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ABSTRACT

The present article experimentally investigates the trigger-
ing and transient growth of azimuthal instabilities in a pres-
surized laboratory-scale annular combustor featuring twelve
methane/hydrogen flames, as the equivalence ratio is ramped up
and down. The ramping rate of equivalence ratio is varied to ex-
amine its effect on the transient thermoacoustic response and the
driving mechanisms, highlighting a number of previously unseen
features.

As the equivalence ratio is dynamically increased, all cases
were observed to feature a distinct modal trajectory, during the
onset of high amplitude instabilities. Strongly spinning counter-
clockwise modes are first excited before a dynamic transition
to strongly spinning clockwise modes occurs. Furthermore, the
strength of the spinning mode (quantified through the spin ra-
tio or nature angle) was shown to feature a local minima before
the spinning mode stabilized in the system, which corresponds
to an almost pure spinning state. Hysteresis behaviour was ob-
served in both the amplitude and nature of the mode, resulting
in different thresholds for the onset and decay of the instability,
depending on the time history of the combustor. Increasing the
ramping rate was found to reduce the amount of hysteresis in
the system. Furthermore, the high amplitude of the instability
resulted in significant harmonic components. The behaviour of
the harmonics generally resembles the fundamental component,
albeit with some notable exceptions.

*Address all correspondence to this author
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Introduction

Flexible, hydrogen fired gas turbines are predicted to play a
vital role in accelerating the energy transition, by providing sta-
bility to the grid through dynamic operation, enabling an increas-
ing penetration of intermittent renewable power sources. How-
ever, the effect of dynamic operation on azimuthal combustion
instabilities has not been investigated under well-defined acous-
tic boundary conditions before.

Combustion dynamics is a complex phenomenon arising
from the coupling between heat release rate and acoustic per-
turbations, which can occur in a wide variety of combustion sys-
tems [1-3]. In rotationally symmetric annular systems, combus-
tion instabilities tend to excite azimuthal modes, as observed in
both industrial combustors and aero-engines where the circum-
ference typically has the longest dimension [4-6]. Azimuthal
instabilities can produce different oscillatory patterns with the
same eigenfrequency, such as standing or spinning modes, or
patterns combining features of both, which are described as
mixed modes. Time-varying changes in the modal state are
one of the important defining features of azimuthal modes, and
rapid switching between modes states is commonly referred to as
modal dynamics [7-12]. Modal dynamics have been found to be
largely influenced by symmetry breaking [13—19], and turbulent
noise [6,17,20,21].

Many recent studies have been devoted to understanding cir-
cumferentially coupled thermoacoustic oscillations which occur
in annular combustors. Azimuthal modes have been reported in
industrial [4-6] and lab-scale combustors [10-12, 22, 23], and
in high-fidelity simulations [8,24]. However, most studies have
been conducted under atmospheric conditions. A very limited
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number of investigations have investigated azimuthal instabil-
ities under pressurized (above 189 kPa) operating conditions.
Fanaca et al. [25, 26] examined dynamic characteristics of pre-
mixed flames in an annular combustor at elevated pressure. They
demonstrated through the application of acoustic forcing that an
aerodynamic effect causes discrepancies in the flame transfer
function behaviour between an isolated single flame and flames
in the annular combustor. However self-excited azimuthal insta-
bilities were not reported in this study.

More recently, Mazur et al. [27] investigated self-excited
combustion instabilities in a pressurized annular combustion test
rig. They observed both longitudinal and azimuthal instabilities
under choked conditions. They also reported that the flame sta-
bilization location induces mode transition from longitudinal to
azimuthal instabilities at a high equivalence ratio, and that the
response is characterized by the existence of multiple higher har-
monic contributions. However, azimuthal modes were only ob-
served in a flashback state. This motivated the modification of
the bluff bodies in a consecutive study [28], allowing long run
times and the study of a wide range of operating conditions. A
cut-on amplitude of the instabilities was identified above which
harmonic contributions become significant and lead to a strong
distortion of the phase space. When the harmonic contributions
were significant, interactions between the harmonic components
of the pressure amplitudes were shown to follow a quadratic re-
lationship. In terms of the nature of the mode, high amplitude
states featured clockwise spinning modes, while low amplitude
states featured counter clockwise spinning modes with a clear
trend towards stronger spinning states with increasing ampli-
tudes.

