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Abstract

A laboratory gas turbine model combustor with dual-swirler configuration is in-
vestigated using Large Eddy Simulation (LES) with a flamelet subgrid combus-
tion model. Two partially premixed methane/air flames with different equivalence
ratio and thermal power are simulated: one stably burning with an elongated V-
shape and another undergoing pronounced thermoacoustic oscillations exhibiting
a flat shape. Additionally, both flames feature a hydrodynamic instability in the
form of a precessing vortex core (PVC). Detailed comparisons between experi-
mental and LES results show that the different flow and reaction zone structures
in these two flames are reproduced well. The various flow dynamics resulting
from the PVC and thermoacoustic oscillations are also captured accurately in the

simulation. Further analyses on the lifted swirl flame stabilisation using phase
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averaged statistics at the PVC frequencies reveal that the PVC-induced stagnation
points provide an anchoring mechanism for both the stable and unstable flames,
although in the latter case large self-excited pressure oscillations are present. It is
found that the PVC is significantly influenced by these oscillations, being axially
stretched and compressed at high and low pressures, respectively. However, the
formation of flame leading edge due to the PVC is robust during these unstable
processes and the azimuthal movement of the leading point is found to be strongly
correlated with the rotation of the PVC in both flames, further confirming the vital
role of the PVC in the stabilisation process of these lifted swirl flames.
Keywords: Large Eddy Simulation; Partially premixed combustion; Gas turbine

model combustor; Dual Swirl; Self-excited thermoacoustic instability

1. Introduction

Increasingly stringent emission regulations drive the gas turbine (GT) indus-
tries towards clean (or “green”) combustion technology. Fuel-lean combustion
in swirling flows offers elegant flame stabilisation mechanism and a reduction in
NO, emission because of lower peak temperature of lean flames [1]. However, the
flames under these conditions are prone to thermoacoustic oscillations, which are
also known as combustion instabilities. This arises when the fluctuating pressure
is in phase with the fluctuating heat release rate per unit volume [2, 3]]. Fur-
thermore, if these oscillations are close to the acoustic modes of the combustor
geometry, self-excited instabilities ensue. This feed-back mechanism can amplify
these oscillations to amplitudes high enough to induce structural damages to the
combustor [4] [5]].

Significant research is devoted to understand these instabilities appearing in



laboratory as well as in practical GT combustors and these studies are reviewed
in [6-8]]. The advances in laser diagnostics allow detailed investigation of lean
swirl burners operating under GT relevant conditions and these so-called gas tur-
bine model combustors (GTMC) are designed to obtain highly repeatable experi-
mental observations by having well defined boundary conditions with low uncer-
tainties. An example for such GTMC is the PRECCINSTA burner from DLR [9-
11], which provided both physical insights into and model validation data for
unstable lean swirl flames. Large Eddy Simulation (LES) is a natural approach to
simulating unsteady processes occurring inside such GTMC and many LES stud-
ies conducted [12H135] for this burner showed good predictions for the velocity
and scalar fields. These simulations assumed perfectly premixed reactant at the
combustor inlet as fuel was injected far upstream inside the swirler vanes, which
is valid for the stable flames simulated. However, imperfect mixing was observed
in the experiments, which produced the instability for certain operating condi-
tions [9, [11]. The influence of this imperfect mixing to capture the self-excited
instability was confirmed in numerical studies by including the fuel injection from
the swirler [116, [17]].

The influence of imperfect mixing was also studied in experiments using an-
other GTMC with two air swirlers and fuel injection between the two streams
producing partial premixing [18H20]]. This combustor exhibited many phenom-
ena such as flame-vortex interaction [21-23]], self-excited thermoacoustic oscilla-
tions [24-27]] and lean blowout dynamics [28] depending on the operating con-
dition. Three cases were investigated in the experiments [19, 20]: a thermoa-
coustically stable flame, designated as flame A, an unstable flame showing self-

excited thermoacoustic oscillations, called flame B, and flame C exhibiting pe-



riodic blowout and reignition. These rich behaviours make this GTMC a good
case for rigorous model validation. Most LES studies on this GTMC so far have
focused on the stable flame A, which has a typical V-shape located in the inner
shear layer (ISL) and it is stabilised by the lower stagnation point of the inner
recirculation zone (IRZ). This zone and the shear layer will be highlighted while
discussing the results in later sections of this paper.

See and Ihme [29] performed LES of flame A using flamelet/progress variable
(FPV) approach for the subgrid combustion and showed fairly good comparisons
between measured and computed velocity, temperature and major species. It is
worthwhile to note that they included the upstream plenum feeding the inlet air
into the inner and outer swirlers which allowed to compute the air flow split in
the simulations. By contrast, the numerical works of Donini et al. [30] and Benim
et al. [31] excluded the plenum by placing the inlet boundary at the inlet side
of the swirler vanes to reduce the computational cost. As a result, these two
studies showed quite substantial deviations between the computed and measured
velocity statistics suggesting that the plenum should be included in the simulation
of combustors with more than one single air passage so that the air flow split and
its variation with time can be captured in the simulation.

As for the unstable flame B, numerous experimental studies were conducted
using the state-of-the-art measurement techniques including stereoscopic particle
image velocimetry (stereo-PIV), Raman spectroscopy, laser Doppler velocimetry
(LDV), OH*/CH* chemiluminescence and OH/CH/CH,O planar laser induced flu-
orescence (PLIF), to investigate many interesting physics exhibited in this flame.
These measurements were made using both phase-locked approach [19] 24, 25]]

and high repetition rate (kilo-Hertz) lasers [11} 23, 26-28]]. Analysing these



time and space resolved planar data have certainly improved our understanding
of flame B. However, the three dimensional aspects of flow and flame features are
difficult to deduce using these 2D measurements and LES becomes handy to un-
ravel these details. To the best of authors’ knowledge, so far our recent work [32]
was the only numerical attempt on flame B, which had a particular focus on the
interaction between the pressure oscillations and mixing processes. Thus, more
numerical effort is needed for this complex flame and the objectives of this work

arc:

1. To conduct LES of both flames A and B using flamelets for subgrid com-
bustion in order to assess the abilities of the flamelet closure and LES to
capture the complexities observed in these flames.

2. To offer physical insights on the stabilisation mechanisms of swirling par-
tially premixed flames by analysing the LES data, and

3. To examine the influence of thermoacoustic oscillations on the lifted swirl
flame stabilisation. To be clear, the focus here is not on thermoacoustic
stability analysis but rather its influence on the anchoring mechanism of

aerodynamically stabilised flames.

