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Abstract

A partially premixed gas turbine model combustor close to an industrial design
is investigated using Large Eddy Simulation (LES). Two flames, one stable and
another unstable with self-excited oscillations are computed. In particular, this
study addresses the previously unexplained transition of flame shape in the ex-
periments, from V-shaped to flat when the flame becomes acoustically unstable,
suggesting a notable change of the important convective delay in the thermoa-
coustic feedback loop. The LES results show good agreement with the measured
velocities, temperature and mass fractions. The acoustic power spectral density
(PSD) obtained from the LES of the unstable flame also agrees well with the
measured amplitudes in the air plenum and combustion chamber, and reasonably
captures the frequency with a slight under-prediction. A comparison of the stable
and unstable cases shows different mixing and reaction behaviours despite simi-
lar mean velocity fields. Further detailed analysis shows that the different mixing

behaviour is driven by the significantly varying air mass split between the two
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air passages during a thermoacoustic oscillation cycle. This variation is due to the
different impedances experienced by the pressure oscillations propagating through
the two swirling injector passages with different internal geometries. This causes
a periodic variation of the radial momentum of the fuel jets injected between the
two swirling air flows. The resulting flapping of the fuel jets creates an enhanced
radial fuel-air mixing that leads to a flattened flame in the unstable case. This
provides a new physical explanation for the transitions of flame shape observed in
the experiments.

Keywords: Large Eddy Simulation, Thermoacoustic instability, Self-excited,

Dual swirl, Partially premixed flame

1. Introduction

Thermoacoustic instability is an inevitable issue for gas turbines (GT) operat-
ing at lean conditions [}, 2]. This phenomenon is driven by the interaction among
the fluctuations of turbulent flow, mixing and heat release rate and acoustic pres-
sure. If a positive feedback loop is established, this results in a growth of oscil-
lation amplitude leading to a limit cycle [H, ]. Hence, thermoacoustic instabilit
has been studied in the past using analytical [uﬂ] and simple numerical [H, g],
techniques, which typically decouples reacting flow and linearised system acous-
tics. In these low-order methods, the flame is seen as compact sources [H] for
pressure perturbation and is typically described using flame transfer or describing
functions (FTF or FDF) for acoustic analysis. Many past experimental and numer-
ical works attempted to provide the FTF or FDF by studying the flame response to
velocity or pressure perturbations excited by external forcing to investigate longi-

tudinal instabilities (see [B] for a review). Due to the complexity of the feedback



mechanisms, however, the predictive capability of this approach remains limited
such that experimental tests of FTF/FDF often must be repeated for modified com-
bustor designs.

The compressible Large Eddy Simulation (LES) is becoming a promising tool
to predict self-excited instabilities since the unsteady heat release and its cou-
pling with the acoustics are intrinsically dealt with by the LES equations and sub-
models without assuming a compact flame and acoustic linearity. Past LES studies
of self-induced oscillations in laboratory ] and practical , ] combus-
tors provided insights into the physical mechanism of these oscillations [13].

An important basis for development of advanced LES is the availability of ex-
perimental validation data. Several comprehensive data sets have been reported
for a number of gas turbine model combustors (GTMCs) ]. One well-established
GTMC is the DLR dual swirl burner investigated by Meier et al. ], who ac-
quired extensive datasets for both acoustically stable and unstable flames. One
interesting phenomenon seen in their studies was that acoustically stable flames
generally exhibit an elongated V-shaped form, whereas the shape changes to a
flattened form along the base plate when the flame becomes acoustically unstable.
The mechanisms causing this effect, which implies a notable change of the impor-
tant convective delay in the thermoacoustic feedback loop, remained unclear.

Until now only the stable flame of the DLR-GTMC was attempted using
LES [BH] The objective here is to perform compressible LES of this dual
swirl GTMC with self-excited oscillations and to offer physical insights for the
flow/flame structures and their interactions. The specific focus is to investigate
the changes in flame shape using the simulation data of the stable and unstable

flames, and to provide a physical explanation for this phenomenon. The remainder



of this paper is organised as follows. The LES modelling framework is described
in Section 2] followed by the experimental and numerical details in Section[3l The

results are discussed in Section]and the conclusions are summarised in Section[3l