Most of the aforementioned studies focus on describing
combustion instabilities while maintaining constant operating
conditions. However, it is also of interest to describe the occur-
rence and behaviour of instabilities in response to time varying
operating conditions. Despite decades of active research, an un-
derstanding of the transient dynamics of self-excited instabilities
is far from complete, and finding robust precursors that can fore-
warn of an impending instability remains a crucial issue. The
majority of previous studies on transient combustion dynamics
have been conducted on single flame configurations [29-34]. It
has been found that either inherent noise from turbulence, or ex-
ternal noise induced from an actuator can influence thermoacous-
tic dynamics and the onset of subcritical Hopf bifurcations. In
an example of an investigation in an annular geometry, Prieur et
al. [35] showed that hysteresis controlled the operating limits in
the laminar flame matrix burner configurations of the MICCA
facility at EM2C. More recently, Indlekofer et al. [36] reported
transient acoustic responses in a lab-scale annular combustor un-
der atmospheric conditions subjected to equivalence ratio ramps.
It was found that the hysteresis behaviour depends on the ramp-
ing routes and speeds as well as the power the combustor is oper-
ated at. Both positive and negative hysteresis in terms of the am-
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plitude, respectively decreasing and increasing the stability lim-
its of the combustor, were observed at low power. At increased
thermal power only positive hysteresis was found with decreas-
ing ramp times leading to a larger hysteresis. With increasing
amplitudes the modes were found to transition via standing and
mixed modes to strong spinning states at maximum amplitude.
However, the transient acoustic responses of azimuthal instabili-
ties under pressurized conditions have not yet been investigated,
and therefore the existence of hysteresis effects, and the role of
higher harmonic components is currently unknown.

In this paper, we investigate the transient acoustic responses
during controlled linear upward and downward ramps of the
equivalence ratio in a pressurized annular combustor with pre-
mixed swirl stabilized methane/hydrogen flames. Several dis-
tinct behaviours which depend on the ramping rate are high-
lighted, such as oscillation amplitude, modal dynamics, and hys-
teresis. The paper also highlights a number of unexpected and
previously unobserved behaviours, such as the overshoot of the
nature angle during upwards ramping, which appears to be cou-
pled to the onset of the harmonic response. The insights pro-
vided by these experimental results advance our understanding
of the transient dynamic nature of azimuthal instabilities under
pressurized conditions, which is likely to aid the development of
responsive low-emission gas turbines.

Methodology
Experimental setup and data acquisition

Figure 1a illustrates a cross-section of the lab-scale Interme-
diate Pressure Annular (IPA) combustor [27,28], equipped with
swirling injectors. The primary components of the test platform
include a mixing chamber, a plenum which is partially filled with
glass beads, the annular combustion chamber, and a nozzle plate
which chokes the flow at the exit.

A premixed CHy-Hp-air mixture at room temperature
(293 K) enters the plenum and flows through a bed of glass beads
in the expansion, which is installed to remove large-scale flow
structures. The mixture passes through an acoustically reflec-
tive 22 mm thick sintered metal plate. The sintered plate has
a mean pore size of 183 um, porosity 0.12, and Ap ~ 15 kPa
at the flow rate range selected in this study. The flow is then
divided into 12 injector tubes which have an inner diameter of
Diyj = 19 mm. Each injector tube has a central rod (D; = 5 mm),
which expands linearly at an angle of 38° (cone-angle) over a
stream-wise distance of 10 mm. The diameter of the central rod
is Dpp = 14 mm at the bluff body, which was increased from the
initial design [27] in order to prevent flashback [28]. Counter-
clockwise six-vane axial swirlers are mounted 33 mm upstream
of the dump plane. The design of the swirlers has been described
previously by Worth and Dawson [11].

The water-cooled annular combustion chamber has a length
of 168 mm, with an inner and outer diameter of D; = 128 mm and
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Experimental setup of a lab-scale pressurized annular combustor with 12 bluff body stabilized flames. (a) cross-sectional view of the test

rig, (b) photograph of IPA combustor during self-excited azimuthal instabilities, (c) lateral view of injector showing the bluff body design and swirler

location, (d) top view of the combustor with positions of microphones installed at @;_q 1 2 3 4y=0, 30, 60, 120, and 240°.

D, =212 mm. The cooling flow was passed through 3 separate
paths, including the inner walls, outer walls, and dump plane
of the combustion chamber. The heat transfer over the walls is
measured to be Peool_i & 100 KW, Peoor—_o & 50 kW, and Prpo1_g &~
15 kW. At the exit of the combustion chamber, an area reduction
takes place through a symmetric matched 5th order contraction
of length of Lcg = 34 mm with a contraction ratio of CR, = 7.
Additionally, a replaceable choking plate is installed with CR;, =
5. This leads to a total contraction ratio CRy, = 35 at the exit.

