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Summary. Combustion instability studies require the identification of the com-
bustion chamber response. In non-premixed devices, the combustion processes are
influenced by oscillations of the air flow rate but may also be sensitive to fluctuations
of the fuel flow rate entering the chamber. This paper describes a numerical study
of the mechanisms controlling the response of a swirled non-premixed combustor
burning natural gas and air. The flow is first characterized without combustion and
LDV results are compared to Large Eddy Simulation (LES) data. The non-pulsated
reacting regime is then studied and characterized in terms of fields of heat release
and equivalence ratio. Finally the combustor fuel flow rate is pulsated at several am-
plitudes and the response of the chamber is analyzed using phase-locked averaging
and first order acoustic analysis.

1 Introduction

Many combustors exhibit combustion instabilities which constitute significant
risks for project developments. Being able to predict the stability of a given
burner is the center of many present research programs: these efforts can be
experimental [1-10] or numerical [11-14]. A specificity of modern gas turbines
is that these systems operate in very lean regimes to satisfy emission regula-
tions. The resulting flames are extremely sensitive to combustion oscillations
but the exact phenomena leading to instabilities are still a matter of discus-
sions. A central question for modeling approaches is to know what induces an
unsteady reaction rate (necessary to sustain the oscillations) when an acoustic
wave enters the combustion chamber. This mechanism described in figure 1
may be due to (at least) two main effects:

1. The formation of vortices in the combustion chamber (Fig. 1-a): These
vortices are usually triggered by strong acoustic waves propagating in the
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air passages. These structures capture large pockets of fresh gases which
burn only later in a violent process leading to small scale turbulence and
high reaction rates [15, 16].

2. The modification of the fuel and oxidizer flow rates when the acoustic
wave propagates into the fuel and air feeding lines (Fig. 1-b). This can
lead to a local change of the equivalence ratio (rich and poor pockets) and
therefore to a modification of the burning rate when these pockets enter
the chamber. If the burner operates in a very lean mode, this effect may
be important since variations of inlet ratio may trigger strong combustion
oscillations [17].
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Fig. 1. Mechanism of the flame response to (a) velocity perturbations and (b)
equivalence ratio perturbations.

In premixed combustors, the second mechanism has been identified as a key
element controlling combustor stability [6, 17] but its effect on non-premixed
devices remains unclear. According to Lieuwen, the mechanism is the follow-
ing: even away from Lean or Rich Blow Off (LBO or RBO), equivalence ratio
fluctuations produce very large heat-release oscillations which trigger combus-
tion instabilities through pressure oscillations feedback. A direct proof of the
importance of fuel injection on stability is that the location of fuel injectors
often alters the stability of the system. The crucial role of fuel modulation
can also be readily identified by considering active control examples in which
a small modulation of the fuel lines feeding a combustor can be sufficient to
alter the stability of the combustor [18-20].

Even though the general idea of the mechanism proposed by Lieuwen is
fairly clear, the details of the coupling phenomenon are unknown. For in-
stance, real instability mechanisms are often a mixture of mechanism 1 and 2
and not of only one of them. A proposed approach to gain more insights into
this instability mechanism is to pulsate the fuel flow rate in a non-premixed
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combustor. Multiple studies have examined the behavior of combustors sub-
mitted to a pulsation of the air stream to measure their transfer function
[15, 21, 22]. Much less data is available for fuel pulsation in non-premixed
devices [23].

The objective of this paper is to analyze the response of a swirled non-
premixed combustor to a pulsation of the fuel flow rate. The work is performed
using Large Eddy Simulation (section 2). The corresponding experimental
setup is a 125 kW burner installed at University of Twente (The Netherlands)
and described in Section 3. LES and experimental results are first compared
for the non-reacting flow (section 4.1). Reacting unforced results are detailed
in section 4.2 before presenting results with fuel flow rate pulsation (section 5).

2 Numerical Approach

The LES solver AVBP (see www.cerfacs.fr/cfd) simulates the full compressible
multi-species (variable heat capacities) Navier Stokes equations on hybrid
grids. Subgrid stresses are described by the classical Smagorinsky model [24].
A two-step chemical scheme is fitted for lean regimes on the GRI-Mech V3
reference [14].

The flame / turbulence interaction is modeled by the Dynamic Thick-
ened Flame (DTFLES) model [25] and allows to handle both mixing and
combustion (crucial in partially premixed flames). What the DTFLES model
guarantees is that each flame element moves locally at the flame speed cor-
responding to the equivalence ratio and turbulence level. The flame structure
itself obtained ultimately with the DTFLES model has no physical meaning,
but the response to acoustic waves or to equivalence ratio perturbations is
captured adequately [26].

