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Abstract

Combustion instabilities are one of the major challenges in developing and operating
propulsion and power generating gas-turbine engines. More specifically, techniques for
managing the increasingly stringent emissions regulations and efficiency demands have
often given rise to thermo-acoustic instabilities, particularly for annular combustors op-
erating in a lean premixed mode. In this paper, we combine experimental and computa-
tional methods to examine unsteady gas turbine combustion in a full annular model gas
turbine combustor installed at NTNU, operating both methane- and ethylene-air blends.
The experimental data consists of flame images, high-speed OH* chemiluminescence
images, as well as pressure and heat-release time-series at discrete locations for the eth-
ylene-air case. The computational set-up consists of the 18 inlet tubes and swirlers, and
the full annular combustor placed in a large external domain. The computational model
consists of a compressible finite rate chemistry LES model using skeletal methane-air
and ethylene-air combustion chemistry. The combustor is simulated in its self-excited
state, without external forcing. From the experiments and simulations the methane and
ethylene cases are found to behave differently: The ethylene-air flames are much smaller
than the methane-air flames, resulting in different interaction between adjacent flames.
The LES predictions show good qualitative agreement with the measurements in terms
of instantaneous and time-averaged flame structure. Comparing measured and predicted
time-series of pressure and heat-release also shows good quantitative agreement with re-
spect to the dynamics and structure for the ethylene-air case. Investigating the predicted
combustion dynamics using Proper Orthogonal Decomposition (POD) confirms the im-
portance of the self-excited azimuthal mode on the behavior of the flame: the presence
of nodes and anti-nodes of pressure induced fluctuations of the swirler mass-flow, which
then, in turn, influence the heat-release. These events occur shifted in time.

1. Introduction and Background
Combustion instabilities, the combination of resonant combustor acoustics and heat-release fluc-
tuations, are one of the major challenges in developing and operating land-, marine- and aircraft
gas-turbine engines, [1-3]. More specifically, techniques for managing the increasingly stringent
emissions regulations and efficiency demands have often given rise to thermoacoustic instabili-
ties, particularly for lean premixed annular combustors. Thermoacoustic instabilities can be as-
sociated with any of the eigenmodes of the combustor, including the longitudinal and transverse

(azimuthal and radial) modes. Combustor operating conditions leading to instabilities are almost



impossible to predict a priori, and are often only discovered during engine testing, and are thus
expensive to cure. To complement full-scale engine tests, [4], we rely on thermo-acoustic solv-
ers, [5], and reduced order models, [6], using flame transfer functions, [7], to identify problemat-
ic conditions and engine designs that may promote instabilities. A strategy under development is
to use massively parallel finite rate chemistry Large Eddy Simulations (LES) to compute the un-
steady dynamics of a complete gas turbine combustor, [8-9].

The origin of the combustion instabilities is that the heat-release fluctuations provide ener-
gy to the acoustic field, which results in acoustic pressure and velocity fluctuations traversing the
combustor. These fluctuations excite vortical structures and equivalence ratio oscillations that, in
turn, give rise to further heat-release fluctuations. A necessary condition for the oscillations to be
self-excited is that net energy must be supplied to the acoustic disturbances by the heat-release,
which occurs when the phase of the heat-release and pressure oscillations is within £90°, i.e., the
“Rayleigh criterion”, [10]. When small amplitude oscillations are self-excited, the amplitude can
grow exponentially to develop a limit cycle behavior or resonant frequencies may be excited, po-
tentially leading to combustor or turbine damage and increased emissions. A challenging issue of
today is the interest in bio- or low-calorific fuels, having different heat-release and flame proper-
ties than conventional fuels. Different thermoacoustic responses may be expected from burning
different fuels, and it is thus of importance to improve our knowledge of how the fuel can influ-
ence the thermo-acoustics, and which acoustic modes (longitudinal or transverse) that can be ex-
pected from operating a given combustor with different fuels.