TABLE 1. Operating conditions
Case Py Py g (gs7h) ¢ R ()
1 10
2 0.10 0.25 95.6 0.7-1.0 5
3 2
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Instrumentation and data acquisition

Kulite XCE-093 pressure transducers (sensitivity 1.4286 X
10~* mV/Pa) were used to measure the acoustic fluctuations. To
fully characterize the modes and their harmonic components a
total of twelve microphones were installed at five circumferen-
tial locations as shown in Fig.1. At three of these locations,
@{k:1,374}= 30, 120, 240°, microphones were installed at three
different axial locations of z = —54, —81, —133 mm upstream of
the bluff body (z = 0 mm). At @g_g, = 0° two microphones
were installed at z = —81,—133 mm and at Og_,, = 60° one
microphone was installed at z = —81 mm. The pressure sig-
nals were conditioned by an amplifier (Fylde FE-579-TA) and
acquired at a sampling rate of 51.2 kHz. Signals were digitized
by a 16-bit DAQ system (NI 9174).

In order to characterize transient behaviour, a number of
quantities were locally averaged. The sliding average mean
chamber pressure, p, was calculated by taking the average of the
five circumferential measurements at the location z = —81 mm.
Then a sliding average was calculated using a kernel width of
0.1s.

A summary of the operating conditions is listed in Table.
1. The chosen fuel was a methane hydrogen blend. The vol-
ume fraction of hydrogen, Py = Vi, /(Ven, + Vi, ), was set to
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FIGURE 2. Time series analysis for 7g=10 s. From top to bottom: Transient time trace of amplitude of pressure oscillations at ®=30° and z = —81
mm, overall equivalence ratio, chamber pressure averaged by using five pressure sensors at O;—g,123.4}=0, 30, 60, 120, and 240° and z = —81 mm,

normalized amplitude of fundamental and higher harmonic components with averaged chamber pressure, local and sliding average values of nature

angle of the fundamental mode, sliding average values of higher harmonics, and spectrogram of chamber pressure at @=30° and z = —81 mm with a
cutoff of 0.1% for clear visibility. From left to right: (a) Overall time span, stability border during (b) upward (red shaded region) and (c) downward

(blue shaded region) ramp. Test conditions: Py=0.1 and ¢=0.7-1.0.

0.25. This corresponds to a thermal power ratio of hydrogen,
Py = Py, /(Pcu, + Pu,) = 0.1. The air mass flow rate was main-
tained at 95.6 gs~!. The mass flow rates of the premixed fuel-air
mixture were controlled by Alicat Mass flow controllers (MFCs)
which have an accuracy of 0.8% of the reading plus 0.2% of the
full scale. The full scale of MFCs was 5000 SLPM for air and
1000 SLPM for fuel.
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The equivalence ratio was varied linearly between ¢ = 0.7
and 1.0 by controlled ramps. As described in Indlekofer et al.
[28], ¢ = 0.7 corresponds to a thermoacoustically stable state
at constant operating conditions, and ¢ = 1.0 corresponds to a
strong azimuthal instability. The time duration of the ramps, f,
was varied between experiments, with values of 10, 5, and 2 s
for both upwards and downwards ramps. The combustor was
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FIGURE 3. Time series analysis for tg=2 s. From top to bottom: Transient time trace of amplitude of pressure oscillations at ®=30° and z = —81

mm, overall equivalence ratio, chamber pressure averaged by using five pressure sensors at O—g,12,3.4}=0, 30, 60, 120, and 240° and z = —81 mm,

normalized amplitude of fundamental and higher harmonic components with averaged chamber pressure, local and sliding average values of nature

angle of the fundamental mode, sliding average values of higher harmonics, and spectrogram of chamber pressure at @=30° and z = —81 mm with a
cutoff of 0.1% for clear visibility. From left to right: (a) Overall time span, stability border during (b) upward (red shaded region) and (c) downward

(blue shaded region) ramp. Test conditions: Py=0.1 and ¢=0.7-1.0.

cooled down after each test, and then reignited and preheated
before each new test. Despite combustor operation prior to the
start of the ramp, the results are described with reference to the
starting time of each upward ramp, which corresponds tot =0's.
A total of three repeats was performed for each operating con-
dition. Finally, it is important to note that there is an estimated
time delay of ~ 0.30s between setting an operating condition
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at the MFCs and the mixture composition reaching the combus-
tion chamber. This estimated time delay has been included in
the time-dependent variation of the equivalence ratio in all sub-
sequent figures. It should also be noted that the uncertainty in
the time delay estimate is 0.01 s, which corresponds to a max-
imum uncertainty of 0.01 for the equivalence ratio in the range
¢ =0.7— 1.0, and of 0.04 ms~" for the bulk velocity.
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Mode characterization