This paper is organised as follows. The LES formulation and subgrid com-
bustion model are detailed in Section [2] which is followed by the description of
the target burner and its numerical setup in Sections [3|and 4] The LES results for
the flame and flow structures are presented in Section [5]and the physical features
of the flame stabilisation mechanism are discussed in Section[6] The concluding

remarks are summarised in Section



2. Modelling methodology

The Favre-filtered transport equations for mass and momentum are solved:

%+V.(p(7):0, and (1)
ag—tU+V-(ﬁﬁl7)=—V[_?+V'Teﬂ’ 2)

where p is the modified filtered pressure, computed by solving a Poisson equation
for p (combining Egs. (1) and (2)) [33]]). The filtered mixture density, p, is obtained
using the ideal-gas equation of state. The effective stress tensor is modelled as
Ter = 25(V+v)[S - (V- U)1/3| with ¥ and v, being the filtered molecular and
subgrid (SGS) eddy viscosities respectively, S is the strain rate of U, and I is the
3 X 3 identity matrix. The Smagorinsky model [34] is used for the SGS eddy
viscosity: v, = (Cs A)2||§|| , with the model constant Cs = 0.1 and A is the filter
width.

The compressibility effects must be included in the simulation to capture self-
excited thermoacoustic oscillations [35]. Thus, the Favre-filtered transport equa-
tion for the absolute enthalpy (chemical + sensible) including the pressure effects
is considered. This equation is
%+V-(ﬁﬁﬁ):v-[ﬁ(%+%)vﬁ] +%, 3)
where the laminar and turbulent Prandtl numbers, Pr and Pr,, are both set to be
0.7. The filtered substantial derivative of pressure is given by % ~ %—? +U-V D

A tabulated chemistry approach for partially premixed combustion involving a
presumed SGS probability density function (PDF) is used for this work. This ap-

proach has been extended from the mixedness-reactedness RANS modelling con-

cept proposed by Bradley et al. [36, 377]] using premixed flamelets, and the SGS

6



closure models used for LES in this work have been validated for a range of test
cases [38l 39]. Many other approaches sharing similar modelling concepts have
also been established in the literature (for example, see reviews in Refs. [40-42]]
and references therein). The premixed flamelets are computed using the freely-
propagating flame model in Cantera [43]] with GRI Mech 3.0 for combustion ki-
netics. Thermochemical states of these flamelets are then tabulated as a function
of filtered mixture fraction, Z a reaction progress variable, ¢, and SGS variances
of Z and c. The turbulence-chemistry interaction is modelled via the SGS joint
PDF of Z and c. The mixture fraction is defined using Bilger mixture fraction [44].
The progress variable is defined as ¢ = y/y"4(Z), where  is the sum of CO and
CO; mass fractions. The superscript “Eq” denotes the burnt side value of  in the
flamelets with varying mixture fractions. The transport equations for the filtered

and subgrid variances of Z and c are solved:
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where D is the effective mixture diffusivity modelled using (5 + v;/Sc;) with a
turbulent Schmidt number of Sc, = 0.4 [38 45]] and D = (v/ Sc) is the filtered
molecular diffusivity with Sc = 0.7.

The SGS scalar dissipation rate (SDR) of mixture fraction is modelled as
PX7ses = Czﬁ(vt/Az)Z’E, where C; is taken to be 2.0 [29]. This model is in-
adequate for the progress variable because the effects of heat release and its inter-
action with turbulence must be included while modelling its SDR [46-48]. Thus,
a model developed and tested in earlier studies [38, 49-51]] accounting for these

effects is used. This model is written as

Xe.sgs =pD (Ve -Ve) —pD(VE-VT)

S0z 2] 72
é( ) + (C3 - TC4D3.A) —A ¢
6,(2)
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where the subgrid velocity scale, u), is modelled using a scale similarity approx-
imation [38]]. Details of the model parameters are given in Refs. [38] 139]. The
model constant 5. is dynamically evaluated in the LES [52]].

Both flames A and B of the experiments [19, [20] selected for this work were
observed to be lifted from the fuel injector suggesting partial premixing effects at
the flame base [53)54] and thus an SGS combustion model which can capture dif-
ferent burning modes is required. Bray et al. [S3] derived the instantaneous form

of Eq. (6) and showed that & includes the contributions from different burning



modes and its filtered form is written as

- aw C dZw Eq
——
premixed, @ non—premixed, Bnp
1 dy*

+ 2pD(VZ~Vc)ﬁd—Z,

Cross term, Wegr

where Zw = Wco + Weon, 1s the filtered reaction rate of . The three terms on
the RHS, @, an and @eqr, respectively signify the contributions from premixed,
non-premixed combustion modes and their interaction resulting from the cross
dissipation rate. Following previous studies [38, 56, 157, Weqr ~ 0 is assumed for
simplicity as the cross dissipation rate is usually small [58].

The premixed part, @,, is modelled as

- —_ ! lwc(é‘:’g)'"'
. = P(é, dc dé 10
@ pfofop(f,o (€.¢) d dg 19

where & and ¢ are the sample space variables for Z and c respectively. The SGS

joint PDF required for Eq. (I0) is to be modelled. In principle, one should con-
sider the mutual influence between the intrinsically correlated SGS fluctuations
of Z and ¢ while modelling this PDF. This correlation was shown to be important
for the Reynolds-Averaged Navier-Stokes (RANS) calculations [56} 57] because
the fluctuations of Z and ¢ inherently influence each other and this interaction is
statistically significant over the sampling period, i.e., time required for the con-
vergence of low-order statistics in RANS. However, a recent DNS study [39]
showed that although the Z-c¢ correlation still exists at the SGS level, it is rela-
tively less influential on the time-averaged statistics because the portion of this

correlation related to the large-scale fluctuations is resolved in LES. Thus, the
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subgrid correlation is not considered here for simplicity which allows to model
the joint PDF using two statistically independent marginal S-PDFs of Z and c:
F(.f, ) =~ Pg (f; Zﬁ) X Pg ({; c, c’;’a) The SGS correlation effect will be in-
vestigated in a future study. Apart from the statistical independence assumption,
additional error for this joint PDF approximation can originate from the presumed
shape of S-distribution, and Bray et al. [60] showed that this could lead to con-
siderable errors in the laminar flame speed if the turbulence level is small (com-
bustion in the corrugated or wrinkled flamelets regimes). However, this error is
expected to be small in highly turbulent flames such as the present case.

The non-premixed part in Eq. (9)) is modelled as [38]:

s e A (O~
Wnp :chZL qu(f) dfz Pﬁ(f) dé:, (11)

where y7 = D(VZ-VZ) + Xz, ses 15 the sum of the resolved and SGS (modelled)

scalar dissipation rates.