The primary objective is to improve the understanding of unsteady combustion in annular
combustors and how unsteady combustion, with multiple flames, is influenced by the selection
of fuel and its heating value. This paper also intends to evaluate the predictive capabilities of fi-
nite rate chemistry LES, beyond single combustor configurations previously reported. More spe-
cifically we compare and combine results from the experimental investigations of Worth &
Dawson, [11-12], operating a model annular multi-burner combustor with methane (CH.) and
ethylene (C.H.), with predictions from finite rate chemistry LES, using skeletal reaction mecha-
nisms for the two fuel-air mixtures, [13-14]. The flame dynamics is analyzed using flame- and
OH*-chemiluminescence images, computational volume rendering, [15], Proper Orthogonal De-
composition (POD), [16], and pressure and heat-release time-series, and Fast Fourier Transform

(FFT) of key experimental and computational quantities.



2. NTNU Model Annular Combustor and Experiments

Figure 1 shows the experimental set-up of the annular combustor which is described in detail in
previous investigations, [11-12]. Eighteen (18) premixed flames are spaced around a circle with
a diameter of D,=170 mm, and supplied from a common plenum. Each burner is assembled from
a circular tube (L=150 mm, D=18.9 mm) and a centrally located conical bluff-body (D,=13.0
mm). A six-vane swirler (vane angle of 60°) is located 10 mm upstream, [12], turning the flow
anticlockwise (ACW) when viewed from above (downstream). The 18 flames were located in an
annular enclosure formed of inner and outer quartz tubes of D=127 mm and D,=212 mm having
different inner and outer lengths of L=130 and L.=300 mm respectively.

Three Alicat mass flow controllers with ranges of 0-33 1/s for air and 0-8 I/s for fuel were
used to regulate the reactant flow rates. Each controller has a measurement accuracy of 0.8% of
the reading with £0.2% of the full scale. A bulk velocity of v,=18 m/s results in a Reynolds (Re)
number of 15,600 based on D, and the reactant viscosity. Ethylene (C,H.) and methane (CH.)
flames were investigated, at an equivalence ratio ¢=0.85, [11-12].

To characterize the response, the pressure was measured at three equally spaced locations
around the annulus. At each location, a pair of Kulite XCS-093 pressure transducers with a sen-
sitivity of 4.28-10° mV/Pa, range of 0.35 atm, and accuracy of +0.15% full scale were positioned
along the inlet pipes and mounted flush with the inside walls. Measurements were acquired at 30
kHz with sample lengths of 4.30 s. To study the flame structure high-speed OH* chemilumines-
cence images of the annular combustor were obtained from the side using a Photron SA1.1 high-

speed CMOS camera coupled with a LaVision IRO high-speed two-stage intensifier, fitted with
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Fig. 1. Photograph, (a) experimental set-up diagram (b), mesh detail (c) and C.H-air and CH.-air
flame images (d) of the Worth & Dawson model annular combustor, [11-12].

a Cerco 2178 UV 100F/2.8 lens and a narrow band UV filter (305-315 nm). A total of 2000 im-



ages were captured at a frame rate of 10,000 fps at a pixel resolution of 495x748, giving a spatial

resolution of approximately 10 pixels/mm.

3. LES Models, Numerical Methods and Computational Set-Up
The LES model is based on implicitly-filtered transport equations for mass, momentum, energy
and species mass-fractions, [17], together with thermal and caloric equations-of-state and consti-
tutive equations. The thermal and caloric equations-of-state are obtained under the presumption
of a mixture of thermally perfect gases using tabulated formation enthalpies and specific heats.
The constitutive equations are those of a linear viscous mixture with Fickian diffusion and Fouri-
er heat conduction. The viscosity is calculated using Sutherland’s law, whereas the thermal con-
ductivity and species diffusivities are computed from the viscosity utilizing constant Prandtl and
species Schmidt numbers, respectively, [18]. The unfiltered reaction rates in the filtered species
mass-fraction equations results from Guldberg-Waage law of mass-action, involving the summa-
tion over all reactions, with reaction rates obtained from Arrhenius rate laws, [19].