To characterize the fundamental (n = 1) and harmonic con-
tributions (n = 2 — 5) of the azimuthal modes, the pressure time
series is bandpass-filtered with a band width of 50 Hz around
the frequency of interest. Following the approach of Ghirardo et
al. [37], the acoustic pressure oscillations in an annulus can be
represented by

p(0,1) = Acos(n(® — 6))cos(y) cos(wt + @)

+Asin(n(® — 0))sin(y) sin( ot + @), W

where @ is the azimuthal coordinate, n the order of the mode
and A, ¥, 6 and ¢ are the four slow-flow variables describing the
mode. A is the amplitude of the mode and 6 the position of the
anti-nodal line which we bound between 0 and 7 in our investi-
gation. The nature of the azimuthal eigenmode is indicated by )
and it describes a standing mode if ¥ = 0, a pure clockwise or
counter-clockwise spinning mode if y = —7/4,+m/4 or a mix
of both for 0 < |x| < mw/4. The notation of the spin direction
orientation is based on the top view of the combustor which cor-
responds to the coordinate system shown in Fig.1d. The sliding
average nature angle, ), was calculated using a kernel width of
0.1s.

The pressure amplitudes of the modes are evaluated at z =
—81 mm, as the large number of sensors at this axial location
allows the identification of azimuthal modes up to the fifth or-
der using equation 1. While the nature of the azimuthal modes
does not depend on the axial measurement location, the ampli-
tude does have some dependence due to the acoustic mode shape
within the inlet ducts.

Results
Stable to strong azimuthal instabilities

Figures 2 and 3 show time series analysis during both the
upward and downward ramps for time durations of rg = 10 and
2 s. The figures present transient time series for a range of met-
rics describing the time varying mode state. The left hand side
column shows the complete time series of the experiment, and
the two columns on the right side show zoomed-in views of the
metrics observed during onset and decay of the high amplitude
instability.

The g = 10 s case shown in figure 2 will be described ini-
tially. In the upper row the red line shows the time varying
equivalence ratio, which is ¢ = 0.7 until the ramp is initiated
att = 0s. Then ¢ is increased linearly until it reaches ¢ = 1.0
at t = 10 s. The pressure oscillation amplitude is also shown
in the top row. As the equivalence ratio reaches a critical value
of ¢ ~ 0.8, the pressure oscillation amplitude increases dramati-
cally, corresponding to the growth of an azimuthal instability to
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its limit cycle amplitude. This growth can be seen more clearly
on the top row of centre column. The downward ramp is then ini-
tiated at t ~ 12 s, and the equivalence ratio is shown to decrease
linearly until it returns to ¢ = 0.7. Again, at a critical value of
¢, the pressure oscillation amplitude decreases dramatically, as
the combustor returns to a stable state. The decay of the mode is
shown on the right hand side. It is worth noting that the return
to a stable state occurs at ¢ ~ 0.72, which is significantly lower
than the onset condition. The difference in operating conditions
for the onset and decay of the instability indicates the presence
of hysteresis in the system, which has also been observed pre-
viously in other annular setups at atmospheric pressure [35,36],
and will be discussed later in the hysteresis section.

It is interesting to note that after the onset, the pressure oscil-
lation amplitude remains relatively stable, with only minor varia-
tions in amplitude. The normalized pressure amplitude is around
2% of the mean chamber pressure and the normalized velocity
amplitude at the dump plane is around 20% of the bulk veloc-
ity. The second row shows the mean chamber pressure, which
closely mimics the variation in ¢, thereby increasing as the com-
bustor temperature rises with flame temperature at high equiv-
alence ratios. It is worth noting that a fully reflecting boundary
condition (p > 189 kPa) is maintained for all cases. The variation
in chamber temperature also results in the variation of instability
frequency, which can be seen in the spectrogram on the bottom
Tow.

