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Abstract

Pilot flames, created by additional injectors of pure fuel, are often used in turbulent burners to enhance flame
stabilisation and reduce combustion instabilities. The exact mechanisms through which these additional rich zones
modify the flame anchoring location and the combustion dynamics are often difficult to identify, especially when
they include unsteady hydrodynamic motion. This study presents Large Eddy Simulations (LES) of the reacting
flow within a large-scale gas turbine burner for two different cases of piloting, where either 2 or 6 percent of the
total methane used in the burner is injected through additional pilot flame lines. For each case, LES shows how
the pilot fuel injection affects both flame stabilisation and flame stability. The 6 percent case leads to a stable
flame and limited hydrodynamic perturbations in the initial flame zone. The 2 percent case is less stable, with a
small-lift-off of the flame and a Precessing Vortex Core (PVC) in the cold stabilisation zone. This PVC traps some
of the lean cold gases issuing from the pilot passage stream, changes the flame stabilisation point and induces
instability.
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1. Introduction

Modern heavy duty gas turbines usually operate
in lean premixed regimes to satisfy emissions regu-
lations and can be very sensitive to combustion in-
stabilities [1-3]. In most cases, flame stabilisation is
provided by swirl injectors. A key zone of the cham-
ber controlling instabilities is the burner outlet section

where swirl is very intense and must provide flame
stabilisation. In these regions, the natural unstable
modes of swirling flows (Precessing Vortex Cores or
PVCs [4-8]) can interact with stabilisation and lift-off

phenomena [9-12] to produce undesired oscillations.

A method to encourage robust stabilisation is to use
small pilot flames in these regions, usually by adding
pure fuel injection. This leads to increas®¥@ x lev-



els and therefore a compromise between stabilisation
and pollution levels must be sought. Furthermore, sta-
bilisation is a difficult task because its basic mecha-
nisms in a piloted swirled zone are not well under-
stood. Proof of the importance of fuel injection are
observed in active control examples in which a small
modulation of flow rate in the fuel lines feeding the
pilot flame can be sufficient to alter the stability of
the combustor [13-15].

Large Eddy Simulation (LES) is becoming a
standard tool to study the dynamics of turbulent
flames [16—18]. The objective of this paper is to use
LES (section 2) to compare two different cases of pi-
loting in a gas turbine burner. Either 2 or 6 percent
of the total methane used in the burner is injected ad-
ditionally through pilot fuel lines. The burner is de-
scribed in section 3. The 6% pilot fuel case leads to a
robust and stabilized flame while the 2% case induces
a small lift-off zone of the flame where a PVC can
develop and lead to flame oscillations (section 4).

Because of the complexity of the burner, no de-
tailed measurements are available. However, observa-
tions in the full scale atmospheric test rig confirm LES
predictions: the 2% leads to a more unstable flame
than the 6% case.

2. Numerical approach used in Large Eddy
Simulations

A fully compressible explicit code is used to solve
the multi-species Navier-Stokes equations on hybrid
grids [8, 19, 20]. Subgrid stresses are described by
the classical Smagorinsky model [21]. A two-step
chemical scheme is fitted for lean regimes on the GRI-
Mech V3 reference [20]. The objective of the fit pro-
cedure is that the two-step mechanism and the GRI

mechanism must produce the same flame speeds and @

maximum temperatures for laminar premixed one-
dimensional flames for equivalence ratios ranging be-
tweeng = 0.4 and¢ = 1.2.

The flame / turbulence interaction is modeled by
the Dynamic Thickened Flame (DTF) model [22]
which accounts for both mixing and combustion, and
is crucial in partially premixed flames.

The explicit Lax-Wendroff numerical scheme uses
second-order spatial accuracy and second-order time
accuracy. The boundary condition treatment is based
on a multi-species extension [19] of the NSCBC
method [23], for which the acoustic impedance is con-
trolled to minimise the unwanted reflections [24]. The
adiabatic walls are handled using a logarithmic law-
of-the-wall formulation which is known to perform
well with the classical Smagorinsky model [25]. Typ-
ical runs are performed on a grid composediof
million tetrahedra on parallel architectures. Multi-
ple validations of this LES tool are available for non-
reacting [26, 27] and reacting flows [8, 20, 28, 29].

3. Target configuration

The test geometry is an axisymmetric combustion
chamber (Fig. 1-a), with a 3MW full scale burner inlet
(Fig. 1-b). This burner is composed of two coaxial
swirlers:

e The premix passage swirler contains 24 vanes.
Methane is injected through 10 small holes on
each vane, ensuring efficient mixing and deliv-
ering approximately 90% of the total mass flow
rate. In the LES, this flow is assumed to be fully
premixed.

The pilot passage swirler (detailed in the upper
part of Fig. 1-b) delivers the remaining 10% of
the flow rate (pure air). The central hub is con-
nected to 8 vanes. Four additional tubes are in-
serted between the 8 vanes to inject the methane
used for piloting.

a) Combustion chamber

Burner

. Exhaust
inlet

Pilot passage vanes (8)
Pilot fuel tubes (4); -

b)

Pilot péssage

Premix passage
Fig. 1: a) Global view of the test geometry and b) zoom on
the burner (pilot and premix passages) inner parts.