The numerical scheme uses third-order spatial accuracy and third-order
explicit time accuracy [27]. The boundary condition treatment is based on a
multi-species extension [28] of the NSCBC method [29], for which the acoustic
impedance is fully controlled [30]. The walls are treated as adiabatic, with
a law-of-the-wall formulation. Typical runs are performed on grids between
600,000 and 2.7 million tetrahedra on several parallel architectures (SGI ori-
gin 3800, Compagq alpha server, Cray XD1).

3 Computed Configuration

3.1 Target Geometry

The test rig is a 125 kW lab-scale burner developed by University of Twente
and Siemens PG in the context of the European Community project DESIRE
(Design and Demonstration of Highly Reliable Low Nox Combustion Systems
for Gas Turbines).
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Figure 2 presents the whole geometry and summarizes the flow path. Fig-
ure 3 shows closer views of the various flow passages. The preheated air comes
out of the compressor into the air supply room. Then it flows into the plenum
through the acoustic decoupling system pipes (Fig. 3-b). After the swirler
(Fig. 3-a), the methane is injected in the air cross flow through four small
holes to ensure sufficient mixing. Then, the mixture reaches the combustion
chamber where the flame is stabilized and burnt gases leave the chamber
through the outlet flange (Fig. 3-c).

1
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Fig. 2. Full LES computational domain: red, fuel inlet; blue, air inlet; purple,
acoustic decoupling system; yellow, swirler vanes; green, outlet flange. (See Plate 42
on page 435)

The LES computational domain (Fig. 2) includes all these upstream parts
from the air supply room to the outlet flange. This is necessary to have the
right acoustic impedance, to predict accurately the chamber acoustic modes
and to minimize the uncertainties on boundary conditions.

15

Fig. 3. Details of the computational domain: (a) swirler vanes, (b) acoustic decou-
pling system and (c) outlet flange. (See Plate 43 on page 435)
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3.2 Operating and Boundary Conditions

The operating point simulated is the same for cold, reacting and pulsated
flows:

e The air supply room feeds the chamber with 72.4g/s of air, preheated
at 573K. This leads to a Reynolds number of 22000 (based on the bulk
velocity at the burner mouth and its diameter), and a swirl number [31]
of 0.7 (at the same location).

e 3.06 g/s of the natural gas used in industrial gas turbines at ambient
temperature (298K) is provided to the fuel line. Note that the so-called
“Groningen” natural gas is modeled by a mixture of methane (76.7%) and
nitrogen (23.3%) in order to have equivalent thermal properties, so that
the global equivalence ratio of the setup is 0.55.

e The mean pressure of the test rig is 1.5 bar.

In the computation, the acoustic behavior upstream the combustion cham-
ber is ensured by the fully reflecting acoustic decoupling system (Fig. 3-b) and
downstream the combustion chamber, the impedance at the outlet (Fig. 3-c)
is controlled through the NSCBC linear relaxation method [30].

4 Non-Pulsated Cold & Reacting Cases

4.1 Cold Flow Results

The cold flow experiment has been done by University of Twente on a wa-
tertunnel based on the Reynolds number similarity. The level of agreement
between LES and the experiment is assessed by comparing one dimensional
velocity profiles on the central plane at several locations from the burner exit
(Plane_A : 5mm, Plane B : 15mm, Plane_C : 25mm, Plane D : 45mm and
Plane E : 65mm). Note that the scale employed on all the profiles of a figure
is the same. Figure 4 shows the good agreement between experimental data
and LES results in both shape and amplitude of the mean velocity compo-
nents and even on its RMS fluctuations. In particular, the opening angle of the
swirled jet, the intensity of central recirculation zone and the re-attachment
of the top/bottom recirculation zones are predicted correctly.

4.2 Reacting Flow Results

The steady-state reacting flow and the cold flow dynamics are very similar.
The only noticeable difference is the larger opening angle of the swirled jet.
Figure 5-(a) exhibits the instantaneous three-dimensional flame structure, ma-
terialized by an isosurface of temperature at 1200K. Even though the flame
is compact, it is strongly wrinkled by the turbulence. The corresponding com-
bustion regime is characterized on figure 6 by scatter plots of reaction rate
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Fig. 4. Comparison of statistical profiles: (a) axial, (b) radial and (c) swirling mean
velocity; (a’) axial, (b’) radial and (¢’) swirling RMS velocity; Symbols : Experiment;
Solid line: LES; dashed line: zero line.
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and temperature versus local equivalence ratio (for the whole computational
domain). Tt assesses the quality of the mixing, since very few points burn at
equivalence ratio below 0.4 or above 0.7.
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The mean location of the flame is shown on figure 5-(b): heat release
is exhibited on a longitudinal cut in the central plane. The grey isosurface
surrounds the part of the domain where the equivalence ratio ¢ is higher than
0.6. The mean path of the fuel jets in the swirled cross flow is clearly visible.
Note that ¢ is computed using passive scalar “z” following [32]. Therefore, it
is still valid in burnt gases.

