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Abstract 

Azimuthal forcing has been applied to flames in a laboratory scale annular combustor in order to accurately 
control the azimuthal mode of excitation. A new forcing configuration permitted not only the pressure ampli- 
tude, but also the spin ratio and mode orientation to be accurately controlled, in order to generate standing 
modes and for the first time strong spinning modes in both a clockwise (CW) and anti-clockwise (ACW) 
direction. The phase averaged heat release dynamics of these modes was compared and a number of differ- 
ences observed depending on the direction of pressure wave propagation, demonstrating characteristic ACW 

and CW heat release patterns. A new spin compensating averaging method was then introduced to analyse 
the flame dynamics, and it was shown that through the application of this method the dynamics of standing 
wave oscillations could be decomposed to recover the characteristic ACW and CW heat release responses. 
The global heat release response was also assessed during strongly spinning modes, and the magnitude of the 
response was shown to depend strongly on the direction of propagation, demonstrating the importance of 
the local swirl direction on the global heat release response, with important implications for the modelling 
of such flows. 
© 2018 The Author(s). Published by Elsevier Inc. on behalf of The Combustion Institute. 
This is an open access article under the CC BY license. ( http://creativecommons.org/licenses/by/4.0/ ) 
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1. Introduction 

The issue of thermoacoustic instability can arise
during the development of new gas turbine en-
gines, or when operating existing engines in new
regimes, for example in order to reduce emissions or
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increase fuel flexibility. Damaging levels of pressure 
and heat release oscillations can occur during these 
instabilities, and therefore there is a need to elimi- 
nate these at the design stage, motivating the need 

for a greater understanding of the phenomenon. 
A number of recent studies have focused on the 

advent of such instabilities in annular geometry 
[1–4] , where the excitation of azimuthal modes 
results in flame responses which are no longer 
solely controlled by the magnitude and frequency 
of pressure oscillations, but also by characteristics 
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f the acoustic mode, such as the standing wave
atio (commonly referred to as the spin ratio [2] )
nd the orientation of the mode relative to flames.
revious studies in annular geometry have recently

dentified well defined modal preferences for differ-
nt oscillation types, where changes to the chamber
eometry, equivalence ratio and bulk flow veloci-
ies can result in significant changes to the modal
ynamics observed [5–9] . To further complicate
atters, recent studies have also shown that these
odal characteristics may vary with time, leading

o rapid switching between predominantly spinning
nd standing states [3,5,10,11] and rapid changes
n orientation [8] . It has been shown in recent
tudies [12–14] that a small breaking in symmetry
an greatly influence which mode is dominating.
or example, in [12] non-uniformities in the heat
elease and pressure coupling resulted in a prefer-
nce for spinning modes for weak non-uniformities
nd standing modes for sufficiently large non-
nifor mities. Further more, in [13] it was found
he standing mode is related to either combustors
hat are non-rotationally symmetric, weak flame
esponse at low amplitudes and strong response
t large amplitudes or other physical mechanisms
uch as a mean azimuthal flow affecting the flame
esponse. Symmetry breaking was found to pro-
ote standing modes in [14] , while the addition of 
 mean azimuthal flow promote spinning modes. 

Azimuthal pressure waves can induce local
ransverse velocity oscillations which can affect the
ame dynamics and the spatial distribution of the
eat release rate [15,16] . Therefore, in order to fully
uantify the heat release response of an annular
ombustor there is a need to understand and ulti-
ately predict the dynamic response of each flame

o different modes of excitation. A greater knowl-
dge of the flame response to different modes of 
scillation may help us to construct models of the
eat release response, which when integrated in low
rder network models [17–19] or as part of more

nvolved Helmholtz calculations [20] represent
oth a viable and promising method of predicting
ystem stability. Such flame describing functions
FDF) have previously been calculated exper-
mentally [2,11] , or numerically through either
igh fidelity simulations [21] or flame front mod-
lling [22,23] . However, the prediction of such func-
ions, particularly with lower order approaches, is
till far from resolved, and a greater understand-
ng of the flame dynamics should be considered
nvaluable to the further development of these

ethods. Furthermore, a better phenomenological
nderstanding may also help us to understand how
nd why mode switching occurs in annular cham-
ers, and help us to draw links between underlying
ow behaviour and the modal dynamics in such
ystems. 

