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This paper discusses the effect of non-linearities inside a matrix burner on the flame re-
sponse and control of instabilities inside the matrix burner. In particular, the response of
the flame to high gain and frequency of the forcing signal are discussed. The importance
of the choice of the combustion model used in the numerical simulation of combustion
instabilities is highlighted. The effect of non-linearities on the choice of the primary fuel
actuator that was used as active control device is discussed. Finally, it is shown that the oc-
currence of limit cycle behavior inside the combustor of the matrix burner led to hysteresis.
The analysis begins with the discussion of the stability map of the matrix burner obtained
from measurements.

1 Introduction

Gas turbines are designed to run in lean premixed prevaporized mode in order to limit temperatures
and reduce NOx emissions. The problem is that running gas turbines near the lean flammability limit
makes them exceptionally prone to combustion instabilities. One reason is that if combustion is near
the lean blowout limit, small changes in the equivalence ratio due to the perturbation of the flow up-
stream can lead to periodic extinction. This action in turn leads to a larger fluctuation in the equivalence
ratio at the flame, which in turn leads to fluctuation in the heat release rate. Hitherto, gas turbines were
mostly operated with diffusion flames, but the high temperatures associated with such flames led to
high NOx emissions. Combustion instabilities are not only common in gas turbines, but also in other
combustion systems like rocket engines, jet engines, after burners, etc. If not checked it can lead to
component failure and in the worst case to a catastrophic breakdown in the operation of such engines.
These instabilities to a large extent occur when the acoustic modes of the combustion chamber couple
with the combustion dynamics. In most cases, a feedback mechanism exist between the combustion
process, the inlet conditions and the acoustic modes of the chamber. This is in part due to the fact that
a time lag exist between the time a mixture is injected and the time it actually reaches the flame front
and it has been shown that this time lag affects the combustion instability in gas turbines [1, 2]. This is
true when this time is a multiple of the acoustic frequency of the combustor (or 7 - 3¢y = 1,2,3,....). Put-
nam showed that there will be amplification in the pressure amplitude when these integers are off by
a quarter cycle (0.25) or less [3]. In addition to this time lag, the vortex shedding frequency also effects
the heat release frequency. This is because when a vortex is shed, mixing and scalar dissipation rates are
significantly increased and therefore the local reaction rates are also increased.

Combustion instabilities are driven mainly by fuel/air equivalence ratio (¢) fluctuation and velocity
perturbation [1,4,5]. These processes either directly or indirectly affect the pressure and the heat release
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fluctuations inside the combustor. According to the Rayleigh criterion when the pressure and the heat
release are in phase, instability is encouraged and when they are out of phase, the opposite is true [6].
Mathematically, this can be written as:
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In Eqn. (1), Ris referred to as the Rayleigh index. This equation is a necessary, but not a sufficient condi-
tion for combustion instabilities to occur [7]. In order to realize the resonant effect in combustion sys-
tems, the acoustic energy of the system must exceed the dissipative effect in the system. The Rayleigh
criterion was therefore modified by Chu, 1965 [8] in order to take this effect into account and can be
written as:
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Another approach, apart from running gas turbines lean that is being adopted to address future re-
striction in gas turbine emissions is the use of combined-cycle power plants with efficiencies of 60%
and higher [9].

This paper discusses the effect of non-linearities inside a matrix burner on the flame response and
control of instabilities inside the matrix burner. In particular, the response of the flame to high gain and
frequency of the forcing signal are discussed. The importance of the choice of the combustion model
used in the numerical simulation of combustion instabilities is highlighted. In the work by [10], it was
shown that this decision can affect the results obtained in the CFD simulation of thermoacoustics. The
non-linearities in the matrix burner also affected the choice of the primary fuel actuator that was used as
active control device for suppressing the instabilities. In particular, for high equivalence ratios, the non-
linear effect led to saturation of the proportional injector, which led to it loosing its actuation authority.
However, when an "on-off" saturated valve was used, suppression of the instabilities inside the matrix
burner was possible, although secondary peaks were visible in the pressure spectrum of the controlled
combustor. Similar observation was made and reported in the work by [11, 12]. The occurrence of low
and high frequency secondary peaks are attributed to the coupling of the components of the controller
with the dynamics of the combustor.