In order to characterize the modal dynamics more accu-
rately, the normalized amplitudes of the fundamental and har-
monic components are plotted in the third row, coloured by mode
order n. As seen in previous studies [27, 28] of self-excited az-
imuthal modes in a pressurized annular combustor, the modes
are characterized by large oscillation amplitudes (A/p =~ 2%),
and the presence of significant amplitude harmonics. The exci-
tation of high amplitude harmonics is likely related to the use
of the acoustically closed nozzle, which results in less damping
of higher order modes in comparison with the open end of previ-
ous atmospheric studies [11]. The amplitudes of the fundamental
and harmonic components show time varying behaviour, which
is classified into different regions. Immediately after the onset
of the instability, the region R1 has an approximately constant
normalized amplitude from r = 3 s to t = 6 s, despite the in-
creasing pressure and equivalence ratio. The second region R2
from t = 6 s to t = 10 s sees the normalized amplitude of the
fundamental and harmonic components increase significantly. A
notable exception however is the first harmonic, which remains
relatively constant and even decreases slightly as the other com-
ponents peak. In the third region R3 the amplitude of the fun-
damental and all harmonic components remains constant again,
from r = 10 s to t = 14 s, again despite the varying pressure and
equivalence ratio. Corresponding amplitude varying and plateau
regions also are seen to occur during the downward ramp.

The relatively modest variation in instability amplitudes
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FIGURE 4. Averaged equivalence ratio, mean chamber pressure, and bulk velocity during mode transition for both ramping directions. Time-

averaged values during mode transitions between stable and unstable state were used to calculate mean values and standard deviation for each repeat

case. The figure shows (a) equivalence ratio, (b) mean chamber pressure, and (c) bulk velocity.

with operating condition is somewhat consistent with previous
measurements under stable operating states, which indicated that
the amplitude does not vary as a strong function of equivalence
ratio [28] as soon as the combustor becomes strongly unstable.
However, comparing the time dependent amplitude with the fre-
quencies shown in the spectrogram, permits similar plateau re-
gions and slopes to be identified. Therefore, it is conjectured that
increasing the equivalence ratio, modulates the frequency, result-
ing in minor changes to the instability amplitude.

The forth and fifth row describe the nature angle, J, of the
fundamental and harmonic components, which are colour coded
by mode order, n. Before the onset of the high amplitude in-
stability, there are large variations in the nature angle which are
dominated by noise. Just before the onset of high amplitude in-
stabilities however, the fundamental and first harmonic take dis-
tinct positive nature angles, corresponding to a CCW spinning
mode at a low amplitude. As the amplitude of the instability in-
creases, the fundamental and first harmonic components switch
to negative nature angles close to the y = —45° limit, which cor-
responds to a strong CW spinning mode. During the ramp sev-
eral parameters may affect the change in the system response.
Among these is the flow rate, which may affect the bulk swirl
around the annulus. The bulk swirl has been previously linked
to a switch of the spinning direction of azimuthal modes in a
electro-acoustic analogue of an annular combustor [38]. A pos-
sible mechanism for such a dependence has been recently identi-
fied as the sensitivity of the flame response to the nature angle of
the acoustic mode [39,40]. The recent modelling study by Ghi-
rardo et. al. [41] demonstrated that the nature angle dependency
of the flame gain can give rise to a distinct modal preference for
one spin direction over another. In the current study, if the bulk
swirl changes with the transient change in operating condition,
the nature angle dependence of the gain may also change, and
with it the preferred mode of excitation. We hypothesise that
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this may play a major role in the switching of the nature angle
observed in our experiments. This mode switch can be clearly
observed in the central column. Furthermore, the fact that there
is a strong change in nature angle preceding the onset of the in-
stability, highlights a potentially useful mechanism for detecting
the onset of limit cycle behaviour. However, further studies are
required to better understand the generality of this observation.

It is interesting to note that during the sudden mode shift to
a clockwise spinning mode, the nature angle of the fundamental
component exhibits a local minima at -45°, before it stabilizes at
around -42°. A vertical dashed green line is used to highlight the
time ¢ ~ 2.82 s at which this local minima occurs. This apparent
overshoot behaviour of the fundamental component nature an-
gle therefore produces instantaneously an almost pure spinning
mode; an event that has not been observed in a repeatable man-
ner in previous experiments. It can also be observed that this time
instance corresponds to the growth in amplitude of the harmonic
components. This can be observed in the amplitude time series
on the third row, and also in the spectrogram on the bottom row.
It should also be noted that this local nature angle minima occurs
in advance of the maximum mode amplitude.

While repeatable overshoot behaviour resulting in an ex-
treme spinning state has not been previously observed, preferen-
tial modal trajectories have been seen in previous studies. For ex-
ample, the study by Worth and Dawson [42] shows a number of
characteristic patterns occurring during mode switching between
spinning and standing states, including quasi-periodic mode
switching trajectories between different states during steady op-
eration. We hypothesise that these modal trajectories may be
able to be captured by low order modelling approaches, which
have been used recently to capture mode preferences [41] and
mode switching behaviours [19]. The present observations may
be useful for evaluating the performance of numerical models
due to both the high level of repeatability, and the well controlled
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acoustic boundary conditions.