Rapid mode switching in annular chambers
akes isolating and studying the flame dynamics
in annular configurations very challenging. Stud-
ies of self-excited instabilities are forced to rely on
conditional averaging which reduces the amount
of available data at each condition, but more cru-
cially may only cover a small subset of the possible
range of azimuthal mode characteristics. One way
to address this issue is to prescribe the mode of ex-
citation through the application of acoustic forc-
ing. Recently transverse acoustic forcing has been
applied in order to investigate the flame response
to the orientation of pressure disturbances [24–26] .
More recently, acoustic forcing of azimuthal modes
in annular chambers have been undertaken, first in
an annular chamber fitted with electrically heated
Rijke tubes [27] and then later in annular combus-
tor [28] . 

The present paper seeks to further our under-
standing of the flame dynamics in annular cham-
bers through the application of azimuthal forcing
to a laboratory scale annular combustor. When op-
erated in a self-excited state, the current combus-
tor exhibits a strong preference for anticlockwise
(ACW) spinning modes [5] , making the study of 
self-excited spinning modes in the clockwise (CW)
direction almost impossible. Azimuthal forcing has
been used to generate and analyse for the first time
strong spinning modes in both directions for a re-
acting flow setup and relate the structure and dy-
namics of these oscillations to standing wave oscil-
lations. Studying the heat release distribution and
flame dynamics for a prescribed mode of excita-
tion will eventually help predicting the growth rate
and amplitude of the limit cycle of the instabilities.
The ability to study modes of excitation which do
not naturally occur allow important observations
on the dynamics of spinning modes to be made,
and for the first time give us the ability to accurately
quantify these. 

2. Experimental methods 

2.1. Annular combustor and data acquisition 

The annular combustor used in this study is
described in detail in [1] . In the current study it is
operated with a premixed air-ethylene mixture at
an equivalence ratio of φ = 0 . 75 and a bulk exit ve-
locity of approximately 20 ms −1 at the injector exit.
Operation at this equivalence ratio ensures the flow
is not self-excited, resulting in better modal control.
In the current configuration, as shown in Fig. 1 ,
the combustor consists of a cylindrical plenum
chamber ( D p = 212 mm , L p = 200 mm ) with hon-
eycomb flow straightener and grids to condition
the flow. A hemispherical body ( D h = 140 mm )
aids flow distribution to each burner. 18 injectors
( d exit = 18 mm ) are equally spaced around a circle
of diameter d c = 170 mm , and each features a cen-
trally located bluff body ( d bb = 13 mm ). Each bluff 
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Fig. 1. Annular combustor with forcing array. left top 
combustor image (every other speaker used for forcing); 
right top schematic side view; bottom schematic top view. 
S i and P k mark the angular positions of speakers and 
transducers. S 1 and P 1 are located at θ = 180 ◦, with 90 °
between each speaker used and 120 ° between each trans- 
ducer. Direction of swirl is indicated by the blue arrow. 
(For interpretation of the references to colour in this fig- 
ure legend, the reader is referred to the web version of this 
article.) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

body features a six vane, α = 60 ◦ anti-clockwise
swirler mounted 10mm upstream measured from
the dump plane to the swirler trailing edge. The
annular chamber consists of inner and outer cylin-
ders of diameter D i = 129 mm and D o = 212 mm ,
which extend 130mm and 300mm downstream of 
the dump plane respectively. 

Three Kulite XCS-093-05D pressure trans-
ducers are mounted flush with the inner wall
of the injector tubes 45mm below the dump
plane at the angular locations marked by P k in
Fig. 1 . The transducer signals are amplified by a
Fylde FE-579-TA bridge amplifier, before being
logged using NI-9234 24-bit DAQ cards with
sampling frequency f trans = 51 . 2 kHz . The heat
release fluctuations are recorded through OH 

∗

chemiluminescence using a Photron SA1.1 CMOS
camera with a LaVision Intensified Relay Optics
unit and a Cerco 2178 UV lens equipped with a
D20-VG0035942 filter (centre wavelength 310nm,
full width half maximum 10nm). The camera was
operated with sampling frequency f cam 

= 10 kHz at
a 768 × 768 pixels resolution (resulting in a spatial
resolution of 3.2 pixels/mm) and a total of 19 , 410
images were recorded. 
2.2. Mode determination 

Assuming the acoustic mode in the combus- 
tor is a superposition of two counter rotating 
1D plane waves with wavelength corresponding 
to the unwrapped length of the combustor, the 
complex pressure fluctuations can be expressed as 
p(θk , t) = 