The computational domain includes all pilot pas-
sage vanes as well as the pilot fuel tubes, but not the
premix passage vanes. Appropriate profiles of veloc-
ity and species are imposed to mimic the inlet exper-
imental data [20] downstream of the premix passage
vanes (Fig. 2).

The two operating points simulated in this study
(2% and 6%) only differ by the fuel mass flow rates
in the pilot fuel inlets:

¢ Inthe pilot passage stream, the fuel delivered by
pilot injection leads to a global equivalence ratio
of ¢ = 0.36 (case 6%) angh = 0.12 (case 2%),
of which the latter is outside the flammability



limits. However, the very heterogeneous mix-
ture may allow combustion to develop locally in
rich pockets or in diffusion flamelets, depending
on the mixing efficiency.

e In the premix passage stream, the imposed pro-
files in both cases correspond to a perfectly pre-
mixed flow with an equivalence ratio of =
0.53.

4. Results and discussion

In swirling flows, the general mechanism leading
to flame stabilisation is well known [8, 20]: a cen-
tral core of hot gases is maintained along the burner
axis by the strong recirculation zone induced by swirl.
This section shows how this classical stabilisation
mechanism is affected by the pilot flames. Figures 3
and 5 respectively present statistical profiles (time av-
eraged and RMS values) of temperature and axial ve-
locity in the central plane. The axial location of these
profiles is shown on Fig. 2. Velocity, temperature and
location along axis are normalised respectively by ref-
erences/ qf, Tyef and the pilot passage radils

A
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Fig. 2: Cross section of the test geometry and location of the
planes used in Fig. 3, 5 and 8.

In the 6% pilot fuel case, the flame is clearly an-
chored on the central hub of the pilot passage, and
the temperature fluctuations remain small (Fig. 3-b):
burnt gases are found along the axis fram= 0
to x = 2R. Flame lift-off appears in the 2% case
(Fig. 3-a). The gases between= 0 andz = 2R
are cold. Hot pockets begin to appear aftee= 2R
but they are very intermittent, as demonstrated by the
very large values of the RMS temperature (error bars
on Fig. 3-a). A clearer understanding of the differ-
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Fig. 3: Profiles of mean temperature (thick line), RMS
of temperature (error bars) aril = T reference line
(dashed line) for a) 2% case and b) 6% case.

large RMS fluctuations of temperature seen in Fig. 3-
a.

The axial velocity fields (Fig. 5) also present sig-
nificant differences. For the 6% case, a very large
zone with small velocities (mean as well as RMS) de-
velops between: = 0 andx = 3R (Fig. 5-b). This
zone contains the hot gases (Fig. 3-b) which provide
stabilisation. The 2% case (Fig. 5-a) is characterised
by a more intense recirculation (see for example cuts
atz 2R or x = 3R) and a much higher level
of RMS velocities. This zone (between= 0 and
x = 3R) contains cold gases (Fig. 3-a) which experi-
ence intense fluctuations. Even when the temperature
increases (downstream of= 3R), the velocity RMS
values (Fig. 5-a) remain much higher for the 2% than
for the 6% case, confirming that the 2% flame is not
only lifted but also more hydrodynamically unstable.

Instantaneous combustion regimes can be visu-
alised by scatter plots of reaction rate versus local
mixture fraction Z (Fig. 6). In both cases, most react-

ences between the two cases can be gained by plotting ing points are located very close to the global mixture

isosurfaces of temperature and stoichiometric equiv-
alence ratio (Fig. 4). For the 6% case, the hot zone
(I' = 2/3 - Tygf) is directly connected to the pilot

fraction of the combustor@ean but in the 6% case,
combustion also takes place at richer regimes, even
slightly above stoichiometric (&), yielding higher

passage hub (Fig. 4-b). For the 2% case, the flame is maximum heat release. These points correspond to

stabilised on a 'finger’ of burnt gases which is rotat-
ing around the x-axis (Fig. 4-a), thereby inducing the

the roughly stoichiometric mixture issuing from the
four pilot fuel jets after it has mixed with the premix
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Fig. 4: Instantaneous isosurface of temperatiite= 2/3 -
Tyef. colored by axial velocity) and isosurface of equiva-
lence ratio ¢ = 1, colored in blue) for a) 2% case and b)
6% casecolor figure in print

S
p—

passage air and passed through the vanes. By burning
vigourously, these zones provide the robust stabilisa-
tion observed in Fig 4-b. For the 2% case, almost
no combustion takes place above the mean mixture
fraction Zmean indicating that the fuel injected in
the pilot lines mixes too fast and cannot produce any
significant diffusion flame zones which could provide
stabilisation.