Similar to previous findings [28] the closed acoustic bound-
ary condition results in the generation of very high magnitude
azimuthal instabilities. The generation of high magnitude in-
stabilities will reduce the ability of turbulent noise to push the
mode into another state [19] which is likely the reason that the
mode never switches out of the CW spinning state when it is
reached. A notable difference compared to the investigation at at-
mospheric pressure [36], is the rapid amplitude growth observed
in the current study. In [36] the amplitude increased continu-
ously over large parts of the ramping time with several interme-
diate jumps depending on the operating condition while in the
current study one rapid amplitude growth over a very short time
span (At = 0.05 —0.1s depending on the ramping speed) was
observed.

Figure 3 shows the same range of metrics for the shortest
ramp time cases, fr = 2 s. Despite the significantly faster ramp-
ing rate, in general many of the same features can be identified,
including the instability onset and decay behaviour, and the pref-
erential mode switching at onset from CW to CCW with an over-
shoot to extreme spinning states. However, a number of differ-
ences can also be observed.

The equivalence ratio at which the onset and decay of insta-
bility occurs is slightly lower and higher than the fg = 10 s case
respectively. The combustor pressure response is also observed
to react slower to the change in equivalence ratio, which may be
related to thermal inertia in the rig. However, the gas temperature
responds rapidly to the changing flame temperature, and there-
fore the frequency changes observed on the spectrogram feature
large plateau regions which are similar in extent to the variation
of equivalence ratio. Therefore, the amplitude dependence of the
fundamental and harmonic components is observed to not fea-
ture an initial plateau (the region previously identified as R1),
but starts with an initial growth, which is then followed by a long
plateau (with these regions marked as R2 and R3 respectively),
which again mimic the variations in instability frequency, rather
than the chamber pressure. It is noteworthy also that the time du-
ration of the R2 regions is much shorter than the 7z = 10 s case,
due to the increased ramping rate.

To further quantify differences in the timing of the onset
and decay of the instability, Figure 4 shows the average equiv-
alence ratios, mean chamber pressure, and bulk flow velocities
at which the mode transitions occurs for both upward and down-
ward ramps. For each ramp, the metrics are evaluated during
the switch of the nature angle (specifically when it goes through
x =0, see grey dashed lines in Figures 2 and 3) which marks
the onset/decay of the strong azimuthal instability. Then, the av-
erage values and standard deviations were calculated based on
repeat measurements. It should be noted that the bar markers are
used to represent the standard deviation of the various quantities,
giving therefore an estimate of the variability between indepen-
dent experiments, rather than an estimate of uncertainty in the
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measurements themselves.

For the upward ramp, the mode transition occurs at an equiv-
alence ratio of around ¢ = 0.78 to 0.8 for all cases. For the
downward ramp, the transition occurs at the equivalence ratio of
around ¢ = 0.72 to 0.76 with a weak trend of decreasing equiv-
alence ratio at which the transition occurs with decreasing ramp
time. Therefore, decreasing the ramping time appears to reduce
hysteresis, which is not consistent with previous work [36].

The mean chamber pressure at the onset of the azimuthal
instability ranges from 204 to 207 kPa, showing no significant
variation with ramping rates. However, the mean chamber pres-
sure during the decay of the instability increases as ramping time
decreases. This may be connected with the relatively slow cham-
ber pressure response observed previously. This also may ex-
plain why the onset occurs at higher equivalence ratios, but lower
chamber pressures, and vice versa for the decay of the instabil-
ity. The variation in the bulk flow velocity is directly coupled to
the chamber pressure, and therefore presents inverse behaviour.
However, it is worth highlighting that the bulk flow velocity does
not change significantly for this range of chamber pressures at
onset, and therefore, the changes in response observed are more
likely connected to the frequency variation of the instability de-
scribed previously. Finally, in general the standard deviation
of equivalence ratio, mean pressure and velocity decrease with
increasing ramp time, meaning the longer ramp time transition
points are more repeatable. This may be expected in a process
heavily influenced by the presence of noise, as the critical con-
ditions suitable for the growth or damping of the instabilities are
reached more gradually, resulting in transitions which are less
dependent on the stochastic fluctuations.

Hysteresis behaviour

While evidence of hysteresis in the instability onset and de-
cay was identified in the previous section, we now present a more
direct analysis of this behaviour in terms of the instability ampli-
tude and nature angles during both the upward and downward
ramps.