Systems exhibiting non-linear limit cycle behavior are prone to bifurcation and hysteresis. Such sys-
tems are capable of keeping a memory of themselves. This is true for gas turbine burners that exhibit
thermoacoustic instabilities. It is believed that the limit cycle behavior inside the matrix burner also
gave rise to this effect. Hysteresis has been reported in the work by [13-17]. Their investigated config-
urations were different but certain similarities can be found in their results. For example, Lieuwen [13]
investigated a premixed swirl stabilized combustor while Matveev et. al. [17] investigated an electrically
heated grid Rijke tube. In general, however, hysteresis can be attributed to either changes in the air mass
flow or to changes in the fuel mass flow. The latter was investigated for the matrix burner in this paper.
The approach used in this work is similar to that used in the work by Isella et. al. [14]. The matrix burner
investigated here is similar to that investigated by Deuker [18] and Kriiger [19].

2 Experimental Setup

The experimental set up of the test rig is shown in Fig. 1. The test rig was designed to study self-excited
thermoacoustic instabilities. Additionally, the rig has been equipped with a fast response injector and a
loudspeaker for active combustion instabilities control.

The test rig consists of air and fuel supply systems, an ignition or pilot flame, and a premixing cham-
ber. Once ignition is over, the pilot flame is switched off. It is also used in the modulation of the sec-
ondary fuel for active control. Upstream propagation of the flame is prevented by a 2D matrix ele-
ment, which has seven slots, each measuring 2.5 mm x 40 mm in cross-section and 50 mm in height
as shown in Fig. 1. The air inlet pipe is a DN 50 pipe with an inner diameter of 54.5 mm. The test facility
is equipped with sensors and instruments for measuring the air and the fuel mass flow rates, pressure,
temperature, heat release and emissions.
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Figure 1: Sketch of the test rig used in measurements.

Air enters the test rig at the air inlet (see Fig. 2) and a honey comb is placed downstream to streamline
the air flow. The air leaving the honey comb flows through a diffuser that lowers the air velocity and
decreases the pressure loss across the burner. Fuel enters the mixing chamber first through the main
fuel pipe (of diameter 17 mm) that is connected to nine smaller pipes of diameter 4 mm at right angles
to the main fuel inlet pipe. Each of the nine pipes has four inlet fuel holes of diameter 2 mm that leads
to the mixing chamber. The fuel inlet is choked because of the large pressure drop (Ap) across it. Fuel is
admitted in an opposite direction to the direction of the air flow. Due to the turbulence caused by this
counterflow and the velocity difference between the fuel and the air, mixing is improved. This is because
of the increase in the residence time of the mixture in the mixing chamber. This mode of injection was
employed in the early design of gas turbine burners like the Bristol Siddeley Gyron Junior [20]. Before
the mixture enters the 2D slots from the mixing chamber, the test rig is fitted with a silica glass window
of length 60 mm and it is also fitted with same glass window at the exit of the burner matrix inside
the combustor to allow optical measurements like PIV, LDA and heat release measurements using a
photomultiplier (PMT) that is combined with an OH*-Filter. Three PMTs are used for simultaneously
measuring the OH*, CH* and C2* radicals that are used as an indicator for heat release. The primary
fuel is modulated by the use of an actuator (a fast response injector) that is discussed in details later
in the paper. It is mounted on the main fuel inlet pipe and denoted as "injector" in the sketch in Fig.
1. The combustion chamber has a cross section of 92 mm x 46 mm and add-ons that makes it possible
for variable combustor lengths of 200 mm, 400 mm, 600 mm, 800 mm and 1000 mm. The outlet of the
combustor is connected to a flexible tube of length 6 m that exhausts the combustion products to the
atmosphere. A transition piece connects the combustor outlet to the flexible tube.