[
A + e i(θk −νθ t/R ) + A −e i(−θk + νθ t/R ) 

]
e i ω 0 t . A + 

and A − are the amplitudes of the ACW and CW 

rotating waves respectively, where θk is the angle of 
the k th sensor, as defined in Fig. 1 , ω 0 is the forcing 
angular frequency and νθ / R is the angular velocity 
of the nodal line if there is a standing wave com- 
ponent. The pressure fluctuation amplitude of any 
given mode is given by 

[
A 

2 
+ + A 

2 
−
]1 / 2 

. The pressure 
measured from each pressure transducer is the 
real part of the complex pressure, p meas = Re { p } . 
To determine all the unknowns in the equation, 
a nonlinear least squares fit is applied to the 
indicator C(t) = 

1 
N 

∑ N 
k=1 Re 

{
p(θk , t) e i θk 

}
, which 

was introduced in [10] . To differentiate between 

predominantly spinning and standing modes, the 
spin ratio SR = (| A + | − | A −| ) / (| A + | + | A −| ) is
used [2] , with the following scheme applied to clas- 
sify modes which are predominantly spinning in 

either the CW ( SR < −1 / 3 ) or ACW ( SR > 1/3) di- 
rections, or otherwise standing. The value of ± 1/3 
corresponds to the largest pressure amplitude of 
the two travelling waves being twice the lowest and 

is chosen to be consistent with previous work [29] . 

2.3. Forcing setup 

The forcing array, shown in Fig. 1 , consists 
of eight 120mm long standoff tubes, mounted at 
a height of 35mm above the dump plane and 

spaced equidistantly around the chamber. Each 

standoff tube has a horn driver (Adastra HD60 
16 �) mounted at the end, with diametrically oppo- 
site drivers forced in anti-phase forming a speaker 
pair. A multi channel waveform generator Aim- 
TTI TGA1244 was used to create synchronised 

forcing outputs which were amplified using QTX 

PRO 1000 amplifiers. In the present investigation 

the two speaker pairs indicated in Fig. 1 , and thus 
only every other horn driver, are used to set up 

the acoustic modes, simplifying the setup process 
while still giving good control. Given ideal geome- 
try and speaker response, if all forcing amplitudes 
were equal, zero phase delay would be used to pro- 
duce standing modes, while a phase delay of ± 90 ◦
would be used to produce spinning modes. In prac- 
tice the amplitude and phase delay between the 
speakers were adjusted carefully to achieve the de- 
sired amplitude response, and mode type and ori- 
entation. 

2.4. Spin compensating rotational averaging 

Forcing different azimuthal modes in the pres- 
ence of a turbulent reacting flow has been shown 
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Fig. 2. Joint PDF of A + and A − for three different cases, 
all using forcing frequency f 0 = 1690 Hz . Dashed lines in- 
dicate SR = ±1 / 3 and the solid line is SR = 0 . Case 1: 
SR = 0 . 9 ; Case 2: SR = 0 . 0 ; Case 3: SR = −0 . 6 . Inten- 
sity contours describe base 10 exponentials. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

o lead to stochastic fluctuations in the pressure re-
ponse and spin ratio [28] when compared to cold
ow conditions. Therefore, in order to investigate
he phase averaged component of the heat release
hat is moving at a constant rate in a given direc-
ion, a new rotational averaging method is intro-
uced in the current paper. 

As in previous work, initially the phase av-
raged normalised heat release fluctuation 

˜ Q n =
(( ˜ Q − Q ) / 〈 Q 〉 ) is calculated based on the pres-
ure signals. Here ˜ Q n = 

˜ Q n (r, θ, τ/T ) , where τ / T
s the normalised position in the phase averaged
ycle, Q = Q (r, θ, t) is the spatial distribution of 
H 

∗ intensity captured by the camera, and 

˜ Q =
˜ 
 (r, θ, τ/T ) is its phase average, Q = Q (r, θ ) is the

emporal mean and 〈 Q 〉 is the spatial and tempo-
al mean. Phase averaging is highly applicable given
he typical self-excited response in the current com-
ustor is dominated by oscillations at a single fre-
uency [5] , as are the forced oscillations. 