Figure 5 shows the dependence of the normalized funda-
mental and harmonic component amplitudes on equivalence ratio
during upward and downward ramps. Points are binned accord-
ing to equivalence ratio (with a bin size of 0.005), and for each
equivalence ratio bin the mean and standard deviation are plot-
ted. The solid lines show the average behaviour, and the standard
deviation is presented by shaded regions. It is important to note
that representing the data in this manner does not allow the time
history to be shown directly. However, due to the large change
in amplitude and nature angle which occurs during the onset and
decay of the instability, the time varying behaviour can be inter-
preted based on this representation.

As the equivalence ratio is increased during the ramp up,
there is a sudden increase in amplitude at some critical value,
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which represents the onset of the instability. The relatively nar-
row distribution of the standard deviation indicates the repeata-
bility of this behaviour. Similarly, during the down ramp, the
amplitude is also observed to suddenly decrease rapidly, corre-
sponding to the decay of the instability. The difference in equiv-
alence ratio between curves showing this sudden increase and
decrease describes the level of hysteresis of the transition.

As the ramp time is reduced, the area separating the onset
and decay curves decreases, as indicated in the previous section.
There is also a slight difference in amplitude during onset and
decay, which occurs generally in the range of ¢ = 0.85 —0.95
where the amplitude tends to be higher during the downward
ramp. The response of the harmonic components is qualita-
tively similar, but the difference in amplitude during the upward
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and downward ramps increases with the order of the harmonic.
The hysteresis behaviour for the harmonic components is similar
to the fundamental component, with reducing hysteresis for in-
creased ramping rates. However, a notable exception is the fourth
harmonic (n = 5), which shows notably less hysteresis behaviour
for the longer ramping rate experiments.

It is also instructive to examine the hysteresis of the nature
angle during the upward and downward ramps, which is shown
in Fig. 6. Again, average behaviour across multiple runs is eval-
uated to make more general observations. Focusing first on the
fundamental component of the mode shown in the top row, a
clear set of modal preferences are established during instability
onset. As the equivalence ratio increases during ramp up the na-
ture angle shifts initially to a predominantly counter-clockwise

Copyright © 2021 by ASME;
reuse license CC-BY 4.0

20z ludy g1 uo 3senb Aq ypd-2//8G-120216- 21 0BF0IBE0A/809.5.29/L L OV Y0 LYEON/ZYEY8/ 1202 LD/Pd-sBulpea001d/| ©/Woo JieydIaA|is-opaLse//:diy wolj papeojumoq



45 t, =10s

-

b1l cl

B

)

b2 c2

.

al
Fund %
_ = 0
=1
45
45
a2
™
H1 g o
n=2 =
45
45
a3
H2

S
i
X (deg)

)
[

b3 c3

]

b4 c4

]

45
45
a4
H3 ®
< 0
n=4 = \ \
45
45
a5
H4 %
=
n=5 =

’
]

-45

b5 c5

g

0.7 0.8 0.9 1.0 0.7

0.9 1.0 0.7 0.8 0.9 1.0
)

Ramp up

Ramp down

FIGURE 6. Mean and standard deviation of the nature angle and equivalence ratio (shaded region) during up/downward ramp for (a) tr=10 s, (b)

trR=5 s, and (c) tr=2 s. From top to bottom: (1) fundamental mode, (2) first, (3) second, (4) third, (5) fourth harmonic components.

spinning mode (¥ > 0°), before switching to a strong clockwise
spinning mode (y ~ —42°). As the ramping time is decreased,
the peak nature angle and the rate of change of the mode switch
also tend to increase (see for example Fig. 6¢1). Similarly, this
behaviour can also be clearly observed in the second harmonic
behaviour (Fig. 6¢2). However, for both higher harmonics dur-
ing upward ramps, and for the fundamental and all harmonics
during downward ramps, such behaviour is not observed. It is
also notable that in this representation, the overshoot behaviour
of the nature angle is not clearly observed in the fundamental
component. This is likely due to the variability in the start time
of the instability growth during multiple repeat measurements.
This indicates that there is not a specific equivalence ratio which
gives rise to the extreme nature angle, but rather that this is a
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transient feature, which is based on the modal trajectory during
the onset of high amplitude instability.

Similar observations regarding the amount of hysteresis can
be made using this nature angle plot, with the hysteresis in gen-
eral reducing with increasing ramp rate, and negligible hysteresis
present for the fourth harmonic (n = 5) component. However, if
hysteresis is present both in the amplitude and mode of oscilla-
tion it is useful to examine these simultaneously.