The last term of Eq. (7)) needs a closure and can be rewritten as ( cwi— 'Ed)j,) =

(cci)C —E"EC) + (cd)np —'c'anp) , where ¢ @,, — Cay, = 0 following Eq. (TI).
The remaining term c @, and other thermochemical quantities such as species
mass fractions, ¥;, the mixture-averaged effective specific heat capacity at con-
stant pressure and enthalpy of formation, Ef, and Aﬁj}, are computed in a similar
manner as in Eq. (10) following [56] 57]. The temperature is calculated using
T = Ty + (;;— Aﬁ?)/f"“ , Where T, = 298.15 K and 7 is obtained using Eq. (3)),

in which the compressible effects are included.

3. Target burner configuration

Figure [Ip shows a schematic of the dual-swirl burner setup [19, 20]. The

dry ambient air supplied at the bottom of the plenum flows through two swirlers
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Table 1: Cold and hot flow conditions considered.

Case DPoiob  Zgiov ity (gfs) 11 (gfs) SN Piperm (kW)
Non-reacting - - 19.74 1.256 (Air) 09 -

Flame A (stable) 0.65 0.037 18.25 0.697 09 349

Flame B (unstable) 0.75 0.042 4.68 0.205 0.55 103

*swirl number as defined in [19]]

having the same rotational direction before exiting into the combustion chamber
through concentric circular and annular nozzles of diameters 15 and 25 mm, re-
spectively. The fuel injector comprised 72 square nozzles (0.5 x 0.5 mm?) forming
a ring of jets mounted on the wall between the two air nozzles. An enlarged view
of this arrangement is shown in the inset of Fig.[Th. These fuel nozzles were con-
nected to an annular plenum through slightly curved ducts and pure methane was
fed into this plenum through three circular inlet holes on the side wall. The exit
planes of the inner air nozzle and fuel jets were 4.5 mm below the outer nozzle
exit plane which was marked as 4 = 0 for the streamwise distance (see Fig. [I)).
The rectangular combustion chamber was 85 x 85 x 110 mm? in the x, yand h di-
rections and the burnt gases flowed into the atmosphere through a duct of diameter
40 mm.

The experimentally investigated stable flame A and unstable flame B are of
interest here. The operating conditions of these two flames are listed in Table
along with the mass flow rates of air, 71, and fuel, 71}, the global equivalence ratio,
D05, mixture fraction, Zgop, swirl number and thermal power. The experimental
non-reacting case of flame A with air injected through the fuel nozzles is also
simulated for validating the grid and LES setup. The dashed lines in Fig.

denote the axial distance at which LDV measurements were taken for the non-

11



reacting flow. For the reacting cases, 8 axial heights marked in Fig. (Ib covering
the entire combustion chamber were used. The iso-surface of w_: = 200 kg/m?/s
coloured by the filtered temperature denote the computed flame surface. This is
shown to help visualise the positions of the measurement locations relative to the
flame. Three-component velocities were measured [21), 161] using stereoscopic
PIV with high-repetition rates of 5 and 10 kHz. Laser Raman scattering was
used [[19} 20] to obtain the concentrations of seven major species (CHy, N, O,,
CO,, H,0, CO and H;), which were then used to compute mixture fraction and
temperature. The uncertainties associated with these Raman measurements were
reported to be about 3 to 4% [|19] except for the intermediate species, CO and Hs,

which are known to have higher uncertainties [9].

4. Numerical Setup

A schematic of the computational domain is shown in Fig. 2] along with the
unstructured grid in the mid-y plane. As noted earlier, the air split between the
inner and outer swirlers is critical to obtain the correct combustor flow field and
thus the air plenum is included in the computational domain. It is also essential to
have this plenum as a flow resonator when there is self-excited oscillations. Three
numerical grids are examined for the non-reacting flow to assess the mesh sensi-
tivity and the details are given in Appendix A. Note that a uniform grid spacing of
dx = 0.1 mm is used to have 5 mesh points across a fuel inlet slot (0.5 x 0.5 mm?)
for the 19 M cells grid (G2 case in Appendix A) used for the reacting flow results
discussed in the next section.

Following previous studies [[12, [16], a hemispherical domain of sufficient size

is included at the combustor exit as shown in Fig. [2l The boundary conditions of
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this added domain are specified with atmospheric pressure. This approach avoids
the difficulties in specifying a meaningful acoustic boundary condition at the com-
bustor exit for the self-excited case. Since the majority of the turbulence in the
combustion chamber is generated by the swirling flow, top-hat profiles without
turbulence are specified for the fuel and air inlets using the measured respective
mass flow rates listed in Table[I] Ideally, the fuel plenum should also be included
when there are thermoacoustic instabilities but this is not considered here as a first
attempt. Adiabatic no-slip condition is employed for all the walls and Spalding’s
wall formula is used for the near-wall turbulence [62]]. A laminar air inflow with
the velocity of 0.1 m/s is specified at the bottom of the hemispherical domain as
shown in Fig.

The open-source toolbox OpenFOAM 2.3.0 is used for this study. The com-
pressible PIMPLE solver is employed to deal with the strong coupling between
pressure, velocity and scalar equations [63]. It is worth noting that the computed
self-excited oscillation in flame B was found to be quite sensitive to this coupling
and a stringent convergence criterion allowing for multiple PIMPLE iterations
were required. Within each time-step, Eqgs. (I)—(7) are solved on 3 to 5 outer
loops (with 2 inner PISO loops) to obtain the correct frequency and amplitude of
the oscillations in flame B. The time-step sizes for flames A and B are chosen
to be Ar = 0.1 and 0.3 us based on their respective flow rates (see Table[I)). The
resulting maximum flow CFL number is about 0.5 near the fuel nozzle and below
0.2 over the entire domain for both cases. Once a statistically stationary state is
reached, the LES data are collected for about 0.1 and 0.3 s for the flames A and
B respectively, which correspond to 30 — 35 characteristic flow-through-times in

both cases. These computations are performed on ARCHER, the UK National Su-
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percomputer, using 1080 cores and the typical turnover time, i.e., from the start of
simulation to the end of collecting statistics, is about 160 hours on the wall-clock

for each case.

5. Results and model validation

5.1. Reacting flow field structure and dynamics

The computed mean axial velocity contour and streamline patterns are shown
for the mid-plane in Fig. [3| for flame A. The mean flow field has a Y-shape IRZ
due to the converging outlet geometry, and an outer recirculation zone (ORZ) in
the corners close to injector exit plane. Another large-scale coherent structure
often seen in swirling flows, the so-called precessing vortex core (PVC) [64], is
also found in this combustor as depicted in Fig. [ using a low dynamic pressure
iso-surface of —1425 Pa.

