale mixing and the combus-
tor was found to have regions in the diffusion flame
regime.

A widely studied test case providing a solid basis
for the validation of LES combustion models is the
PRECCINSTA (Prediction and Control of Combustion
Instabilities in Industrial Gas Turbines) burner. This
gas turbine model combustor was experimentally in-
vestigated (e.g. Meier et al. (2007), Oberleithner et
al. (2015), Yin et al. (2017)) and has been the fo-
cus of a number of computational simulations in the
past (e.g. Roux et al. (2005), Moureau et al. (2011),



Wang et al. (2016), Fredrich et al. (2018), Govert et al.
(2018)). Comparisons between experiments and LES
were first reported by Galpin et al. (2008) whose sim-
ulations predicted a higher burning rate - manifesting
itself in a shortened flame length - and overestimated
temperatures in the Outer Recirculation Zone (ORZ).
The latter was attributed to the assumption of adia-
batic combustion chamber walls, which preclude the
replication of any wall heat transfer occurring in the
experiments. These findings were later reinforced in
ensuing LES studies by other authors coming to simi-
lar conclusions. Franzelli et al. (2012) underlined the
importance of resolving the fuel injection, as opposed
to prescribing a perfectly premixed mixture at the do-
main inlet, in order to obtain better agreement between
the simulated and measured statistical quantities, es-
pecially in terms of root mean square (RMS) values.
It has to be noted, that all of the above-cited numeri-
cal studies were performed using either simple chem-
istry involving very few species and reaction steps or
tabulated chemistry based on fully premixed, laminar
flame calculations.

In the present work, the flame regime independent
stochastic fields method with reduced, yet comprehen-
sive chemistry involving 15 steps and 19 species is ap-
plied to the PRECCINSTA model combustor includ-
ing treatment of wall heat transfer. The objective is
to evaluate the predictive capabilities of the employed
LES method in the context of partially premixed com-
bustion in a complex geometry. For this purpose, a
specific combustor operating condition involving an
oscillating flame is simulated and the results are com-
pared against available measurement data; allowing
for an assessment of the predicted flow field, flame
topology, thermochemistry and major species concen-
trations - methane (CHy4) and carbon dioxide (CO,) -
as well as the influence of wall heat transfer.

2 Mathematical model

Filtered equations of motion
Applying a spatial, density weighted filter to the
conservation equations of mass and momentum yields:
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The sgs stress tensor 77" = p(uu; — u;iy) is
evaluated via the dynamic version (Piomelli

and Liu (1995)) of the Smagorinsky model
Psgs = P(CsA)? (2S”SU)1/2 where S;; is the
resolved strain tensor. The filter width A is taken to
be the cube root of the local grid cell volume.

Sub-grid PDF evolution equation
In order to account for the influence of sgs contri-
butions on the species formation rates, a joint sgs PDF,

ﬁsgs, is introduced representing the filtered product of
the fine-grained PDF of each scalar - namely the re-
active species and enthalpy. An exact equation de-
scribing the evolution of P4, can then be derived from
the appropriate conservation equations using standard
methods, e.g. Gao and O’Brien (1993). Taking into
account the approach of Brauner et al. (2016) the mod-
elled sub-grid PDF evolution equation becomes:
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III: sgs micro-mixing term (LMSE closure)
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where v, is the sample (or composition) space of
each of the N, scalars ¢,. The values 0.7 and
2.0 are assigned to the sgs Schmidt number o4,
and the sgs micro-mixing constant Cy, respectively.
The sgs micro-mixing time scale is assumed to be
given by Tegs = pA%/(usgs + ). The right-hand
side of Eq. (3) contains the chemical reaction term
wq (I), which appears in closed form, as well as
two additional unknown terms representing sgs trans-
port of the PDF (II) and sgs micro-mixing (III). In
the present work, these unknown terms are approx-
imated, respectively, by a gradient closure directly
analogous to the Smagorinsky model and by the lin-
ear mean square estimation (LMSE) closure (Dopazo
and O’Brien (1974)).