The combustion air is supplied by a screw compressor at constant pressure and the fuel (propane) is
taken from gas cylinders. Both flow rates can be adjusted and determined separately. The air and fuel
flow rates are measured through a laminar mass flow meter within an accuracy of +5%. The exhaust gas
temperature is measured using a PtRh-Pt thermocouple. The combustion chamber is surrounded with
mineral wool to reduce thermal losses because it was not air or water cooled. However, most gas tur-
bine burners that have been reported in the literature are air cooled. Radiation losses were still present
through the silica glass window and the chimney. The combustor was operated at equivalence ratios be-
tween 0.69 and 1.6. In order to obtain information on the acoustic instability of the combustor, the pres-
sures inside the combustor and mixing chamber are measured using probe microphones and recorded
using dSPACE.

3 CFD Model Setup

Model abstraction is critical in CFD simulation because of the need of simplification of the analysis,
but at the same time the physics of the problem must be captured. In the case of the matrix burner test
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Figure 2: Schematic of the matrix burner.

rig investigated in this work, for example, the detailed fuel inlet was not included in the geometry that
was simulated because it is choked. To limit the size of the computational grid, the ducts at the inlet
and outlet are not included in the computational mesh. The approach in this case is to determine their
impedances and superimposed them on the CFD simulation as discussed in details in [21].
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Figure 3: Model of the matrix burner test rig. Figure 4: CFD surface mesh of the test rig.

The CFD model simulated for the test rig is shown in figure 3. The CAD drawing of the test rig was
done using Pro/Engineer and the mesh was generated using ICEM CFD. The mesh was unstructured
and tetrahedral. For the sake of clarity, the surface mesh, with no volume, cut in to two, is shown in
figure 4. The mesh size is 2.4 million cells.

3.1 Solver and Boundary Conditions

The Fluent 6.3 pressure based couple solver was used. For discretizing the governing equations the
QUICK scheme was used. Time matching was done implicitly using a second order scheme. For turbu-
lence modeling, the k — ¢ realizable model was used. This model uses the assumption of eddy viscosity
and the resulting turbulent transport equation that is solved is diffusive, which makes it much more
easier to handle than other turbulent models like the Reynolds stress models.

Four parallel processes, each using a total of two processors on a Linux cluster at the RWTH Aachen
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University high performance computing center were used for the numerical simulations. The CPU is an
AMD Opteron 885 that has a 2.6 GHz (dualcore) processor with a memory of 32 GByte per node.

The CFD boundaries are as follows: the air duct is given a velocity inlet boundary and the combustor
outlet is treated as a pressure outlet. The rest of the surfaces are treated as walls with no slip and adia-
batic conditions. The fuel inlet is a mass flow inlet. The acoustic boundary conditions implemented in
Fluent are time invariant, thus making them less suitable for acoustic applications. Acoustic boundaries
must vary with time to account for the movement of acoustic waves. This problem is solved by using
UDFs as explained in the work by Bohn et.al [21] and Schuermans et. al [22].

3.2 Combustion Model

The species transport equation or the balance equations for the mass fraction of species i can be written
as:
Vi
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where i=1,2,3,.....n. The left hand side terms represents the local rate of change and convection. The
first term on the right hand side is the diffusion flux denoted by j; and the last term is the chemical
source term, which is unclosed. It is closed by using two combustion models and the results obtained
compared. In one case, the combined finite rate/eddy dissipation model is used [23]. This model deter-
mines the Arrhenius rate and the eddy dissipation rate and picks the smaller of the two as the net rate
of reaction. The assumption of a one step irreversible reaction is used. It is of the form:

VipF+v,0— V"B 4)

where F is the fuel and O is the oxidizer. In the eddy dissipation model, the rate of the reaction is given
by w = min(w;, w»), where w; and w; are given by:
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A and B are empirical constants equal to 4.0 and 0.5 respectively.
In the finite rate chemistry model, the Arrhenius rate of reaction is given by:
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Critical is the determination of the parameters E and B since the values reported in the Fluent solver
are for stoichiometric conditions. To determine these values for an equivalence ratio of 0.59 that was
used in the CFD simulations, kinetic data in the work by [24, 25] are used. The values of B and E deter-
mined are 2.03 x 108 J/(kmol) and 2.40 x 10'3 m3/(kmol s) respectively. The rate exponents for both
fuel and oxidizer in the second order reaction used are set to unity.