2. Modelling methodology

The compressible Favre-filtered conservation equations for mass and momen-
tum are solved. The subgrid scale (SGS) stresses are modelled using the non-
dynamic Smagorinsky model. The flamelet model used for this study maps all
thermo-chemical quantities into mixture fraction, Z, and a reaction progress vari-
able, ¢, spaces and utilises a presumed joint SGS probability density function
(PDF) for Z and c¢. The mixture fraction is defined using Bilger’s formula [3].
The normalised progress variable is used: ¢ =  /yF9, where ¥ = Yco + Ycon
and "9 is its equilibrium value for the local mixture ]. The first two moments
of Z and c, filtered means and SGS variances, along with the thermo-chemical

enthalpy are solved using their transport equations:
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S_g; = {0’ zﬁ}Z,SgS’ 0, zﬁ}c,sgs > O} . (4)

The filtered molecular and turbulent eddy dynamic viscosities are u and g, respec-
tively. A turbulent Schmidt number of Sc, = 0.4 is used for all scalars [22] and p
is the filtered pressure. The remaining unclosed sources and sinks in Eqs. (3)-()
are the reaction source terms, w_j and c_c'uj, and the SGS scalar dissipation rates,
X7, ses and Y so5. Their closure models are described next.

As the combustion is partially premixed in this study, a subgrid model ac-
counting for both premixed and non-premixed combustion modes is used and the
filtered reaction rate is: w_z = @, + anp ]. The premixed term is modelled as

- — ! ld)c(f,g)"’
. = P&, dl dé¢, 5
w pﬁfo D E.0) (&.{) dfdé (5)

where £ and ¢ are the sample space variables for Z and ¢ respectively. The flamelet

reaction rate, @,, and density, p, are computed using planar freely-propagating
laminar flames for different mixture fractions covering the flammable range. The
SGS joint PDF is approximated as P(£,) ~ Fﬁ(g; 7,77 x Fﬁ(é;a 7’2) using a
presumed S-distribution for both marginal PDFs. For the non-premixed term, an

algebraic model is used [22]:
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where the SGS scalar dissipation rate Yz, s, is modelled using a linear relaxation
approximation [3]. For the progress variable dissipation rate, Y, s, a well vali-
dated model used in ] is adopted.

The reaction term, c_a)j, in Eq. (3) and other thermo-chemical quantities are
calculated in a similar manner as Eq. (3) and the filtered mixture density is com-

puted using the ideal gas state equation: p = p/ (f%’o / Wmix), where T and Wmix
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are the mixture temperature and molecular weight, respectively. The universal
gas constant is %, = 8.314 J/mol/K. A lookup table containing various sources
and thermo-chemical properties is constructed with Z 272, ¢ and 72 as control
variables, and the values required for LES are obtained using linear interpolation
with an error less than 1% ]. This modelling framework has been extensively
validated for Reynolds-Averaged Navier-Stokes (RANS) paradigm using various
configurations ]. It was recently assessed for LES in dj] showing good
predictions for transiently igniting jet flames and here is further validated using

the DLR dual swirl burner which is described next.

3. Experimental case and numerical setup

Figure [Il shows a schematic of experimental configuration of the burner ar-
rangement [@, ]. The injector comprises two nozzles for swirled air (co-
rotating) with an annular ring of fuel jet nozzles in-between. The exit of the inner
swirler and fuel jets is 4.5 mm below the outer swirler exit which is setas 7 = 0
in the axial direction. Dry ambient air was supplied through the air feed pipe and
non-swirling methane was supplied through 72 square channels (0.5x0.5 mm) and
these small squares are retained in the numerical grid to capture the correct mix-
ing. In this study, one non-reacting and two reacting flow cases are simulated, see
Table [T] for details. The inlet mass flow rates for air plenum and fuel jet nozzle
are denoted by 77, and 7i1; respectively. The swirl number, S, is defined using a
standard formula in [[16].

Numerical boundary conditions, inlet and outlet impedances in particular, are
important for LES of thermoacoustics because they significantly affect the self-

excitation process [13] . However, it is not straightforward to specify these impedances
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Fig. 1. Schematic of the (a) dual swirl burner [IE, B], (b) numerical grid on mid-plane.

Table 1. Summary of the simulated cases.

Case Db 1ty (gfs) 1y (gfs) S

Non-reacting  — 19.74 1.256 0.9
F-A (stable) 0.65 18.25 0.697 0.9
F-B (unstable) 0.75  4.68 0.205 0.55

for the combustion chamber and thus the full geometry including both the up-
stream and downstream of the combustion chamber is included as in Fig. [Tb. The
mass flow rates in Table [I] at the fuel and air inlets, which are fully reflective,
are specified ]. Sensitivity of the far-field outlet boundary location from the
combustor exhaust duct exit (see Fig.[Il) was studied for LES . It was found that a
distance of the order of typical acoustic wavelength in ambient air (~1.3 m) at the
oscillation frequency of about 250 Hz is required to avoid acoustic wave reflection
from the outlet. No-slip wall conditions are employed for combustor walls. An

unstructured grid is used for which more details are given later in subsection 411



OpenFOAM 2.3.0 with schemes of second-order accuracy in time and space is
used. The time-step size is determined to have a maximum acoustic CFL < 0.5.
After passing the transients, LES statistics are collected over 12 flow-through-
time which is about 0.06 and 0.2 s for flames F-A and F-B, respectively. The
simulations are performed on the ARCHER UK National Supercomputer using
1080 cores and computing one flow-through-time for both flames requires about

12 hours on a wall-clock.