Typical instantaneous fields of equivalence ratio
are displayed on Fig. 7. While the 6% case remains
roughly axisymmetric and stoichiometric near the pi-
lot passage hub, the 2% case in this zone has an asym- 0.00 0.02 0.04 0.06 0.08 0.10

metric pattern below the flammability limig(< 0.4), _ Mixture fraction Z _
which rotates around the x-axis. Fig. 6: Scatter plot of instantaneous heat release versus mix-

ture fraction for a) 2% case and b) 6% case.

I | 1
0.06 0.08 0.10

Z  Dimensionless heat release
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The near stoichiometric zone of Fig. 7-b for the 6%
case is the source of the robust stabilisation of this
regime: this allows the flame to propagate back to the
burner and anchor to the hub. On the other hand, for that the 6% case exhibits a smaller zone of reversed
the 2% case (Fig. 7-a), mixing between the pilot fuel flow (as expected from the mean velocity profiles of
and the pilot passage air is too fast and leads to a mix- Fig. 5) than the 2% case. Obviously, having reversed
ture at the pilot passage mouth which is too lean for flow is not a sufficient criterion for stabilisation: hav-
flame propagation. Figure 7 also shows a zone within ing robust burning pilot flames is more important (as
which the flow is reversed. This central recirculation for the 6% case). For the 2% case, the absence of
zone is delimited by the white isoliné = 0. Note combustion in this zone leads to a lean cold region in



plane for a) 2% case and b) 6% case. Flammability zone
(¢ = 0.4): black line. Recirculation zoné{ = 0): white
line.

which even reversed flow can not anchor the flame.

The existence of such a lean and cold zone leads to
the formation of a PVC [4-8]. This PVC only occurs
in the 2% case and precesses at 408Hz. The drastic
change of velocity field near the pilot passage mouth
for this case presented on Fig. 5 is one of the factors
which most probably facilitate its development.

A specific feature of the 2% case is the correlation
between the lean jet of methane and cold air issuing
from the pilot passage and the low pressure zone due
to the PVC structure. Figure 8 displays fields of pres-
sure, temperature and local equivalence ratio (recon-
structed through the mixture fraction) for both pilot
fuel cases in a transverse planecat 3R.

The low pressure regions are a good indicator of
the PVC presence (Fig. 8-a), and are well correlated
with the cold (Fig. 8-b) and lean (Fig. 8-c) regions
for the 2% case. The PVC appears to capture some
of the lean cold gases produced by the pilot passage
and prevents their mixing with the surrounding prod-
ucts. This observation is consistent with detailed mix-
ing studies of jet / vortex interaction which show that
mixing can be strongly decreased within vortex struc-
tures [30].

The flame then features a cold non-reacting
"finger-like” rotating structure protruding within the
stabilisation zone (illustrated by Fig. 4-a and sketched
on Fig. 9). This is clearly not favorable either for

anu.iw ratio
Fig. 8: Instantaneous fields of a) pressure, b) dimensionless
temperature and c) equivalence ratio on transverse plane (see
Fig. 2) for 2% case (left) and 6% case (right).

Equiv. ratio

Stabilising

rotating finger Flame front

Lean cold mixture
trapped within PVC

Transverse: plane
Fig. 9: Sketch of the finger-like rotating structure for the 2%
case and location of the transverse plane (see Fig. 8).

flame stabilisation nor for thermoacoustic stability:
RMS pressure levels for the 2% case can be as high
as6000 Pa (170 dB) on the axis and the noise is ra-
diated t02000 Pa (160 dB) at the wall while they do
not exceed00 Pa for the 6% case. For the 6% case,
the situation is very different: a PVC is not observed
(Fig. 8-a’), less cold gas reaches the plane at 3R

(Fig. 8-b”) and lean gases are not found around the



axis (Fig. 8-c).

The mechanism leading to the PVC formation in
the 2% case is purely due to hydrodynamic and com-
bustion effects but not to acoustic coupling. A ba-
sic proof of the absence of acoustic coupling can be

assessed by comparing the acoustic eigenfrequencies

of the combustion chamber with the precessing fre-
guency of the PVC408 Hz). The fundamental trans-
verse eigenmode 75 Hz, and the non reflecting in-
let/outlet treatment [24] is built to damp all the longi-
tudinal modes.

5. Conclusions

This study presents Large Eddy Simulations (LES)
of piloting effects in a full-scale gas turbine burner.
By computing explicitely all details of the pilot pas-
sage zone where pure pilot methane is injected up-
stream of the vanes, LES provides new insights on the
key mechanisms that control flame stability. When
enough methane is injected in the pilot zone (in the
6% case), a roughly stoichiometric zone is formed at
the burner mouth, allowing flame propagation within
this zone and preventing the formation of a Precess-
ing Vortex Core (PVC). On the other hand, when the
flow rate of pilot fuel is too small (in the 2% case),
the mixture issuing from the pilot passage is too lean,
preventing flame stabilisation and leading to the for-
mation of a PVC containing lean cold gases which di-
minishes the effect of piloting even more. Obviously,
between the 2% and 6% piloting cases, a bifurcation
takes place in the basic flow structure. The significant
effects of this bifurcation captured by LES coincide
with observations on stability limits in the full scale
testrig.
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