4 Results and Discussions

4.1 Heat Release Dynamics in the Matrix Burner

The dominant process that contributes to heat release perturbation in the matrix burner is due to a thin-
wrinkled flame [23]. In this case, the flow is mildly turbulent which leads to a smaller chemical time scale
when compared to the turbulent time scale (Da > 1, which implies that the reaction is mixing limited).
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The flame surface area in this case is characterized by a single value function ¢(#) that represents the
instantaneous axial displacement of the flame, which can be written as:

oc_ 9 9
a—u var S(P) (ar)+1, (8)

and the total heat release Q is proportional to the integral of this surface over an anchoring ring, which

can be written as:
R 0& 2
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where Sy is the burning velocity, x (¢p) = 2w, Sr(Pp)Ah, (¢p), p,, is the density of the unburnt mixture and
Ah, is the heat of reaction. Equation (9) clearly suggests that fluctuation in the flame surface area can
lead to heat release fluctuation. Similarly, fluctuations in density, flame speed and heat of reaction can
also lead to heat release perturbation. In the matrix burner, the non-linear coupling is predominantly
between the equivalence ratio and the heat release fluctuations. The fluctuation in the equivalence ra-
tio is driven by fluctuation in the air flow rate since the fuel inlet is choked. This observation was proven
from the stability map that is discussed below. There is some perturbation in the velocity at the exit
of the burner, but this is small in comparison to the equivalence ratio fluctuation. Sensitivity analysis
carried out by Deuker supported this observation [18]. In thermoacoustics, the flame acts as an ac-
tive monopole source of sound. Observations have shown that for the matrix burner, in addition to the
above mentioned, the flame is also acting as an autonomous source of sound, leading to the generation
of noise, which is a random process, unlike acoustics, which is deterministic. This action was mainly
driven by the interaction between the flame fronts in the matrix burner as shown in Fig. 5. It remains un-
clear whether the flame front interaction inside the matrix burner created a feedback mechanism that
contributed to the thermoacoustic instability. Observation, however, showed that during the flapping
action, the flame surface area fluctuates which could lead to fluctuation in the heat release dynamics.
The stable flame in this figure shows no interaction between the flame fronts whereas in the unstable
flame, this interaction can be clearly seen. Another observation is that the stable flame is shorter in
length than the unstable flame.

1))

(a) Stable flame (b) Unstable flame

Figure 5: Stable and unstable flame of the matrix burner, ¢ = 0.86, air mass flow = 6.93 g/s.

4.2 Stability Map of the Matrix Burner

The stability map obtained from measurements for the matrix burner is shown in Fig. 6. It has been pre-
viously reported in the work of Deuker [18] and Bohn and Deuker [26]. In this case, the test rig was run
at fuel/air equivalence ratios in the range ¢ € [0.4,1.54]. For the range 0.4< ¢»<0.44, the matrix burner
experienced transition. For values of the equivalence ratio in the range 0.44<¢$<0.67, the matrix burner
was mostly quiet, even though there were instances where it showed some transition behavior. For the
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range of ¢ values between 0.67 and 1.25 (i.e, ¢ € (0.67,1.25]), the matrix burner was unstable and ex-
perienced strong oscillations. Finally, for ¢p>1.25, the burner was mostly stable, even though it showed
transition behavior at ¢)=1.33 and became unstable again at ¢=1.43.