4. Results and Discussion

4.1. Non-reacting flow and mesh sensitivity

Measured mean and r.m.s. axial velocities [@] are compared with the LES re-
sults in Fig.[2l Three sets of LES results are shown for numerical grids designated
as G1, G2 and G3, having 12, 15 and 20 million cells, with typical sizes of 1.2, 0.5
and 0.3 mm, respectively. The grid cells having a size of 0.1 mm are uniformly
spaced inside the fuel inlets for all three cases. A good overall agreement is seen
for G2 with significant improvement from G1 and small difference is found from
G3. It can be seen that both the mean and r.m.s. are well captured in the near-field
(h = 2.5 mm) suggesting a good prediction of the flow inside the swirlers using
G2 and G3. However, for the coarse grid G1 the peak value is under-predicted
and its radial location further away from the centre, i.e., x = 0 mm. This becomes
more evident in the downstream where the inner recirculation zone (IRZ) width is
over-estimated by about 80% at 2 = 20 mm for G1. This IRZ width is predicted
quite well for G2 and G3, and thus grid G2 is chosen for the subsequent reacting

flow simulations.
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Fig. 2. Cold flow comparison of (a) mean (b) r.m.s. axial velocities: measurements [@] (symbols)

and LES (lines) with three grids.

4.2. Reacting flow/flame structures: stable vs. unstable

Figure [3| compares the averaged mid-plane CH contours using the computed
mass fraction from the LES and planar laser-induced fluorescence (PLIF) mea-
surements [16]. High CH concentration is used here as a qualitative marker of the
reaction zone ]. It is seen in Fig. Bk that the stable flame F-A shows a conical
structure of typical swirl flames and the reaction zone is mainly located in the
shear layer between the IRZ and main inflow stream. The overall shape of CH
distribution in F-A is captured quite well although the spreading angle from the
centreline is slightly over-predicted. This is a consequence of the difficulties in

capturing the separation point on the contoured outer air nozzle. In contrast, the



Fig. 3. Mid-plane time-averaged CH fields obtained from LES and measurements [1€] for flames
(a) F-A and (b) F-B.

flame F-B exhibits a different shape as in Fig.[3b, flattened towards the combustion
chamber bottom . The LES seems to capture this change in the flame shape quite
well. The mean flat flame arises because of thermoacoustic oscillations leading to
a periodic variation in the air flow and a radial swaying of the fuel jet, which is
further discussed in subsectiond.3l A plot (not shown) of the Rayleigh criterion,
f p'q’'dV, where p’ and ¢’ are fluctuating pressure and heat release rate, clearly
}/dentiﬁes that this criterion is predominantly positive for the flame F-B and neg-
ative for F-A as one would expect. The flame lift-off height, defined as the axial
distance between the fuel jet exit plane and the base of the central reaction zone,
are computed to be about 4 and 3.5 mm for the flames F-A and F-B respectively,
which agree well with the measurements of about 5 and 4 mm [16]. Computed

axial and radial velocities are compared against the measurements [16] in Fig. 4
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Fig. 4. Typical comparison of axial (black) and radial (red) velocities: measurements [IE, IH]
(symbols) and LES (lines).

for both flames. Both the mean and r.m.s. values are presented for few typical ax-
ial locations covering the entire combustion chamber (2 = 1 to 90 mm). Overall,
a good agreement is seen for both velocities in the two flames. Similar agreement
is also observed for azimuthal component (not shown). Some under-prediction is
observed in the peak mean axial velocity at 2 = 20 and 30 mm in Figs. 4h and db.
This is the cause for the over-predicted flame spreading angle in the F-A case in
Fig. Bh leading to some over-prediction of radial velocity at these locations. The
pattern of velocity variations is quite similar for both flames as shown in Fig. 4l
However, the magnitude of the velocity components are different as indicated by

the x-axis values in the figure. Although the velocity patterns are similar, the flame
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shapes are different. The flame shape in the F-A case mainly depends on the mean
flow structure with the reaction mostly occurring in the inner shear layer, whereas
the flame in the F-B case is significantly influenced by the periodic thermoacous-
tic oscillations. This fluctuating pressure causes periodic changes in the air flow
rates through the inner and outer swirlers. As a result, the transient flow structures

modify the fuel-air mixing patterns leading to different reaction zone shape and
distribution as seen in Fig.[3l

h=5mm 10mm 20mm 30mm 90 mm

o |o
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=]
550 o
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Exp. — symbols LES—lines| (T) K]
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(Yena)

Fig. 5. Typical comparison of averaged temperature and fuel mass fraction.