Stochastic fields method

The closed form of the sub-grid PDF evolution
equation is solved using the fully Eulerian stochas-
tic fields method, where Py,s(1)) is represented by
an ensemble of N stochastic fields &7 (x, t) for each
scalar. In this work, the It6 formulation, as proposed
by Valifio (1998), is adopted for the derivation of a
system of stochastic differential equations equivalent

to Eq. (3):
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Here, the Wiener process dW,* is approximated by
time-step increments 77 (dt)'/? where 1 isa {—1,1}
dichotomic random vector, different for each field but
independent of the spatial location x. The filtered
value of each scalar is obtained by averaging over the
stochastic fields.

3 Test case

Experimental campaign

The well-known PRECCINSTA gas turbine model
combustor considered in this work was initially the
subject of an experimental test campaign conducted
by Meier et al. (2007) at the DLR (German Aerospace
Center). It involved a lean, partially premixed, swirl-
stabilised, methane-air flame at atmospheric condi-
tions with fuel injection taking place in a radial
swirler. Flame oscillation caused by self-excited
thermo-acoustic instabilities was observed at a global
equivalence ratio of ®4,, = 0.7. Relevant measure-
ment uncertainties are presented in Table[T] These un-
certainties are fairly low, hence allowing for a mean-
ingful comparison of quantitative results between the
experiment and LES.

Computational set-up

Figure[T]shows a vertical cut through the computa-
tional mesh. In order to account for preheating of the
mixture, both air and methane are injected at a temper-
ature of 320 K while the inflow pressure is set to 1 bar.
The inlet velocities have been adjusted accordingly to
reflect the prescribed mass flow rates. Isothermal wall
temperatures are fixed at the combustion chamber side
walls (1300 K) and base plate wall (700 K) based on
experimental measurements by Yin et al. (2017). All
other walls are treated as adiabatic with no-slip condi-
tions. Radiative heat transfer is included in the simu-
lations through the radiation model described in Bar-
low et al. (2001). A 15-step CHs mechanism with
19 species by Sung et al. (2001) is used to represent
the chemistry. The in-house, block-structured, bound-
ary conforming coordinate LES code BOFFIN-LES is
employed to carry out the computation. It utilises a
second-order-accurate finite volume method, based on
a low-Mach-number, pressure based, variable density

Table 1: Systematic and statistical measurement uncertain-
ties.

Measured quantity ~ Syst. uncertainty ~ Stat. uncertainty

Axial location h +0.5 mm

Radial location r +0.5 mm

Velocity <0.5% +1.5-2%
Temperature +3-4% +2.5%
Mixture fraction +3-4% +1%
CH4 mole fraction  +5-9% +1-3%
CO; mole fraction +3-5% +7%
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Figure 1: Vertical cut through the generated mesh consist-
ing of 2.7 million grid points distributed over 144
blocks.

formulation. None of the model’s default parameters
were adjusted for the simulation and eight stochastic
fields are used to describe the influence of the sub-grid
scale contributions.

4 Results and discussion

Flow field and flame topology

In order to visualise the flow field, Fig. 2] displays
LES snapshots of the axial velocity, temperature and
mixture fraction illustrating the highly turbulent flow
and flame behaviour as well as the partially premixed
nature of the combustor.

Radial profiles of the velocity at different down-
stream locations in the centre plane are presented in
Fig. [3|allowing for a quantitative comparison between
experiment and simulation. When characterising the
flow field, three distinctive flow regions can be identi-
fied. An inner recirculation zone (IRZ), created by the
swirling flow to stabilise the flame, can be easily de-
tected due to the negative velocities around the com-
bustor centreline. The conically shaped, swirling jet of
unburnt gases is characterised by high axial velocities
peaking at 40 m/s and high radial velocity magnitudes
reaching approximately 20 m/s. Lower velocities to-
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Figure 2: LES snapshots of the instantaneous (top) and mean
(bottom) axial velocity, temperature and mixture
fraction.
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Figure 3: Radial profiles of the mean axial (left) and radial
(right) velocity from the experiment (¢) and LES
(—) - dotted line: zero velocity.