n‘a T T T L] T T T T ] T T T T L T T T T T T T T T T ]
07 E
E wle 8| oo a [ k"‘-'!*-\-\.: - ]
5 0.8 F —— C q“‘ hhﬁ&j O = sirong ozcillation
I e ] e ] ':j =i
a5 E & o O =fransition
F Fo{ oo R :
E - e X = quiet
& 3 =
i - = TR 3
gk oo |0 o P 1 E
'g E o o '\-l:n;l:_:"""-u,___ “"“nc:j =] é
2 0.2 [ e - :
o1 . -—1
u L i 1 i i 1 i i 1 1 1 i i I i 1 i i i 1 i i I i Il i -'
Lo} 0.5 1 15 2 2.5 2

Arifuel equiralence ratio (2 [-]

Figure 6: Stability map of the matrix burner taken from [18]

One major finding from the stability map is that to move from stable to unstable behavior or vice
versa, the fuel mass flow rate is kept constant while the air mass flow rate is changed. When the opposite
is done (i.e, keeping air mass flow fixed and changing the fuel mass flow rate), this behavior will not be
realized from the stability map. This is one proof that the coupling of the acoustic of the combustion
chamber with the inlet conditions is from the air side, mostly referred to as air-side coupling.

4.3 Comparison of Combustion Models

Self exciting simulations are performed using the finite rate chemistry model and the combined finite
rate chemistry/eddy dissipation model. The air inlet velocity was 40 m/s and the equivalence ratio was
0.59. The length of the combustion chamber was 400 mm. The temporal variation of the pressure in
the plane x=140 mm are plotted in Figs. 7(a) and 7(b) for both combustion models. The time series data
shows linear growth, exponential growth followed by the limit cycle, which is an indication of saturation
and nonlinearity in the matrix burner. In such cases, there are conditions for the existence and stability
of nonlinear periodic motion, which is otherwise referred to as super-critical bifurcation. Significant,
however, is the fact that the pressure predicted by the finite rate chemistry model is higher than that
predicted by the combined model. Even though the combined model computes both the Arrhenius
rate and the eddy dissipation rate, the net rate of the reaction is the smaller of the two and this is almost
always taken as the eddy dissipation rate after ignition. Before ignition, however, the rate of reaction is
the Arrhenius rate. The temperature sensitivity of the Arrhenius or finite chemistry rate makes it to shoot
up after ignition. The eddy dissipation model is numerically dissipative and it also does not account for
chemistry. For this reason, for example, it is unable to capture the variation of the flame speed with
equivalence ratio, something the finite rate chemistry model can do.

The flames of the two models after a computational time of 0.2093 s are as shown in Fig. 8. The dif-
ference in flame length and shape are clearly visible. In the case of the finite rate chemistry model, the
temperature is higher and the length of the flame is shorter than it is for the combined model. The length
of the flame, for example, determines the flame Strouhal number, which can be defined as St = fi¢/uo,
where f is the frequency, 7 is the flame length and 1 is the mean velocity at the burner mouth. This
number in turn determines the behavior of the flame transfer function.

Even though the unstable frequency predicted by both models were closed (563 Hz for the combined
model and 621 Hz for the finite rate chemistry model), the difference in amplitudes are significant (6.44
x 10° Pa for the combined model and 2.59 x 107 Pa for the finite rate chemistry model).
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Figure 7: Pressure time series inside the combustion chamber, ¢ = 0.59, air inlet velocity =40 m/s.
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Figure 8: Temperature(K) in the plane z=0, ¢ = 0.59, air inlet velocity = 40 m/s.

4.3.1 Response of the Flame to Periodic Forcing of the Inlet Air

The response of the flame to a single frequency forcing at the velocity inlet is investigated for both
changes in the frequency at constant gain and changes in the gain at constant frequency. The forcing is
implemented in a UDF that was hooked at the air inlet. The UDF is of the form u = i1+ uysin(wt), where
w = 2n f is the angular frequency in rad/s, uy is the gain and #=40 m/s is the mean velocity at the air
inlet. Unsteady simulations are performed at forcing frequencies of 81 Hz, 243 Hz, 405 Hz, and 567 Hz
while keeping the gain fixed at 4 m/s. Time series data is written for 3000 time steps. The spectrum of
the pressure for these frequencies in addition to the case without forcing are shown in Fig. 9. The forcing
did not lead to a shifting of the dominant unstable frequency at 560 Hz but other significant multiple
peaks are produced at other frequencies.