100

(b) Mean Heat Release H

Fig. 5. (a) Instantaneous view of the flame (isosurface of temperature at 1200K)
and of the methane jets (isosurface of fuel mass fraction at 0.1); (b) Mean heat
release in central plane and isosurface of equivalence ratio ¢ = 0.6. (See Plate 44 on
page 436)
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Fig. 6. Combustion regime corresponding to instantaneous solution presented on
Fig. 5-a: scatter plots of (a) reaction rate and (b) temperature versus equivalence
ratio.

5 Pulsated Reacting Cases

5.1 Forcing Method and Phenomenology

Forcing the reacting flow is achieved by pulsating the mass flow rate of
methane in the four fuel pipes (Fig. 3-a). Forcing is performed at 300Hz for
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several amplitudes: 5, 10, 15, 30, 50, and 80 percent of the unpulsated mean
mass flow rate. For all these amplitudes, the fuel pipes remain subsonic. The
mean temporal air flow rate provided by the “air supply room” remains con-
stant, and oscillates instantaneously due to the flow modulations inferred by
acoustic waves propagation. Section 5.4 will show that these modulations are
not negligible.

Since the momentum of the fuel jets is very small compared to the mo-
mentum of the air flow, only the second mechanism described in section 1 is
involved. Pulsating the fuel lines should not create ring vortices that could
wrinkle the flame and capture pockets of fresh gases. The modulation of fuel
flow rate should create alternatively pockets of rich and poor mixture, which
after a given convective time will excite the flame. Note that results shown in
sections 5.2, 5.3 and 5.4 are related to a pulsation amplitude of 15 percent.

5.2 Acoustic Modes Analysis

A first order acoustic analysis is a simple and powerful tool to understand
the mechanisms leading to combustion instabilities. The acoustic eigenmodes
of the setup can easily be computed using a 3D Helmholtz code. The field
required for this analysis is the local speed of sound and is provided by a
temporally averaged solution of the LES.

Table 1 shows the lowest frequencies found numerically, and the corre-
sponding ones measured in the experiment. The agreement between the pre-
dicted eigenmodes frequencies and the measured results is reasonable : the
Helmholtz code provides higher frequencies for most modes because the mean
temperature field was obtained from a LES using adiabatic walls, yielding
higher temperature and higher sound speeds.

Table 1. Frequencies computed by the Helmholtz code and measured in the exper-
iment. Physical description of these modes: 1/4 means quarterwave mode. “S” for
full Setup, “C” for Chamber and “P” for Plenum.

Frequencies computed (Hz)|| 72 |272|298|487|705|926|1046
Frequencies measured (Hz) || 62 |192]239(445|630|846| 983
Mode description 1/4|5/4|7/4(5/4|7/4|9/4| 1/2
Mode related to S|pPp|P|C|C|C| P

Coming back to LES, figure 7-(a) now demonstrates that the main peak
around 450Hz is clearly captured by LES. This eigenmode of the setup seems
to be fed by the flame, especially when the flame is excited by the 300Hz pul-
sation which is also visible on the LES spectrum (Fig. 7-b). From a physical
point of view, it is expected that only the eigenmodes related to the com-
bustion chamber itself may be excited by the flame response. Among these
modes, the most sensitive is the closest to the excitation frequency. This is
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Fig. 7. Pressure spectra measured in the experiment (thin line) and computed with
LES (thick line) for non pulsated (a) and pulsated (b) cases.

why the 450Hz is especially amplified. The other modes near 300Hz (at 72,
272 and 298 Hz) are indeed either eigenmodes of the plenum, or eigenmodes
of the full setup. Therefore, they are not sensitive to flame response.

5.3 Phase-Locked Averaged Analysis

Due to the high levels of turbulence which strongly affect the flame (as shown
in section 4.2 and figure 5), diagnostic tools are necessary to filter the results.
The most obvious one to study harmonic phenomena is the phase-locked av-
eraging procedure.