wards the combustion chamber walls indicate the tran-
sition into an outer recirculation zone (ORZ), which is
located outside of the experimentally measured region.
With increasing downstream position, the high veloc-
ity jet widens and shifts towards the combustion cham-
ber walls reducing the size of the ORZ while widening
the IRZ. All of the above-mentioned flow character-
istics are captured in the simulation and the quantita-
tive velocity results match experimental data with very
high accuracy.

Thermochemical properties

The predicted thermochemistry can be analysed
in terms of the instantaneous relation between tem-
perature and mixture fraction as depicted in Fig. ]
Looking at the evolution of the numerical temperature-
mixture fraction distribution with downstream posi-
tion, a shortened flame length can be determined cor-
responding to an overestimated burning rate. Com-
pared to the experiment, the simulated temperatures
approach the adiabatic flame temperature at a slightly
quicker rate. Thus, at h = 15 mm for example, the sim-
ulated minimum temperatures are marginally higher
compared to the experimental ones. This trend con-
tinues at h = 30 mm where all of the LES points have
moved into either the reaction zone with intermedi-
ate temperatures or the fully burnt region, whereas the
measurements still show a number of points remain-
ing within the fresh gas region below ~400 K. Finally,
at h = 80 mm, both experimental and LES points are
scattered exclusively around the adiabatic flame tem-
perature indicating a fully burnt mixture.

In terms of the mixture fraction distributions, ex-
perimental extreme values of about 0.015 and 0.08 are
observed; demonstrating that the premixing is indeed
not perfect. The LES does not reproduce such a wide

temperature o K] temperaturg_ [K]

2000 h=80m 2000
1200 1200
400 400
2000 h=30m 2000
1200 4 1200
400 400
2000 h=15mmyge:- 2000
1200 S 1200
400 k ' 400
2000 h=6mm 2000
1200 2 1200
400 : 400

0.02 0.05 0.08
mixt. frac. [-]

0.02 0.05 0.08
mixt. frac. [-]

Figure 4: Experimental (left) and LES (right) scatter plots of
the instantaneous temperature versus mixture frac-
tion - solid line: adiabatic flame temperature.

range of mixture fraction values but instead predicts
a somewhat higher degree of premixing. Increased
premixing tends to affect the burning rate, and may
therefore be identified as a potential reason for the
shortened flame length. The expanded experimental
mixture fraction distribution is likely to be caused by
the occurrence of thermo-acoustic instabilities period-
ically varying the amount of fuel in the mixture, as
observed experimentally by Meier et al. (2007) and
numerically by Franzelli et al. (2012). Note that the
low-Mach-number solver applied in this work will not
propagate acoustic waves, prohibiting the reproduc-
tion of thermo-acoustic instabilities. Nonetheless, the
overall computed instantaneous temperature-mixture
fraction correlation matches the experimental results
including a reasonably estimated mixture fraction dis-
tribution.

A more detailed analysis of the thermochemistry at
the first downstream location (h = 6 mm) is carried out
based on Fig.[5] The lower temperature limit suggests
that the assumed inlet temperature of 320 K recreates
experimental preheating of the mixture. Marginal his-
tograms of the temperature and mixture fraction di-
vided into three different radial regions representing
the IRZ, jet and ORZ are displayed on the horizon-
tal and vertical axes, respectively. The locations of
the temperature and mixture fraction peaks are in good
agreement for all three regions while the experimental
point distributions are slightly more spread out, which
is to be expected. Burnt gases in the IRZ and ORZ
are well captured by the LES as evidenced by the high
temperatures and narrow range of mixture fraction val-
ues in these regions. Significantly higher levels of un-
mixedness are found in the jet of mostly fresh gases
with low temperatures (r =~ 10 - 16 mm) in both the
experiment and simulation.
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Figure 5: Instantaneous temperature-mixture fraction corre-
lation from the experiment (top) and LES (bottom)
at the first downstream location (h = 6 mm) includ-
ing marginal histograms.