To test for nonlinearities the CFD simulations are repeated for a constant forcing frequency of 243
Hz but with different values of the gain such that uy/it = 15%, ug/it = 20%, ug/ i = 25% and uy/ it =
30%. A system is defined as linear or non-linear in terms of the system excitation and response. As a
rule, a linear system must satisfy the properties of superposition and homogeneity. One way to test for
nonlinearities is by varying the gain of the input signal. The CFD simulations are performed for 3000
time steps and the spectrum of the pressure obtained inside the combustion chamber is as shown in
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Figure 9: Spectrum of pressure inside combustor  Figure 10: Spectrum of pressure inside combustor
for varying forcing frequencies, ¢ = 0.59, for different forcing amplitudes, ¢ = 0.59,
air inlet velocity = 40 m/s. air inlet velocity = 40 m/s.

Fig. 10 together with the spectrum for the case when no forcing was applied. In the cases considered, the
effect of changing the gain is pronounced because for the 1/ = 15% case, a single frequency forcing
results in multiple frequency responses with almost equal gains at 560 Hz, 487 Hz and 240 Hz. For the
rest of the cases, there is a complete shift in the unstable frequency from 560 Hz to 487 Hz and 240 Hz.
Clearly, the system is not obeying the principle of superposition and therefore, it is nonlinear.

5 Effect of Non-Linearity on the Choice of the Fuel Actuator

One of the key questions in the control of combustion instabilities using fuel forcing is the choice of
the actuator. In general, a proportional or an "on-off" valve can be used. To suppress the instabilities
inside the matrix burner, a proportional injector was first investigated. This injector, however, was un-
able to suppress the instabilities due to the loss of its actuation authority. This could be attributed to the
saturation or non-linear behavior of the matrix burner. A similar observation was reported by [11, 12]
in which a proportional valve was successfully used to suppress the instabilities when the gas turbine
test rig was operated in the linear regime at low equivalence ratios. However, when the rig was operated
within the non-linear regime at higher equivalence ratios, the proportional valve could not suppress the
instabilities in the system, but an "on-off" valve was able to suppress the instabilities.
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Figure 11: Time signal of microphone inside combustion chamber with and without pulsed primary
fuel injection

In the matrix burner that was investigated in this work, an "on-off" injector by Bosch GmbH that
works in the saturated mode was used for suppressing the instabilities in the matrix burner. The band-
width of the injector was 300 Hz. The injector model is NGI2-CP and it was operated at 14 Volts. The
high voltage ensured that the actuation action of the injector was very fast in order to prevent deple-
tion of the fuel at the flame front as a result of the modulation of the primary fuel. This type of injector is
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used mostly for automotive applications. The injector was installed behind a mass flow controller work-
ing with a time constant of 300 ms. The controller ensured that the mean fuel mass flow was constant
within a given time frame by adjusting the injector admission pressure. The case considered was for an
air mass flow rate of 6 g/s and an equivalence ratio of 0.86 g/s. The plot in Fig. 11 shows the time se-
ries signal recorded by the microphone for cases where the primary fuel injector was pulsed at various
frequencies. Also shown in the plot are the injector frequencies, the dominant microphone frequencies
and the dominant OH* signal frequencies. In some cases, secondary peaks were observed but only the
dominant peaks are reported here. The injector frequencies were increased at a rate of 1 Hz/s begin-
ning from 100 Hz. At the start, when the fuel was not modulated, the system oscillated at a frequency of
190 Hz with peak to peak pressure of 560 Pa. Modulating the fuel mass between (130-170) Hz shown in
the figure as "line 1" almost completely suppressed the self-exciting oscillations. Similarly, primary fuel
modulation in the frequencies range (265-300) Hz shown as "line 3" in the figure completely attenuated
the instability. The microphone pressure dropped from 550 Pa to about 60 Pa. The observation through
the quartz glass window showed that the flames tip went from turbulent to almost perfect "v-shaped"
flames. For injector forcing frequencies above 265 Hz, secondary peaks at lower frequencies were visi-
ble in addition to secondary peaks at the forcing frequencies. In most cases, the amplitude at the lower
frequencies were higher than those at the injector forcing frequencies. The frequency ranges (100-130)
Hz and (170-265) Hz, shown as "line 2" in the figure were not able to suppress the instabilities inside the
combustor. It seems that they were too close to the fundamental unstable frequency of the combustor
(that is, 190 Hz) at this operating point.