Figure |3 compares the measured [@] and computed averaged temperature,
(T}, and fuel mass fraction, (?cm) for the flames F-A and F-B, and the comparison
is quite good for both flames. The over-estimation of (T at h = 20 and 30 mm for
the F-A is caused by the smaller axial penetration of fresh gases noted in Fig. [l

Although similar behaviour is observed for the F-B, the mean temperature is well
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predicted since the mixture is almost fully burnt with (T ~ 2000 K, and therefore
it is less influenced by the velocity field. An interesting point noted in [E, ]
is that a substantial amount of fuel leaks into the outer region (x| > 15 mm)
at h = 5 mm in the F-B case whereas the fuel mass fraction is nearly zero in
this region for the F-A flame. This behaviour is also observed in the LES as in
Fig.[5b and is likely to be correlated with the thermoacoustic oscillations causing
the flame to flatten. However, the driving mechanism behind this flame flattening
was unclear from the measurements and thus it is investigated using the LES data

in the next subsection.

4.3. Thermoacoustic instability and its interaction with upstream fuel-air mixing

The acoustic behaviour exhibited in the flame F-B is examined in Fig. [6] by
comparing the measured and computed pressure fluctuation, p’, and its power
spectral density (PSD) for two probes P and C located respectively in the air
plenum and combustion chamber. The time series of p” for 60 ms is arbitrarily
chosen from the experimental and LES data. It is seen that the computed pressure
signals compare quite well with the measurements for both probes. The PSDs
presented in Fig. |6l are computed using p’ time series for 1 s and 0.15 s obtained
from the experiment and LES having a spectral resolution of 1 and 6.7 Hz re-
spectively. The oscillation frequency is captured quite well in the LES with an
under-prediction of 34 Hz at both probes. This difference may be attributed to the
absence of the air supply pipe (length of several metres) in the LES as suggested
by recent experiment ] using a choked air inflow. Another possible reason is
that the plenum which supplies methane to the fuel nozzles can also play as a res-
onator for the oscillations. A numerical study ] showed improved results with
the fuel plenum included for the PRECCINSTA burner and this effect on the dual

13
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Fig. 6. Pressure fluctuations at probes C and P (marked in Fig. [Ib) for the unstable flame F-B:

time series (top) and PSD (bottom).

swirl burner will be explored in a future work. The computed peak PSD agrees
quite well with the measured values and the LES is also able to reproduce the
sub-harmonic and higher frequencies as in Fig.

A schematic of the enlarged air and fuel injection area is shown in Fig. [Zh
with 7iy; and 71, being the mass flow rate (MFR) from the inner and outer swirlers
respectively. The MFRs are calculated using riz = fs p (uw-n;) dS, where ny, is
the unit normal vector of the cross-sectional surface, S, which is chosen to be the
h = —8 mm plane to avoid the density variation close to the flame at # = 0 mm.

Different upstream axial locations were also investigated showing similar results.

Tﬁ»x mi Mo h=-8mm 0.8
' —

< Air
(outer)

£0477

; 0.2}

<+ Air
(inner) %

(a) (b) t (ms]

Fig. 7. Temporal evolution (frame marked in Fig. [6) of air mass flow rates, normalised by rip,

exiting the inner (7;) and outer (7i1,) swirlers.
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In the absence of thermoacoustic instability, the air inflow splits into the two
swirlers depending on the hydrodynamic resistance of the flow passages and the
MER ratio between the outer and inner swirler, R = s, / i1; , is almost constant
for the stable flame F-A, about 1.5 as shown in Fig. [/b. The time window is
highlighted in Fig. 16l (dashed box) and 7, is the total air MFR injected into the
plenum, see Table 1. Both 71, and rs; vary with time for the flame F-B and the
maximum variation is about 50% and 70%, respectively. This difference in flow
response to the pressure oscillation is due to the different acoustic impedances
felt by the outer and inner swirlers and as a result, R varies significantly by about
20% within a cycle. This leads to a periodic change in the mixing pattern at the
combustion chamber inlet.