The computed mean and r.m.s. values of axial, radial and swirl velocities for
the two flames are compared with the measurements [[19] 20] in Figs.[5|to[7] Ap-
propriate scales are chosen for flames A and B in order to help direct comparisons
and to elucidate the effect of self-excited oscillations on the flow field. The com-
puted and measured mean axial velocity contours in a mid-plane of the combustor
are shown in Fig. [Sh. The overall flow structure is well captured for both flames
and the simulated IRZ and ORZ (marked by thick lines) are in reasonable agree-
ment with the measurements. However, the width of the IRZ from 2 = 10 to
30 mm is considerably overpredicted for flame A and the computed downstream
stagnation point on the centreline appears at 4z =~ 60 mm, which is about 10 mm
larger than that in the experiments. The same trend is also observed for flame B

although the difference between the computed and measured IRZs seems to be
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relatively smaller. This discrepancy observed for both flames is because the flow
separation in the contoured outer air nozzle lip (see enlarged view in Fig. [2p) is
delayed in the computations resulting in an overestimate for the spreading angle
of the swirling flow. Capturing the flow separation precisely requires a very fine
near-wall mesh as discussed in Appendix A. Such a LES is computationally ex-
pensive and beyond the scope of this study, which focuses on the combustion and
self-exited oscillations.

A notable difference between the two flames reported by Weigand et al. [[19] is
that the IRZ of flame B only reaches up to 4 ~ 62 mm, about 10 mm shorter than
that in flame A and this is reproduced quite well in the computations, as shown
in Fig. [5p. This could be because of the longitudinal pressure oscillation present
in flame B, which introduce a modulation on the inflowing streams leading to a
weaker penetration compared to the stable flame A. This additional complexity
posses additional challenges in capturing the flow fields in the injector near-field
leading to some underprediction in the mean and r.m.s. of axial velocities for
flame B compared to flame A. However, a good agreement between the simulation
and measurement is observed for both flames as one moves downstream (h = 50
and 90 mm).

The comparison for the radial velocity is presented in Fig. [0} The computed
mean and r.m.s. agree well with the measurements for both flames despite some
overprediction of the mean values in Fig. [6b at 7 = 5 and 10 mm for flame B,
which is linked to the underprediction of the axial velocity for these positions
noted in Fig. [Sb. However, an excellent agreement is observed in Fig. [7] between
the computed and measured mean swirl velocity in both the flames for all stream-

wise positions. Overall, the comparisons shown above for the mean and r.m.s. of
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velocities are quite good for both the stable and unstable fames. This suggests that
the LES framework and sub-models described in Section [2]are able to capture the
complex flow and flame behaviours in the dual swirl combustor.

Meier and co-workers (21, 26, 27]] performed further PIV measurements using
lasers with high repetition rates of 10 and 5 kHz for flames A and B respectively
to investigate the dynamics of the coherent flow structures like the PVC and its
interaction with the flame. These rep-rates were shown [21, 26] to be sufficient to
resolve the unsteady motion of the PVC with the precessing frequency of about
1700 Hz in flame A and 500 Hz in flame B. In order to resolve the large vortices,
a small measurement window close to the injector exit was chosen to have a high
spatial resolution (~1.5 mm). This window is highlighted in Fig. |8 showing the
measured mean streamlines overlaid with the out-of-plane velocity contours in the
mid-plane for both flames A and B. It is worth recognising that the flow field in
flame B is also subject to the modulation of thermoacoustic oscillation at a fre-
quency of about 300 Hz and thus it is worth performing a power spectral analysis
to investigate the flow characteristics in different regions. The three representative
points marked in Fig. [§] are used for the spectral analysis and these points are in
the swirling jet, inner shear layer (ISL) and inner recirculation zone (IRZ) to be
representative of various flow regions. Figure [9] shows the power spectra of the
computed and measured axial velocities. The data were acquired for about 0.1 and
0.3 s from the LES of flames A and B respectively and these durations are shorter
compared to 0.8 s in the experiments of these flames [21), 26]. The experimental
results shown in Fig. 9] for flame B are similar to those reported in figure 4 of [26]]
where the spectra were averaged over 7 separate acquisitions totalling about 5.6 s

for the sampling period. This suggests that a single run over a sufficiently long
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period is adequate to capture the significant flow and flame dynamics required for
the following discussion.

The experimental data show a single peak at the PVC frequency of about
1700 Hz for flame A as presented in Fig. 9 for the monitoring point in the jet re-
gion. This coherent structure is predicted in the LES but with a lower frequency of
about 1450 Hz. However, the PVC frequency of about 500 Hz for flame B [26, 27]]
is captured well in the LES. The discrepancy for flame A could result from the less
resolved velocity gradients in the ISL. which dictate the PVC formation; and an-
other possible reason is the delayed flow separation mentioned earlier leading to
a larger PVC diameter (of the corkscrew) with slower rotation in the LES. As the
inflow jet streams are significantly affected by the thermoacoustic oscillations, an-
other peak at about 300 Hz in the experiments [26} 27] is observed for flame B.
The LES captures this oscillation with a slight underprediction of 40 Hz, which is
probably caused by not including the fuel plenum in the computational domain.
The spectra for the monitoring point in the ISL region shows a dominant peak
for the PVC frequencies since the PVC resides in this region (see Fig. d). The
inner recirculation zone is not influenced by the PVC and thus the spectra for the
IRZ monitoring point do not show the peak corresponding to the PVC frequencies
but the influence of thermoacoustic oscillations can be observed at this monitor-
ing point in Fig. Ok for flame B. As is expected, the axial velocity spectrum at
this location for flame A exhibits a broad-band behaviour in both experiments and

computations.

5.2. Profiles of mixture fraction, temperature & species

It was observed in the experiments [19, 20] that flames A and B exhibited

V-form and flat shapes, respectively. This change in flame shape is reproduced
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well in the LES as shown in Fig. by comparing the mid-plane contours of
computed mean temperature and reaction rate of progress variable between these
two flames. It is seen that the conical reaction zone in flame A, which is typi-
cal for swirl flames, extends over 40 mm in the axial direction, nearly twice of
that in flame B which shows an uncommon short and flat shape. This is caused
by the additional radial fuel-air mixing pattern in flame B (see the widened stoi-
chiometric mixture fraction iso-line), which results from the interaction between
the pronounced pressure oscillations and oncoming inflows of fuel and air. This
phenomenon is explained in [32] in detail and will also be discussed later in sub-
section [5.3] To elucidate this effect on the flame structure, the measured and
computed radial profiles of flames A and B are compared in the following.
Figure [11] shows the mean and r.m.s. of mixture fraction variation across the
combustor for & = 5, 10, 20, 30, 50 and 90 mm. The computed mean values agree
quite well with the measurements for the flame A at all axial locations expect a
slight shift of peak position at 4 = 5 and 10 mm, which is a result of the radial shift
of the jet velocity profiles due to the delayed flow separation discussed earlier in
Fig.[5 For flame B considerable overprediction is observed for 4 < 20 mm and
the agreement improves when moving towards the downstream. Since flame B
is a pulsating unstable flame with significant variation of fuel and air flow rates,
the difference of 40 Hz between the computed and measured frequencies of the
oscillation (see Fig.[9) can lead to differences in the fuel-air mixing pattern and
spatial flow variations. This is reflected in the comparisons shown in Fig.
Also, it is worth noting that only the air plenum is included (see section ) and
the fuel plenum is not. The interaction of longitudinal pressure oscillations with