The combined dependence of the mode amplitude and na-
ture angle is shown in Fig. 7 during both upward and downward
ramps at different rates, for fundamental and harmonic compo-
nents. A binning width for } of 0.4° was used to construct these
plots. During the onset of the upward ramp, there is a sharp
change in nature angle for the fundamental mode which appears
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to precede the large change in amplitude. After the onset the
amplitude is always large, and the fundamental component is al-
ways strongly spinning. The route during the downward ramp
is similar, but shows some modest differences at intermediate
amplitudes, where mixed modes preferentially occur. Plotted
in this manner the amount of hysteresis appears to be signifi-
cantly reduced, which indicates that the amplitude and nature
angle are very closely coupled, and while both illustrate hystere-
sis behaviour, these behaviours are not separate.

Additionally, similar behaviour is observed for the majority
of the harmonic components. However, the third harmonic (n =
4) component shows slightly different behaviour, where the peak
instability amplitudes are associated with mixed modes. For this
component, the highest nature angles are not associated with the
highest instability amplitudes. This behaviour can also observed
in the nature angle time series in Figs. 2 and 3.

Finally, the relationship between the relative amplitudes of
the harmonic components and the fundamental component is in-
vestigated in Fig. 8. The average amplitudes are calculated and
plotted over scatter plots of amplitude in order to indicate the
variability of the amplitude ratios. A bin size of 0.1 in terms
of the x-axis is used for the averaging. Each harmonic is coded
by colour, and the scale of the x-axis is raised to the power of
the mode order # in order to demonstrate the approximately lin-
ear scaling of these, which implies a quadratic dependence of
the higher harmonics on the fundamental component. Similar
scaling relationships have been reported previously in longitudi-
nal modes in single sectors [43] and azimuthal modes in annular
configurations [28]. However, in the current plot, the curves are
a function of the time varying amplitude during the upward and
downward ramps. Here, the upward and downward ramp curves
collapse, demonstrating that the amplitudes of the harmonics re-
main a function of the fundamental component amplitude.

Plotting in this manner also allows the previously observed
behaviour of the first harmonic on Fig. 2 to be examined in more
detail. It was previously described that after the onset of the
high amplitude instability, the amplitude of the first harmonic
decreases, as the other components increase and attain their max-
imum values. The orange curves in Fig. 8 show this clearly with
the non-monotonic behaviour at large amplitudes of the funda-
mental mode. The first harmonic amplitude increases quadrati-
cally with the fundemental amplitude until (A;/p x 100)> = 4,
before decreasing sharply beyond this amplitude. It should be
noted that while the amplitude of these components vary as a
function of the axial pressure measurement location along the
inlet duct, this non-monotonic behaviour of the first harmonic re-
mains similar irrespective of measurement location. While plot-
ting in this manner makes this relationship explicit, further inves-
tigation of the relationship of the harmonics may be required to
explain this behaviour.
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Conclusions

In this paper, we present an experimental investigation of dy-
namic operation in a lab-scale annular combustor under choked
operating conditions. The equivalence ratio is ramped linearly
in both upward and downward directions in order to identify the
transient acoustic responses of azimuthal instabilities. Operat-
ing the facility under pressurized conditions ensures well-defined
acoustic boundary conditions, and enables the generation of very
high amplitude instabilities with significant harmonic content.
Time series analysis reveals the existence of a distinct, repeat-
able, preferential modal pathway during the onset of high am-
plitude self-excited instabilities. During amplitude growth, a
strong CCW mode is generated initially, before a rapid switch
to a strong CW mode which persists during the high amplitude
oscillations. Increasing the ramping rate increases the nature an-
gle of this precursor state. In addition, the nature angle exhibits a
repeatable local minima before the final spinning mode state sta-
bilizes, reaching instantaneously an almost pure spinning state.

Hysteresis behaviour is examined, and observed in both the
amplitude and nature angle of the instability, which depends on
the time history of the combustor state, and in general decreases
with increasing ramping rate. The generation of very high ampli-
tude instabilities also permits the effect of hysteresis on the har-
monic components of the mode to be investigated. While these
are shown to largely follow the fundamental mode, some notable
differences are observed, including the non-linear response of
the amplitude of the first harmonic component, the preference
for mixed modes of the third harmonic component, and the lack
of hysteresis in the forth harmonic.

Characterizing these features in a pressurized annular com-
bustor for the first time permits the investigation of novel phys-
ical phenomena associated with the transient dynamics of az-
imuthal instabilities in annular chambers. Furthermore, it also
provides unique insights into important precursors to the onset
of such instabilities, which may aid the development of future
control and mitigation strategies. Finally, these results may be
of significant interest to the simulation community, in order to
identify the physics of mode onset in practically relevant system.
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