To elucidate this effect, the time sequence of mid-plane mass flux magnitude,
M, heat release rate, g, and mixture fraction contours are shown in Fig. [§] for
four typical instances marked in Fig. [b. The distribution of ¢ is plotted for
|x| > 15 mm to visualise the particular heat release in the chamber outer re-
gion due to the flattened flame and an enlarged view of Z contours is shown for

h < 10 mm to identify the upstream mixing patterns. The xh-plane mass flux

magnitude is computed as M = \/ (pu Y+ (o v)?, where 7 and 7 are the fil-
tered axial and radial velocities. The mass fluxes coming through the inner and
outer air nozzles are denoted as M; and M, respectively. Here it is worth noting
that the outer nozzle has a conical shape (see Fig.[Zh) and thus M, tends to move
towards the centre, i.e., x = 0, after exiting the nozzle. By contrast, the inner
nozzle is cylindrical and thus M; expands outwardly due to the swirl as this flow
exits the nozzle.

It is seen in Fig. [8h that at instant 7, when the ratio R is at maximum (see
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Fig. 8. Time sequence of mid-plane mass flux, heat release rate and mixture fraction contours

within one oscillation cycle.

Fig. [fb) implying that M, > M, the fuel jet (red stripe in the enlarged view) is
kept quite straight, i.e., M, and M; are well balanced. This is the mixing pat-
tern observed in F-A (not shown) and all the fuel is consumed in the shear layer
between the IRZ and main inflow stream under this condition [E, B]. Interest-
ingly, few fuel islands with strong heat release (highlighted by green circles) are
seen close to the chamber bottom in the outer region, which is reminiscence of

the previous cycle as one shall see later. The ratio R then decreases with the inner
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inflow becoming relatively stronger. Half a cycle later at #,, R reaches its mini-
mum (about 1) and during this process the fuel jet is stretched towards the outer
regions as shown in Fig. [8b. Moving to f., the outer-to-inner mass ratio becomes
large again and the strong outer flow hits the stretched fuel jet creating an oppo-
site curvature (marked using a white circle in Fig.[8c). Finally in Fig. 8U, the jet
breaks down and the main stream recovers the shape shown in Fig.[8h, and then a
new cycle begins. The remaining fuel islands are transported towards ORZ where
they are eventually consumed due to hot recirculated products. This provides a
physical explanation of the high fuel mass fraction for |[x| > 15 mm at 2 = 5 mm
observed in Fig.[5b, which results in flattening the flame. Moreover, the convective
time of these fuel islands are quite different compared to the fuel consumed close
to the IRZ, creating a time-lag in the heat release rate which may contribute to
the thermoacoustic oscillation forming a feedback sub-system. However, further
analysis is required to understand and identify the triggering mechanism, which
will be addressed in future investigations. Nevertheless, this study shows that
the mass split between the two swirlers arising from the difference in acoustic
impedance of nozzle geometries plays an important role in swirl-stabilised flames
involving multiple air or fuel injectors. This difference in acoustic response to
pressure oscillation introduces periodic variations in mixing, heat release rate and

their interactions which can further amplify the combustion oscillations.

5. Conclusions

Self-excited thermoacoustic instability and its interaction with fuel-air mixing
in a dual swirl GTMC are investigated using LES. Acoustically stable and un-

stable partially premixed flames are simulated showing good agreement with the
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measurements for both cases. The oscillation frequency of 290 Hz for the unstable
flame is captured with an under-prediction of 34 Hz and the computed magnitude
agrees quite well with the measurements. The under-prediction of frequency is
possibly due to the absence of the fuel plenum in the LES domain and this effect
will be investigated in a future study. Based on the good agreement with experi-
ments, the simulation results are then used to obtain new detailed insights into the
thermoacoustic interactions with a focus on the previously unexplained transition
of flame shape from V-formed to flat when the flames become acoustically unsta-
ble. The results show that this change of flame shape, which is well reproduced by
the simulation, is closely linked to differences in the dynamics of fuel-air mixing
for the two flames. The key point is the dynamics of the fuel jets injected between
the two swirling air flows. The analysis of air mass flow rate split between the two
swirlers reveals that the ratio of these mass flow rates varies significantly during
a cycle due to different acoustic impedances of the swirlers. This introduces a
periodic radial flapping of the fuel jets, which is inaccessible in experiments, and
causes an enhanced radial mixing of fuel that leads to the shorter and flattened

flame shape found in the unstable case.
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