The unresolved transport terms, or the subgrid stress tensor and flux vectors, in the filtered
transport equations are closed by the mixed model, [20]. The filtered reaction rates are modeled
using the Partially Stirred Reactor (PaSR) model, [21], which is a multi-scale model based on the
observation, [22], that combustion often takes place in dispersed fine-structure regions surround-
ed by low intensity regions. The filtered reaction rates are estimated as a weighted average of the
fine-structure and surrounding reaction rates using the reacting volume fraction, y*. This model
has been extensively used in combustion LES, and is validated for laboratory flames, [23-24], af-
terburners, [25], gas turbine combustors, [26], and ram/scramjet combustors, [27].

The LES-PaSR model equations are solved using a semi-implicit finite volume code based
on the OpenFOAM C++ library, [28]. High-order monotonicity preserving reconstruction of the
convective fluxes and central differencing of the inner derivatives in the diffusive fluxes, [29],
are combined with Crank-Nicholson time-integration to provide a second order accurate scheme.
The code uses a compressible Pressure-based Implicit Splitting of Operators (PISO), [30], tech-
nique to manage the pressure-velocity-density coupling. The chemical source terms in the spe-
cies transport equations are evaluated using an operator-splitting approach using a Rosenbrock
solver, [31]. Stability is enforced using compact stencils and a Courant number<0.5.

The computational set-up includes the inlet tubes, swirlers, annular combustor, and a large
external volume. Both single sector and full annular geometries, with 18 burners, are considered.

At the inlets, fuel and air mass-flows are provided, and at the outlet, a wave-transmissive bound-



ary condition is specified, [32], given an ambient pressure of 1.0 atm. The effect of the upstream
plenum was deemed negligible by performing an additional simulation using a plenum boundary
condition, [33]. In the inlet tubes, swirlers and combustor, a no-slip LES wall-model is used for
the velocity together with zero Neumann conditions for the species mass-fractions. The inlet
tubes and swirlers have adiabatic wall-temperature boundary conditions whereas the combustor
wall-temperature is estimated to be 1000 K. Hex-dominant grids with ~4 and ~72 million cells,
respectively, for the single sector and full annular combustor are employed. Topologically iden-
tical but finer grids, with ~8 and ~144 million cells, were used to examine the grid sensitivity us-
ing the LES Index of Quality, [34], approach, revealing that 85% and 91%, respectively, of the
kinetic energy was resolved, rendering both grids appropriate for LES. In addition, the y* values
are 10 to 60 as required by the LES wall model, [35]. Simulations are first performed (for both
the CH.-air and C.H.-air cases) in the single sector configuration, after which these results are
mapped and rotated onto the annular configuration, after which the simulation are restarted and

statistics gathered.

4. CH.-air and C.H.-air Chemical Kinetics

The CH.-air and C.H.-air combustion mechanisms are modeled using the pathway centric skeletal
reaction mechanisms, Z42, [13], and Z66, [14], respectively. The mechanisms are sufficiently
detailed to describe the flame properties, but small enough (42 and 66 reactions, respectively) to
be used in finite-rate chemistry LES. The two skeletal mechanisms share the same general struc-
ture that can be described by the three successive steps: (1) fuel-decomposition (including H ab-
straction), (ii) fuel-radical chemistry, and (iii) H-C-O chemistry as described in [13-14]. The first
step is fuel specific, the second step is generic for small radicals and fuel-specific for large radi-
cals, and the third step is generic. For CH. the Aramco 2.0 mechanism, [36], was used as refer-
ence in combination with experimental data, [14], whereas for CHs the GRI 3.0 mechanism,
[37], was used as reference in combination with experimental data, [38-40].