Figure 8 evidences the shape and intensity of the flame at eight phases of
the cycle. It also shows the evolution of rich pockets along this cycle, mate-
rialized by an isosurface of equivalence ratio at ¢ = 0.6 (slightly richer than
the mean ¢ = 0.55). After a certain time lag, these pockets reach the reacting
zone. The flame does not move significantly when it is reached by these pock-
ets but the local heat release oscillates and triggers the pressure fluctuations
feeding the 450Hz acoustic mode (as described in section 5.2).

5.4 Amplification Effect

A controversial question to understand the excitation mechanism is the fol-
lowing: is the air flow rate remaining constant during fuel flow rate pulsation?
This can be checked in the LES by evaluating the fuel and air mass flow rates
at the mouth of the burner. Using a simple derivation, the variation of the
equivalence ratio can be easily split in two parts (Eq. 1): The contribution
of instantaneous fuel flow rate to equivalence ratio fluctuations ¢% and the
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Fig. 8. Phase locked heat release in the central plane and isosurface of equivalence
ratio ¢ = 0.6. (See Plate 45 on page 436)
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Figure 9 presents the two contributions ¢ and ¢/, for two pulsation am-
plitudes: 15% and 30%. After a time delay of two cycles, the acoustic waves
produced by the flame and partially reflected at the end of the chamber clearly
perturb the air flow rate. In other words, the X % pulsation of the fuel line is
seen by the flame as a 1.2 - X % equivalence ratio excitation. In the present
situation and for a forcing frequency of 300Hz, the air flow is also affected
by the fuel flow modulation and amplifies its impact on the fluctuations of
equivalence ratio at the burner inlet. This conclusion is not general but shows
that this effect should be taken into account for modeling.
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time (ms)

Fig. 9. Contribution of the fuel (thin line) and the air (thick line) fluctuations
to equivalence ratio oscillations at the mouth of the burner. The amplitudes of
pulsations are: (a) 15%; (b) 30%.

Figure 10 presents scatter plots of local reaction rate versus equivalence
ratio at the extrema of the cycle (respectively maximum and minimum global
reaction rate). Compared to Fig. 6-(a) (unforced case), the width of the scat-
ter plot is approximately the same which indicates that the effect of forcing
on mixing efficiency is not obvious. The distribution of points is just moved
alternatively up-right and down-left in the reaction rate - equivalence ratio
space.
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Fig. 10. Combustion regime during the 15% forcing cycle corresponding to (a)
maximum reaction rate and (b) minimum reaction rate versus equivalence ratio.

5.5 Saturation Effect

The last point of this paper is the linearity of the flame response to the
equivalence ratio pulsation. Recent experimental studies [33, 34] show that
beyond a certain pulsation amplitude, a saturation effect is observed. Figure 11
presents the reaction rate fluctuation level for several pulsation amplitudes
(Fig. 11-a), up to 80%, and its evolution along the cycle (Fig. 11-b). No
saturation effect is noticed here: the flame really behaves linearly within the
range considered.

This major difference may be due to the way the equivalence ratio is
pulsated: as explained in section 5.1, the pulsation method should not create



348 A. X. Sengissen, T. J. Poinsot, J. F. Van Kampen, and J. B. W. Kok

1.0 Amplitude : X~ 15%
0.8 -©O- 00% - 30%
& i B 05% — 50%
V 06 o 05 A 10% @ 80%
~ v
O o4 iy
< oo
0.2
0.5 L
! T | L 1 T T T T T T 1
0.0 0.8 Q 60 300 360

O'I%uIsationﬂjg\mpIitudOe‘G "Bulsation Phase.
Fig. 11. Dependence of normalized global heat release fluctuation upon the forcing
amplitude (a) and its evolution along the cycle (b).

any ring vortices, so that only the second mechanism described in section 1
is concerned. In Balachandran et al., the fuel flow rate is constant (fuel line
choked) and they pulsate the air flow. Therefore, both mechanisms 1 and 2
are involved.

6 Conclusion

Computations of a partially premixed lab-scale burner are carried out using
LES for both non-pulsated and pulsated cases. LES results are validated from
velocity measurements performed at the University of Twente. The overall
agreement with experiment is very good for both mean and RMS values. The
mechanism leading to heat release oscillations is characterized using phase-
locked analysis and a simple 3D Helmholtz solver. An amplification effect of
the equivalence ratio excitations due to reflected acoustic waves perturbing
the air flow rate is observed. Note that no saturation effect is noticeable for the
range of observation considered, such as presented in Balachandran et al. [33,
34]. More generally, this study demonstrated that LES is able to capture
the specific role of equivalence ratio fluctuations in phenomena leading to
combustion instabilities.
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