fuel plenum could also play a role which will be investigated in a future study.
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For the r.m.s. of mixture fraction shown in Fig. [I1p, the overall agreement is
quite good for both flames except for the noticeable overprediction of peak values
at h = 5 mm, which might be because of relatively low resolution used in the
LES for the fuel jet exit. Also, there was some level of spatial averaging within
the Raman probe (~ 0.6 mm) larger than the local LES grid size at 7 = 5 mm,
and thus the measured r.m.s. value tends to be underestimated at this near-field
location with strong mixture fraction fluctuations.

The computed radial variation of averaged and r.m.s. temperatures are com-
pared against the measurements in Fig. [[2] As shown the overall agreement
is good and the substantial change in the temperature variation due to different
shapes of flames A and B [19] is also captured. The averaged temperature in the
IRZ (x| < 5 mm) located in the near field of the injector exit (4 < 10 mm) is under
estimated by about 300 K for flame A. By contrast, the computed near-field IRZ
temperature agrees well with the measurements for flame B suggesting that the
influence of thermoacoustic oscillations on the reaction zones is captured accu-
rately in the simulation. Furthermore, it was reported in the experiments [[19] that
the mixture reaches the burnout state before # = 20 mm in flame B much faster
than that in flame A showing CH radical up to 40 mm. This trend is also repro-
duced in the computations showing a flat temperature profile of about 2000 K by
h =20 mm in Fig.[I2a for flame B whereas the flat profile is observed by 50 mm
for flame A. The almost uniform variation of very low temperature r.m.s. values
at & = 30 mm in flame B also supports the above observation.

For the major species (CHy, O,, H,O and CO,), the level of agreement be-
tween the LES and experimental results (not shown) is similar to that for mixture

fraction and temperature, which is expected for the flamelet approaches. The ra-
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dial variations of computed and measured mean CO mass fractions are compared
in Fig.[I3p and [I3p for flames A and B respectively. The error bars correspond to
a 50% uncertainty [[16]. It is observed that the trend of the measured radial and
axial variations of CO is captured reasonably in the computations. The overesti-
mate seen at 4 = 20 mm in Fig. [I3p for flame B is related to the overpredicted

mixture fraction (richer mixtures) close to the injector (see Fig. [[Th).

5.3. Scatter plot of temperature vs. mixture fraction

Scatter plot of temperature versus mixture fraction is helpful for understand-
ing the mixing and thermochemical states of the combusting mixture at various
streamwise locations inside the combustor [20]. Thus, it is used here to qualita-
tively compare the results obtained from LES and experiments to further exam-
ine the performance of the combustion modelling approach used for this study.
This comparison also helps to reveal more insights into the flame behaviour in
the stable and unstable cases. It is worth noting that the LES gives Favre-filtered
quantities whereas the measured values are instantaneous which include the sub-
grid variations. Thus, the scatters of computed temperature tend to have a larger
spread over the mixture fraction space and also a lower peak due to the filtering
and density-weighting effects whilst the subgrid fluctuation is significant.

The variations of measured and computed temperature in the mixture fraction
space are compared in Fig.[T4]for the streamwise location of 7 = 5 mm in flames A
and B. It is observed that for both flames there is a large spread of the mixture
fraction ranging from 0O to 0.25 suggesting that the mixture is partially premixed
at this axial location. The global value of the mixture fraction is about 0.05 and
0.06 for flames A and B respectively. An evident difference between the experi-

ment and simulation is seen for the mixture fraction scatters in flame B, showing
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a significant population in the large values (i.e., > 0.1) with temperature above
500 K. Despite the LES filtering effect this discrepancy is related to the overpre-
diction of mean mixture fraction in the near field observed earlier in Fig.[ITa. The
measured temperature variation with the mixture fraction is captured quite well in
the LES and the overall agreement is good although there is an underestimate of
about 300 to 400 K in the LES, smaller than the equilibrium values. As discussed
earlier this difference originates from the strong subgrid fluctuations of tempera-
ture in the near-injector locations which cannot be resolved by the LES grid. The
super-equilibrium temperature measured predominantly for IRZ and ISL regions
is not seen in the computations. These super-equilibrium temperatures can result
from the statistical uncertainties associated with the single-shot Raman measure-
ments [19] and the generally higher temperature in the experiments for this near-
nozzle location can also result from the hot injector metal walls preheating the
unburnt gases by as much as 80 K for the two flames investigated [20].

The sample points in Fig.|14| are marked using different colours depending on
their radial locations and five representative regions as listed in the figures. The

following points are noted:

e Inner recirculation zone - IRZ (|x| = 0-2 mm) has mainly high temperature
mixture because of recirculating burnt gases and the mixtures with low tem-
perature seen in this region are a consequence of the unsteady flame lift-off

height, which is 4 ~ 5 and 4 mm on average for flames A and B respectively.

e Inner shear layer - ISL (|x| = 4-6 mm) is the region where fresh and burnt
gases mix rapidly and hence the majority of reactions take place in this re-
gion. As a result, the mixtures have wide range of thermochemical states

yielding the largest spread (temperature ranging from 300 to 2000 K). A
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careful interrogation of the LES data suggests the reactions occur outside
the ISL in flame B because the thermoacoustic oscillations introduce flap-
ping of the fuel jet leading to additional mixing in the radial direction, unlike

in flame A, yielding different distribution of reaction zones [32].

Jet (|x] = 7-10 mm) region has mostly fresh gases and thus the tempera-
ture is predominantly lower than 500 K with flames crossing this region

occasionally.