Figures 2a, 2b and 2c compare predictions and experimental data for s, and T,. at 1 atm
and 300 K, and T, at 1 atm, respectively. Concerning sy, both Z42 and Z66 are in good agree-
ment with the experimental data and the predictions from the GRI3.0 and Aramco mechanisms,
respectively. For T.., Z42 matches the temperature prediction from GRI3.0 well but shows a
small overprediction at highly fuel rich conditions. Z66 agrees well with the Aramco mechanism
but with small deviations at around stoichiometric conditions. Both the Z66 and Aramco mecha-

nisms predict slightly lower temperatures compared to the experimental data. Regarding T.., Z42



and Z66 overpredict T, at low T compared to the reference mechanisms. However, as T increases
both mechanisms improve their predictions of ...
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Fig. 2. (a) Laminar flame speeds, s, and (b) flame temperatures, T... at 1 atm and 300 K, and (c) igni-
tion delay times at ¢=1.0 and p=1.1 atm. Legend: experimental data for s. for CH,, [38-40], and C.H,,
[14], for T for CH,, [14], and for 1, for CH., [39], and for CH., [14]. Mechanism predictions from (—)
742, [13], (—) GRI3.0, [37], (—) (Z66), [14], and (—) Aramco, [36].

5. Results and Discussion

Figure 1d presents flame images from C.H.-air and CH.-air combustion, from which it is evident
that the C.H.-flames are virtually detached and smaller than the CH.-flames, which show strong
flame interactions. Experiments, [11], suggest that different fuels, C.H, and CH., may result in
fuel-specific combustion dynamics. The LES results in Fig. 3 initially confirm this observation
as illustrated by the volumetrically rendered heat-release, Q. Fig. 3 also includes contour maps of
the axial velocity, v,, (left), temperature, T, (right) and pressure, p, (top), as well as combined
volumetric renderings of C.H./CH., CH.O and HCO for an annotated burner and flame. The vol-
umetric renderings of Q from the LES show that the structures of the C.H.-flames are quite regu-
lar, whereas the structures of the CH.-flames are more irregular, having a wide and topologically
complex overlap region with a more filamented structure. This is due to the higher s, and lower
1. of CH, compared to CH., Fig 2, resulting in faster ignition, and smaller, more compact C.H,
flames, located closer to the burners. The wider CH, flames, having lower extinction strain rates,
G.., than the CH. flames, extend further into the combustor and interact more actively with the
turbulence, resulting in increased flame area and delayed exothermicity compared to the C.H.
flames The increased flame area for the CH. flames also makes these flames more susceptible to
acoustic perturbations. Furthermore, from the LES we estimate the integral length scales, /,, and
velocity fluctuations, v', from which we compute the Dahmkohler (Da) and Karlowitz (Ka)
numbers to be Da=9.3 and 2.3, and Ka=4.7 and 18.9, respectively, for the C.H.- and CH.-cases.
Hence, both cases reside in the lower part of the thin reaction sheets regime, with the CH.-case,
showing the most intense turbulence-chemistry interactions.

The v, distribution is similar for both cases, involving funnel-shaped, high-speed, fuel-rich,



regions discharging from the inlet tubes, via the swirlers, into the combustor, a Central Recircu-
lation Zone (CRZ) downstream of each bluff-body, and an Outer Recirculation Zone (ORZ) en-
closing each of the flames at its base. The CRZ’s and the ORZ’s are unsteady, and the ORZ’s are
connected, forming a composite flow structure dominated by an unsteady vortex. Further down-
stream, v, increases due to the volumetric expansion from the exothermicity. The larger (and
weaker) CH, -flames cause the fuel jets to penetrate further into the combustor, changing the size
and shape of the CRZ, influencing also the volumetric expansion.