6 Effect of Equivalence Ratio Variation on Pulsations and
Temperature

The effect of variation of the equivalence ratio (¢) on pulsations levels in the matrix burner was in-
vestigated for two cases. In one case, the average air mass flow rate was keep fixed at 6 g/s and in the
other, the average air mass flow rate was kept fixed at 8 g/s. In the two cases considered the fuel mass
flow rate was varied by increasing it at a rate of 0.02 g/s. It was observed that when the mean ¢ was
increased gradually, the system moved from stable to unstable and when the mean ¢ was decreased
gradually, it went from unstable to stable at the same mean value of ¢ close to 1.3 for the 6 g/s air mass
flow case. This observation was seen in the 8 g/s case but it was not pronounced. One reason for this
sudden bifurcation in the system is hysteresis. For each equivalence ratio considered, the temperature
and pressure were monitored. The stability map based on the root mean square pressure, defined here

as Prms = \/ 2i plz./ N is shown in Fig. 12. The p;, s values obtained are higher for the higher air mass
flow rate case indicating the instability in this case was higher. This is because for the higher air mass
flow rate, the thermal energy in the system is higher. The shape of the temperature curve is as expected,
even though it did not peaked at exactly a mean ¢ value of 1.0 due to possible measurement errors.

To investigate whether hysteresis was present in the 6 g/s case, the measurements were repeated. In
order to monitor this behavior closely and catch the transition from stable to unstable behavior and
vice versa, the pulsations levels were kept lower for the runs considered by increasing the damping in
the system. The hysteresis loop obtained beginning from an equivalence ratio of 0.69 is shown in Fig.
13.

7 Conclusions

The stability map of the matrix burner obtained from measurements is discussed. The importance of
the choice of the combustion model in thermoacustics simulations is highlighted followed by the in-
vestigation of non-linearities and its effect on the flame response to single frequency forcing. Also con-
sidered is the effect of the limit-cycle behavior on the choice of the actuator used in the control of com-
bustion instabilities. Finally, the limit-cycle behavior is further investigated by keeping the average air
mass fixed and gradually increasing the fuel mass flow rate. In one of the cases considered, the system

10



Dieter Bohn, Nils Ohlendorf, James Willie

1200

1500

Prms., 6 g/s

6gls

Temp.,

1450
1000

1400
800
1350

600 1300

Prms (Pa)
Temp. (°C)

1250
400

1200

200
1150

1100

0 /
06 07 08 09 1 11 12 13 14 15
Fuel-air equivalence ratio (-)

. L . .
0.9 1 1.1 1.2
Fuel-air equivalence ratio (-)

0.7 0.8

Figure 12: Variation of p;ms and Temperature with
Equivalence Ratio.

Figure 13: Plot of the hysteresis loop obtained in the
matrix burner.

bifurcated from stable to unstable when the fuel mass flow was gradually increased and from unsta-
ble to stable when the fuel flow was gradually decreased at the same equivalence ratio. In future work,
the limit of non-linearity in the matrix burner will be investigated. Also, answers would be sought for
whether the flame front interaction in the matrix burner is contributing to thermoacoustic instability.
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