Outer shear layer - OSL (|x| = 14-18 mm) contains quite different mix-
tures in flames A and B. This region mainly involves mixing of the air jet
and recirculating burnt gases in flame A with occasional reactions. Thus,
the mixtures are predominantly lean with temperature varying linearly be-
tween the air temperature (300 K) and the burnt temperature (~1300 K)
of the lean flammable mixture. Some unreacted rich mixtures come into
this region occasionally yielding the distribution of cyan coloured points as
seen in Figs. and[I4k. A considerable amount of reactions occur over a
quite wide range of mixture fraction in this region for flame B as shown in
Figs. [[4b and [[4d. Our recent study [32] found that this increased amount
of reactions in the OSL is related to the additional radial mixing mecha-
nism existing in the unstable case and more specifically, the fuel jet injected
between two air streams (see Fig. [Th) undergoes a periodic radial flapping
motion towards the outer regions at the thermoacoustic frequency. This is
because the two air passages in the upstream have different impedances and
hence respond to the pressure oscillations differently leading to a large vari-

ation in the mass split between the two air inflows during an oscillation
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cycle. This variation enhances the downstream fuel-air mixing in the radial

direction resulting in a shorter and flattened flame [19} 20} 32]].

Outer recirculation zone - ORZ (|x| = 21-30 mm): has mixtures mostly with
mixture fraction values close to Zg,, but with temperature ranging from
Tiiq to 1000 K in flame A as seen in Fig. . The low temperature is
because of the heat loss through the walls in the experiment which is absent
in the simulations because of adiabatic walls used and thus the range of
temperature observed in the LES is relatively smaller as shown in Fig. [T4k.
For flame B, however, the range of temperature observed is much wider
(temperature as low as 500 K) as seen in Fig.[I4p and this wider temperature
distribution is because of radial flapping of the fuel jet mentioned above
leading to radial mixing and reaction occurring in the ORZ similar to that in
the OSL. These physical processes and their effects are captured quite well

in the LES as suggested by the data shown in Fig. [T4d.

The variation of temperature in the mixture fraction space is shown in Fig. [I3]

for streamwise positions of 4 = 15, 30, 60 and 90 mm for both flames A and B.

It is observed that flame B reaches almost fully burnt state by about 7 = 30 mm,

which is significantly faster than flame A showing temperatures as low as 500 K

at this position. The scatter of Z is near Zyq, for 1 = 90 mm suggesting that

the mixing of the fuel and air streams is complete by this position. A noticeable

difference between the LES and experimental results here (also in Fig. is that

the LES scatter is generally larger in the mixture fraction space at all streamwise

positions. This is particularly evident for the two downstream locations of 7 = 60

and 90 mm, where the scatter in the LES implies an incomplete mixing as opposed

to the measurement points concentrated close to the global mixture fraction. It is
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noted again that the LES quantities are filtered and thus expected to have a larger
spread. This can be confirmed by comparing the mixture fraction PDFs (shown
in embedded figures) obtained from the experiments and simulations. For both
flames the LES PDFs have smaller peaks with more spread distribution, which is
a typical filtering effect. Nevertheless, these variations in the evolution of 7-Z
map inside the combustion chamber is predicted well in the LES for both flames
suggesting that the modelling approach used works quite well allowing us to fur-
ther analyse the LES results to gain physical insight on the mechanisms behind the
stabilisation of lifted swirl flames. The influences of the PVC on the two flames
and its interaction with self-excited oscillations in flame B are of specific interest

here.

6. Role of PVC in flame stabilisation & influence of self-excited oscillation

Previous experimental studies (see Refs. [23] 26, 27]) have shown that the
PVC plays an important role in the stabilisation mechanism of swirl flames in this
burner. However, the experimental observations of the PVC were limited to pla-
nar measurements (e.g., PIV, PLIF). Thus, the LES data are used to gain insights
into the this mechanism and its behaviour in both thermoacoustically stable and
unstable flames. Figure |16 presents the 3D visualisation of the PVC along with
contours of the filtered reaction rate in the mid-plane. The white iso-lines cor-
respond to the mixture fraction at the lean flammability limit. The PVC in both
flames is identified using the same pressure iso-surface as that used for Fig. 4| It
is seen in Fig. [16] that the helical vortex core in flame A is about one revolution
longer than that in Fig. [I6b for flame B and this is similar to the experimental

observation reported in [23]]. In both cases, enhanced mixing of unburnt gases is
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observed near the fuel injector where the PVC encounters the fuel jet (marked in
Fig. @). On the other side of the combustor axis, i.e., half a revolution down-
stream along the PVC, strong reactions occur since the PVC rolls the fresh gases
into the IRZ. The fuel jet flapping behaviour discussed in [32] for flame B also
appears here in the right half of Fig.[I6p (marked in the figure), where the PVC is
not present (out of plane) and fuel jet is pushed away from the centreline. This is
a consequence of the periodic variation in the mass flow split between the two air
swirlers, resulting from different acoustic impedances of these swirlers felt by the
pressure oscillations [32].

Regarding the flame stabilisation mechanism in the stable flame, an important
finding in [23]] (for thermoacoustically stable flames) was that the precessing mo-
tion of the PVC induces unsteady lower stagnation points periodically appearing
at the lifted flame base, where the fresh reactants and burnt products mix directly
leading to strong reactions. However, this observation was constrained by the 2D
nature of the planar laser diagnostics and also the measurement window size (see
Fig.[8), which does not include regions below # = 0 mm where the PVC strongly
influences the mixing of fresh gases at fuel nozzle exit as seen in Fig. [I6p. To
gain further insights into this, Fig. 17| shows the streamlines using the computed
mid-plane velocity field overlaid on the reaction rate contours using the same
snapshots shown in Fig. [T6]so that it is convenient to interpret the in-plane PVC
vortices using the 3D image. It can be seen in Fig. 17| that for both flames A and
B, regardless of the thermoacoustic oscillations, the flame leading point seems to
be near the lowest (or most-upstream) stagnation point next to the root of the PVC
as marked for the chosen LES snapshot. Also, high reaction rates are found to

be concentrated near the PVC vortices in the downstream regions. This is more
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evident for flame A in Fig. where the reaction zones are rolled up around
these vortices and elongated in the ISL. By contrast, the reaction zones in flame
B shown in Fig. are more spread out radially and there is almost no reaction
beyond 4 = 25 mm. This difference between flames A and B is consistent with
earlier observations in Figs. [I2] and [I5] showing a faster reaction progress in the
axial direction for flame B.

To explore the generality of the influence of the PVC on the reaction zone
behaviour in these two flames, phase averages of the LES results are obtained us-
ing the computed PVC frequencies (see Fig. [9). The duration of the simulation
data used span over more than 70 continuous PVC cycles for both flames and
there are about 12 snapshots within each cycle. Figure |18 shows the mid-plane
phase-averaged velocity field streamlines and filtered reaction rate contours for
four typical phase angles from 0° to 135°. Following previous studies [23}165], a
swirl strength factor is computed to identify the in-plane vortices resulting from
the PVC , and this factor is calculated by taking the imaginary part of the com-
plex eigenvalues (in conjugated pairs) of the phase-averaged velocity gradient ten-
sor [65]. The stagnation points near the flame base region are highlighted using
cross markers. By comparing Fig. and [18p, substantial differences can be ob-
served between flames A and B in the phase-averaged velocity field and reaction
zone behaviours.