The T distribution consists of funnel-shaped low-temperature regions discharging from the
burners. These regions vary significantly in size and shape between the C.H.- and CH.-cases and
between burners due to the differences in combustion chemistry (s, t.., T... and c.,), turbulence-
chemistry interactions, flame area, exothermicity and volumetric expansion. Further down-
stream, the T distribution is quite homogeneous, except in the boundary layers, and the differ-
ence in flame temperature (2212 K and 2067 K) between the cases.

The flame structure is noticeably fuel-dependent as evident by the species distributions in
the inserts of Fig. 3. For the CH.-case, individual flames are evident, consisting of several thin
wrinkled layers of species, consistent with the reaction path diagram, [14]. For the CH.-case, in-
dividual flames can no longer be observed since the CH.-flames are higher and wider, and are
overlapping the neighboring flames. These differences can be traced back to the differences in s,,
Tw, Lu. and o, resulting in more pronounced turbulence-chemistry interactions and increased
flame area for the CH.-flames compared to the C.H.-flames. Moreover, the difference in pressure
also influences the flame structures. The higher Ka number of the CH.-case supports the observa-

tions of a more turbulent and wrinkled flame structure.
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Fig. 3. Instantaneous LES predictions from the (a) CH.- and (b) CH.-air cases. Shown are contour
maps of the axial velocity, v,, (left side of section A-A), temperature, T, (right side of section A-A),

pressure, p, (top view of section B-B), heat-release, Q, (volumetric rendering), and species, CH/C.H.
(green), CH.O (blue) and HCO (red) renderings from the annotated burner.
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At a first glance, the p distribution seems to be governed by azimuthal modes for the C.H.-
case and longitudinal modes for the CH.-cases. By examining LES animations we find that both
flames display irregular motions and flame wrinkling at multiple scales, during a rotating or hel-
ical motion. Moreover, the CH.-flames oscillate mainly in the longitudinal direction whereas the
C.H.-flames appear more prone to azimuthal oscillations. The animations can however not define
any distinct modes as these are coupled, and hence a different technique must be used to analyze
the modal structures and the interactions.

Figure 4 compare instantaneous and time-averaged side-views of OH* chemiluminescence
images from the experiments with LES-based volumetric renderings of Q for the C.H.- and CH.-
cases. The experimental C.H.-flames are ~30 mm high with reactions occurring only in the inner
shear-layer, and interactions between neighboring flames occurring ~1.25 D,, downstream of the
dump-plane, with a large number of flame-elements stabilized in the region between neighboring
flames. The flame-brushes appears to bend slightly outwards as the reactants enter the combustor
and hence remain relatively straight. The predicted C.H.-flames are ~27 mm high with reactions
occurring in both the inner and outer shear-layers. The predicted flame-brushes also bend slight-
ly outwards as the reactants enter the combustor, but gradually turn towards the axial direction of
the combustor, resulting in small overlap regions between flames. The predicted C.H.-flames are
less wrinkled, with fewer and less fragmented flame-elements than the experimental C.H.-flam-
es. The experimental CH.-flames are ~45 mm high, with reactions occurring intermittently in the
inner and outer shear-layers, but further downstream compared with the C.H.-flames. The flame-
brushes are initially straight, but as adjacent flames converge they seems to bend away from each
other, resulting in a larger distance to where the strongest interaction occur (~1.50 D,,). The pre-

dicted CH.-flames are ~45 mm high with reactions in both the inner and outer shear-layers. The

Fig. 4. Side-views of (a) instantaneous (top) and time-averaged (bottom) experimental OH* images
from the C.H.-case (left) and the CH.-case (right), and (b) instantaneous (top) and time-averaged (bot-
tom) Q distributions from the LES of the C.H.-case (left) and the CH.-case (right).



flame-brushes are topologically convoluted, and appear more turbulent, wrinkled and fragment-
ed, and with more flame-elements, than the laboratory CH.-flames. Both the measured and pre-
dicted, instantaneous and time-averaged, C.H.- and CH.-flames are qualitatively similar, and the
trends observed in the experiments and LES are the same.