Wall heat transfer and species concentrations

Figure [6] presents radial profiles of the temperature
with and without wall heat transfer treatment. The
general mean temperature trends including the loca-
tion of the temperature dip representing unburnt gases
are well reproduced by the LES. High temperatures
near the centreline characterise the IRZ where burnt
gases are transported back to the flame front with the
purpose of stabilising the flame. By examining the
mean and RMS temperature results of the two differ-
ent LES cases, heat transfer can be identified as the
source of local temperature overestimation towards the
combustion chamber walls in the fully adiabatic LES.
Overall, both the mean and RMS temperatures are in
better agreement with measurements when wall heat
transfer is included in the simulation.

Complementing the temperature results, radial
profiles of the CO, and CH4 mass fractions are shown
in Fig.[7] A deviation between the measured and sim-
ulated temperature, CO, and CH4 mass fraction pro-
files can be observed as a result of the under-predicted
flame length first determined from Fig. El Hence, an
earlier consumption of methane occurs leading to a
local overestimation of CO,. In accordance with the
measurements, at h = 80 mm, the LES temperatures
reach a homogeneous ‘equilibrium’ state around the
adiabatic flame temperature of just over 1800 K and
the methane is fully consumed.
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Figure 6: Radial profiles of the mean (left) and RMS (right)
temperature from the experiment (¢), an LES with
fully adiabatic walls (---) and the LES accounting
for wall heat transfer (—).
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Figure 7: Radial profiles of the mean (left) and RMS (right)
CO, and CH4 mass fractions from the experiment
(CO; ¢, CHy o) and LES (CO; —, CH4 ---).

From the RMS profiles depicted in Figs. [f] and
|Z| it becomes clear that the temperature, CO, and
CH,4 mass fraction fluctuations are not sufficiently cap-
tured towards the combustor centreline. Again, the
method’s inability to reproduce thermo-acoustic insta-
bilities serves as a potential explanation for the under-
estimation. In a previous LES of the same combus-
tor, Franzelli et al. (2012) have shown an improve-
ment of RMS temperature results close to the centre-
line by resolving thermo-acoustic instabilities using a
fully compressible flow solver. Despite this shortcom-
ing, RMS temperature profiles away from the centre-
line are accurately reproduced.



5 Conclusions

The PRECCINSTA gas turbine model combus-
tor was successfully simulated using LES in conjunc-
tion with the stochastic fields method accounting for
turbulence-chemistry interaction. The flow field was
shown to be in excellent agreement with experimental
data supporting the applicability of the solver with a
dynamic sub-grid turbulence model to highly swirling
flows. The mean temperature, CO, and CH4 mass
fraction profiles as well as the instantaneous thermo-
chemical properties were generally well reproduced.
A slightly under-predicted flame length corresponding
to faster combustion was identified compared to exper-
imental measurements. This was attributed to a some-
what overestimated degree of premixing potentially
causing an increase in the burning rate. The inclusion
of wall heat transfer was found to provide improved
temperature results. Fluctuations of the temperature
and major species mass fractions near the combustor
centreline were not satisfactorily captured due to the
flow solver’s low-Mach-number formulation prohibit-
ing any development of self-excited thermo-acoustic
instabilities as observed in the experiments. A fu-
ture extension of the solver to fully compressible flow
will show if the unstable combustor behaviour can
be reproduced. In summary, the predictive capabil-
ities of the employed stochastic fields method have
been demonstrated in the context of partially premixed
combustion. All results were obtained without any ad-
justments to the default model parameters underlining
the LES method’s robustness and accuracy in the sim-
ulation of turbulent reacting flow problems in complex
geometries.
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