For the stable flame A presented in Fig.[I8h, both the streamlines and reaction
zone shape in the flame base region (marked in blue window) change from one
phase angle to another following the movement of the large vortices. These large
vortices are seen as bright white spots in the enlarged window below correspond-

ing to high values of swirl strength factor and they are related to the most dominant
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large-scale structures in the flow, i.e., the PVC. At the phase angle 0°, there are
two dominant vortical structures around the flame leading edge which is found to
be well above & = 0 mm, and the vortex on the left side starts to interact with the
flame. Because of this interaction, the flame leading edge moves upstream and
elongates around the left vortex (see phase angle 45°) leading to a lower lift-off
height. Meanwhile, a new vortex appears on the right side of the combustor axis
and then encounters the flame base at 90°. Finally, at phase angle 135° the flame
leading edge is rolled around this vortex towards the right-hand-side. The results
for the remaining four phase angles from 180° to 315° are simply the mirrored
images at the centre axis and thus not shown here. These phase-averaged reaction
zone behaviours discussed above are very similar to those found experimentally
in [23] for another stable flame (same equivalence ratio, lower thermal power).
Furthermore, there seems to be always three stagnation points (highlighted using
cross markers) located around the flame base serving as “flame anchors”. The
lowest stagnation point (LSP) is found between 4 = —5 and 5 mm, and it origi-
nates periodically from the root of the PVC and then moves downstream following
the PVC precession. For some phase angles (e.g., 45° and 90° in Fig.[I8p) the LSP
is below 7 = 0, 1.e., outside the PIV window. This provides an explanation for
the different LSP positions observed between the time and phase averages of the
measured flow field shown in [23] because the second stagnation point (e.g. the
one at x * 5 mm at phase angle 45°) was seen as the LSP in the measurement
domain.

In contrast with the flame A, there is no substantial change between different
phase angles for the unstable flame B as presented in Fig.[I8b. Both the streamline

pattern and reaction zone shape remain almost the same despite a slight down-
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stream convection of the LSP resulting from the precession of the PVC. The PVC
induced in-plane vortices observed earlier in Fig.[I6b and[I7p are not visible here
in the phase-averaged streamlines, and no clear structure of the PVC can be iden-
tified in the contours of swirl strength factor. This is because the thermoacoustic
oscillations at the computed frequency of about 260 Hz periodically interfere the
mean flow and the PVC. Specifically, for two instants with the same phase an-
gle of the PVC, the behaviour of the PVC (e.g., position and strength) and its
interaction with the flame can vary significantly if those two instants are in differ-
ent phases of a thermoacoustic cycle. Steinberg and co-workers [27] showed in
a previous experimental study that in flame B the PVC undergoes periodic axial
movements at the thermoacoustic frequency. These variations cancel out when the
phase averaging is applied only based on the PVC frequency as seen in Fig.[I8p.
To demonstrate the effect of thermoacoustic oscillation on the PVC, the rel-
ative phase variation of the PVC to the pressure fluctuation phase needs to be
identified. Figure presents the normalised temporal variation of the pressure
inside the combustion chamber for the time period between 70 and 78 ms, which
spans about two thermoacoustic cycles. Here the phase of the PVC is defined such
that the orientation indicator is 1 when the PVC crosses the 4 = 0 line on the left
side of the chosen mid-plane shown in Figs. [I9b and [I9%. This particular time
window is selected because the PVC orientation relative to the plane is the same
(indicator = 1) for the two instants of # = 72.6 and 74.64 ms, but the chamber pres-
sure is the maximum and minimum respectively within one thermoacoustic cycle.
In Figs[19p and[I9 the instantaneous reaction rate contours (in green colours) are
overlaid on the pressure along with the iso-line for the mixture fraction of 0.07 to

mark the reaction zone and fuel distributions. It can be seen in both figures that
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the PVC induced flame roll-up and enhanced mixing behaviours are quite similar
to those discussed earlier in Fig. [I6p despite the pressure difference. However,
the axial distance between the two PVC vortices at t = 72.6 ms is much longer
than ¢ = 74.64 ms, being about 11 and 4 mm, respectively. This is consistent
with the experimental study [27] which showed that the PVC axially extends at
high pressure and retracts at low pressure. Similar behaviours are also observed in
other time periods (not shown). Apart from this axial motion, another effect of the
pressure oscillation found here is that the PVC root residing in the inner air nozzle
contracts and expands radially at high and low pressures respectively. Occasion-
ally, in few cycles with temporarily large oscillations the root vanishes completely
and recovers later when the pressure fluctuation becomes normal again. This ad-
ditional PVC motion could not be seen in the experiments due to the limitation of
optical access into the nozzles. Ideally, one would need to perform doubly phase-
averaging techniques to separate these two dynamic processes and the present
simulation runtime is insufficient to obtain statistically meaningful results using
such techniques. Thus, 3D mode composition methods such as dynamic mode
decomposition (DMD) are the appropriate tool to reveal further insights on the
PVC behaviours [66]]. This analysis is beyond the scope of this study and will be
investigated in future.

It is of interest to study the flame leading edge movement in the azimuthal
direction as the PVC precesses about the centre-axis. Following previous stud-
ies [38,157]], the most-upstream-point of the temperature 1200 K iso-surface above
the fuel injectors (|x| < 10 mm) is defined as the flame leading point as illustrated
in Fig. 20a). By applying FFT on the time series of the azimuthal position fluc-

tuations, €', the spectral behaviour of the azimuthal movement of this flame lead-
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ing point is shown in Figs. and for flames A and B respectively. It can
be clearly seen that a pronounced single peak appears at the PVC frequency for
both flames. This lends further support to the viewpoint that the PVC provides
the essential mechanism for the lifted flame stabilisation and the flame leading
point follows the movement of the PVC in the azimuthal direction. It is quite
remarkable to see that the azimuthal movement of the flame leading point is still
strongly correlated with the PVC frequency in flame B, even though the PVC is
significantly modulated by the self-excited oscillations and not visible in the phase
averages shown in Fig.[I8b. This can also be seen in Figs. [[9b and [I9% where the
flame leading edge seems to follow the in-plane PVC vortices even though the
PVC itself is undergoing a large axial movement between the two snapshot pre-
sented. Therefore, these results imply that the stabilisation mechanism based on
the flame-PVC interaction is quite robust for lifted swirl flames with strong tur-
bulent fluctuations and even in the presence of large flow pulsations induced by

thermoacoustic oscillations.