Figure 5 compares time-series of normalized pressure- and heat-release fluctuations, p'/p,
and Q'/Q,, from experiments and LES. For the C.H.-case we notice that the LES results are less
regular than the experimental data, for which p'/p, reveals distinct sinusoidal signals at 1720 Hz.
Based on D, and the speed-of-sound, c, at $=0.85, the first azimuthal mode have a frequency of
c/(mtD,)=1728 Hz, and this together with the fact that the pressure signals are 120° apart implies
that this is indeed an azimuthal mode, [11-12]. The p'/p, signals from the LES is more irregular;
an FFT-analysis of the time-series in figure 5a shows that it is dominated by a 1715 Hz signal,
with additional contributions at 907 and 3345 Hz. For the Q'/Q, signals in figure 5b we find these
to be dominated by a ~1720 Hz mode in the experimental case and a ~1685 Hz mode in the LES
case. For the CH.-case, LES suggest different dynamics compared to the C.H.-case; The p'/p. sig-
nals are dominated by two frequencies at 934 and 1708 Hz. Based on D, and c, the frequency of
the first azimuthal mode is c/(ziD,)=1686 Hz, which correlates well with the predicted 1708 Hz
mode, suggesting that this is an azimuthal mode. The 934 Hz signal is thus inferred to be the first
(quarter-wave) longitudinal mode, c/(4L), with L<L<L,. The Q'/Q, signal is less regular, reveal-
ing peaks completely uncorrelated with the p’/p, signals. These results suggests that the heat-
release from the two fuels interacts differently with the flows, resulting in dissimilar pressure

perturbations, which in turn couples back to the flow and heat-release.
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Fig. 5. Time-series (at three locations 120° apart) of pressure fluctuations, p'/p,, (a) and (c), and heat-
release fluctuations, Q'/Q., (b) and (d), from experiments (black, dark gray and light gray) and LES
(red, blue and green) from the C.H.-case (a) and (b) and the CH.-case (c) and (d).

The combustion dynamics are further analyzed with POD, [17], by which a field, ¢=¢p(x.t),
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can be expressed using basis functions, W?(x), and coefficients, w?(t), derived from the LES so
that o(x,H)==N,w?(t)W?(x) . Here, the method of snapshots, [41], is used to compute w?(t) and
Y?(x). The lowest POD modes sampled over 40 ms, WP, W5, W, WY, W? and W of p, Q
and v are presented in Figs. 6a and 6b for the C.H. and CH. cases, respectively, and Figs. 6¢ and
6d present the corresponding POD coefficients, w? . Here, 100 snapshots have been used, result-
ing in that the four lowest order POD modes contain ~60% of the respective variable energy.
The POD analysis shows that the C.H.-case, featuring small flames and large central recir-
culation regions in W and Wy, respectively, is dominated by two co-rotating azimuthal modes,
WP and W5, and a longitudinal mode, W% . The CH.-case, featuring large flames and small cen-
tral recirculation regions in W§ and W, respectively, is dominated by two counter-rotating az-
imuthal modes, W} and W5, and a longitudinal mode, W% . The co-rotating lowest-order modes
in the C,H.-case interact, making the resulting azimuthal mode, W/+W? , the governing mode. As
in the experiments, [11], this mode rotates mainly in the anti-clock-wise direction at ~1725 Hz as
corroborated by Fig. 5. The lowest-order counter-rotating modes in the CH.-case negate each
other, making W%, and the resulting azimuthal mode, W/-W%, the dominating ones at 924 and
1698 Hz, respectively. The first heat-release mode, W , dominates the lower part of the combus-
tor, revealing large differences depending on the case in terms of size and shape, with W{ being
more fragmented in the region of high pressure fluctuations. These modal structures occur shift-
ed in time as described by m.(t) in Fig. 6b. The delay between velocity and heat-release may then

be extracted to assess the response of the burner to a velocity fluctuation.
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Fig. 6. POD modes for the (a) C.H- and (b) CH.-cases together with time-series of the POD coeffi-
cients for the lowest POD modes for the (¢) C.H.- and (d) CH.-cases.
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6. Summary and Concluding Remarks

This paper describes a combined experimental and computational investigation of a full annular
academic gas turbine combustor configuration installed at NTNU, operating both methane- and
ethylene-air blends. The experimental data include flame images, OH* chemiluminescence ima-
ges, and pressure and heat-release time-series at sensors, 120° apart, [11-12], for the ethylene-air
case. The computational set-up consists of the full annular combustor, including inlet tubes and
swirlers, in a large external domain. The LES model consists of a compressible finite-rate chem-
istry LES model with skeletal methane-air and ethylene-air chemistry.

From experiments and LES’ the CH.- and C.H.-air cases are found to behave quite differ-
ently: The C.H.-air flames are considerably smaller than the CH.-air flames due to the difference
in s,, resulting in different interactions between adjacent flames. For the C.H.-air case, LES and
experimental results present good qualitative and quantitative agreement with respect to instan-
taneous and time-averaged flame structures, and pressure and heat-release time-series. Based on
POD the combustion dynamics is found to be governed by two co-rotating azimuthal modes, re-
sulting in an anti-clockwise azimuthal mode at ~1725 Hz in conjunction with an associated heat-
release mode. This behavior is corroborated by the experimental results. The combustion dynam-
ics of the CH.-case is composed of two counter-rotating modes, essentially negating each other,
resulting in a weak azimuthal mode at 1698 Hz, and a dominating longitudinal mode at 924 Hz.
This difference in modal behavior is also corroborated by preliminary experimental results. The
main difference between the cases is the difference at which heat is released and how the heat-re-
lease interacts with the pressure- and velocity-fields. This study demonstrates that LES can pre-

dict complex flame-acoustics phenomena also in real combustors.
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Figure Captions
Fig. 1. Photograph, (a) experimental set-up diagram (b), mesh detail (c¢) and C,H.-air and CH.-air

flame images (d) of the Worth & Dawson model annular combustor, [11-12].

Fig. 2. (a) Laminar flame speeds, s, and (b) flame temperatures, T... at 1 atm and 300 K, and (c)
ignition delay times at ¢p=1.0 and p=1.1 atm. Legend: experimental data for s, for CH., [38-40],
and C.H,, [14], for T for CH,, [14], and for =, for CH,, [39], and for C.H., [14]. Mechanism pre-
dictions from (—) Z42, [13], (—) GRI3 .0, [37], (—) (Z66), [14], and (—) Aramco, [36].

Fig. 3. Instantaneous LES predictions from the (a) C.H.- and (b) CH.-air cases. Shown are con-
tour maps of the axial velocity, v,, (left side of section A-A), temperature, T, (right side of sec-
tion A-A), pressure, p, (top view of section B-B), heat-release, Q, (volumetric rendering), and

species, CH,/C.H, (green), CH.O (blue) and HCO (red) renderings from the annotated burner.

Fig. 4. Side-views of (a) instantaneous (top) and time-averaged (bottom) experimental OH* im-
ages from the CH.-case (left) and the CH.-case (right), and (b) instantaneous (top) and time-
averaged (bottom) Q distributions from the LES of the C,H.-case (left) and the CH.-case (right).

Fig. 5. Time-series (at three locations 120° apart) of pressure fluctuations, p'/p,, (a) and (c), and
heat-release fluctuations, Q'/Q,, (b) and (d), from experiments (black, dark gray and light gray)

and LES (red, blue and green) from the C,H.-case (a) and (b) and the CH.-case (c¢) and (d).

Fig. 6. POD modes for the (a) C.H.- and (b) CH.-cases together with time-series of the POD co-
efficients for the lowest POD modes for the (¢) CH.- and (d) CH.-cases.
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