7. Conclusions

This paper presents a Large Eddy Simulation (LES) study of partially pre-
mixed methane-air flames in a laboratory gas turbine model combustor with dual
swirlers. Two flames, one stably burning with strong vortex-flame interaction,
and another unstable flame showing pronounced self-excited thermoacoustic in-
stability, are simulated using a revised flamelet approach. The simulation results
are compared with an extensive experimental dataset [19-21) 26] for model val-
idation. For both flames considered, the results show good overall agreement

between the computed and measured flow and flame structures suggesting that the
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modelling approach used is robust. The swirling jet spread angle from the centre-
line is overpredicted considerably in both cases. This is because of the difficulties
in accurately capturing the flow separation from the contoured wall of the outer
air nozzle in LES. Different dynamic behaviours of the flow field between the sta-
ble and unstable flames resulting from the interplay among the lifted swirl flame,
precessing vortex core (PVC) and thermoacoustic oscillations are captured well.
The predicted frequency of the self-excited oscillations is slightly lower than the
measured value, which is possibly due to the absence of the fuel plenum in the
simulation. The investigation on this is underway and results will be present in a
future study.

The LES results are further analysed to gain physical insights into the stabili-
sation mechanism of these lifted swirl flames. It is shown that in both stable and
unstable flames the PVC induced stagnation points form an anchoring mechanism
for the lifted flame base to stabilise in a low-velocity region, where the fresh re-
actants and burnt product mix leading to strong reactions. Moreover, the flame
leading point is always found to be close to the lowest stagnation point. Phase-
averaging is applied to investigate these effects at different PVC phase angles.
The results for the stable flame show similar behaviours of the stagnation points
as those found using a single snapshot, while it is not so for the unstable flame.
This is because in presence of strong thermoacoustic oscillations the PVC motion
is significantly influenced by the large flow pulsations at a different frequency. It
is found that the PVC exhibits a sponge-like motion during a thermoacoustic cy-
cle, i.e., axial extension and radial contraction at high pressure, and vice versa at
low pressure. However, the azimuthal movement of the flame leading edge still

follows the PVC precession in this unstable flame, similar to that found in the
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stable flame and this further confirms the key role of the PVC in the swirl flame

stabilisation process even under different thermoacoustic conditions.
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Appendix A. Assessment of mesh sensitivity

The non-reacting case in Table [I] is studied to assess the mesh dependency
using the three grid sizes detailed in Table Note that in the regions other
than those listed in the table, e.g., the upstream air plenum and downstream atmo-
spheric far field, the mesh cell sizes are the same for all three grids. In the cold
flow experiments [[67]], radial profiles of three velocity components (axial, radial
and swirl) were measured at the five streamwise locations marked in Fig.|l| These

measurements, both time-averaged and r.m.s. values, are compared with the LES

results in Fig. [A.T]

Table A.1: Typical grid sizes (unit [mm]) in the computational domain.

Mesh zone Gl G2 G3
Fuel nozzle 0.1 0.1 0.1
Swirlers 0.5 0.3 0.2
Shear layers 1 05 04
Rest of combustion chamber 2 1 0.8

Total No. of cells [million] 12 15 20

There is a strong grid sensitivity observed between G1 and G2 for all three

components whereas little difference is seen between G2 and G3, both giving
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much improved agreement with the experimental data compared to G1. This im-
provement obtained using G2 and G3 is more evident for the axial and radial
velocities in Figs. and showing a better prediction of the peak location
at about |x| = 10 mm for 2 = 2.5 mm and this peak shifts outwardly while one
moves downstream.

It is of particular interest for this configuration to take additional care while
assessing the mesh quality in the outer air nozzle region (marked using a red box
in Fig. [3). This is because the contoured outer lip geometry causes a sudden ex-
pansion of cross-sectional area in the streamwise direction and as a consequence,
the flow separates from the nozzle outer wall forming a small local recirculation
zone [67]] as demonstrated in Fig.[A. 2.

In order to capture this phenomenon, a near-wall mesh refinement is applied
along this contoured surface for grid G2 and G3 to have a good wall resolution
with y© = 5. Although this is still insufficient to fully resolve the boundary layer
and thus predict the flow separation accurately, which would require y* << 1, the
flow field is captured reasonably well when compared with experimental data in
Fig.

Based on these results, the grid G2 is adopted for the reacting flow simula-
tions presented in this study. Grid cells near the fuel nozzle are refined having
a uniform spacing of 6x = 0.1 mm. The final grid consists of about 19 million
tetrahedral cells. As noted earlier in Table the typical cell size in the flame
region is 0.5 mm and this corresponds to a normalised filter size of A*™ =~ 0.8,
where A* = Ax/(69)y with (69) being the thermal thickness of the laminar pre-
mixed stoichiometric methane-air flame. Figure presents a typical histogram

of A* within the flame region for a given snapshot of flame A. It can be seen that
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the LES filter width in the flame area is of the order of the laminar flame thick-
ness. Hence, the typical numerical grid used for this study does not resolve the
flame front and the combustion processes occur at the subgrid scales, which are

modelled using the methodology described in Section
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Fig. 1: The dual swirl combustor: (a) schematic of the experimental setup and (b) typical flame
surface marked using @; = 200 kg/m?/s, coloured by temperature.
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Fig. 2: Schematic of the computational domain and mesh resolution on the mid-plane. Enlarged
view: fuel injection through the 72 square nozzles visualised using the Z = (.7 iso-surface.
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Fig. 3: Mid-plane contour of computed mean axial velocity with streamlines for flame A. (The
marked area is used for later discussion in Appendix A.)
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Fig. 4: 3D visualisation of the computed precessing vortex core (PVC) for flame A along with a
mid-plane axial velocity snapshot.
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Fig. 8: Time averaged mid-plane streamlines overlaid on the out-of-plane velocity contours for
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Fig. 14: Scatter plots of temperature vs. mixture fraction at # = 5 mm obtained from experiments
(top) and LES (bottom) for Flame A (left) and B (right). The solid line corresponds to the adiabatic
equilibrium temperature and the dash line denotes the global mixture fraction (see Table [I)).
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Fig. 16: Typical snapshot of the filtered reaction rate contour in the mid-plane with 3D presentation
of the PVC. The mixture fraction iso-line (thin white line) represents the lean flammability limit.
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Fig. 18: Phase-averaged streamlines overlaid on filtered reaction rate contour for flames (a) A and
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Fig. A.2: (a) Mid-plane axial velocity contours and (b) local mesh refinement for flow separation
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