For a general case using N burners one forcing
ycle is divided into a total of N time steps for
hase averaging. In order to isolate the spinning
omponent in a given direction the j th phase
verage distribution is rotated by an angle 2 π j / N in
he opposite direction to the prescribed direction
f interest. Since N time steps are used the burners
ill overlap after the rotation, and the transfor-
ation effectively freezes the propagation of any

pinning component in the prescribed direction.
his is done under the assumption of heat release
atterns moving at the same constant speed in both
irections. The assumption can be made due to
he induced bulk swirl being at least two orders of 
agnitude lower than the speed of sound, making
 negligible difference in propagation speed for
he two plane waves. The average of the N ro-
ated distributions is then calculated according to
q. (1) , producing a single spatial spin compen-

ated distribution, Q 

x 
rot = f (r, θ ) . 

 

x 
rot = 

1 
N 

N−1 ∑ 

j=0 

Rot β j 

⎧ ⎨ 

⎩ 

[ 

˜ Q − Q 

〈 Q 〉 

] 

j 

⎫ ⎬ 

⎭ 

, (1)

here x is either the ACW or the CW component,
 is the phase average time step and Rot β j is a ro-
ation of β j around the center of the annulus. The
ngle is calculated as β j = ± 2 π

N j, where positive
nd negative signs are used for CW and ACW
omponents respectively. 

The summation of these rotated images effec-
ively averages the heat release distribution of each
f the N flames at the same point in the cycle, in the
irection of rotation. Oscillations travelling in the
pposite direction are effectively cancelled, making
he method invaluable for isolating and studying
he effect of spinning waves travelling in different
irections around the annulus. The method also of-
ers an advantage in that slight variations in heat
release from flame to flame are also averaged out,
providing a clearer description of the mean flame
response to acoustic waves and retaining finer
structural details of the heat release rate. 

In the rest of the paper Q 

ACW 

rot and Q 

CW 

rot will be
used to describe the spin compensated averages of 
the normalised phase average heat release oscilla-
tions in the ACW and CW directions respectively. 

3. Results and discussion 

3.1. Acoustically forced modes 

Azimuthal acoustic forcing was applied in or-
der to investigate the flame dynamics of the fol-
lowing three different oscillation modes: Case 1.
Strongly spinning in the ACW direction; Case 2.
Predominantly Standing; Case 3. Strongly spinning
in the CW direction. In order to assess the pres-
sure response of these forced cases Fig. 2 shows
the joint probability density function (JPDF) of the
two counter rotating waves A + and A −. The centre
of the JPDF distributions for the three cases shows
that the application of acoustic forcing is sufficient
to exercise good control over the mode of oscilla-
tion, and generate as desired distinct standing and
spinning modal responses. Although a high level of 
sensitivity to forcing parameters resulted in a larger
spin ratio in the ACW direction in comparison with
the CW direction, it should be noted that both cases
can be considered strongly spinning, with a ratio
between ACW and CW travelling waves of over 4
times. All cases have approximately the same mean
pressure fluctuation amplitude, meaning the acous-
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Fig. 3. Mean flame structure for the no forcing case (left), 
and the ACW spinning (middle) and the CW spinnning 
(right) forced modes. The white lines represent the loca- 
tion of the speakers used for forcing. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

tic energy fed into the system is of similar magni-
tude for all cases. This amplitude was selected to be
similar to previously observed self-excited modes
observed in the combustor [5] . Finally it should be
noted that while the size of the probability distribu-
tions for all cases is significantly smaller than those
observed during the study of self-excited instabili-
ties, the finite size of these still indicates the pres-
ence of some unsteady mode switching, which is
consistent with previous work [28] . 

3.2. Mean flame structure 

The mean OH 

∗ chemiluminescence of unforced
and spinning mode cases is shown in Fig. 3 . As seen
in previous investigations, the regions of highest
heat release are observed between adjacent flames.
While the heat release distribution is strongly asym-
metric around each flame, there is rotational sym-
metry from flame to flame. Comparison between
unforced and spinning mode cases shows no sig-
nificant qualitative differences in the distributions,
suggesting the forcing does not significantly affect
the mean flame structure, which is consistent with
previous investigations [28] . 

3.3. Flame dynamics of azimuthally forced modes 

The flame dynamics of the acoustically forced
modes have been studied through snapshots of the
phase average heat release distribution and through
the application of the new spin compensating av-
erage procedure described in §2.4 . Figure 4 shows
snapshots of the phase average heat release oscil-
lations at a single location in the pressure cycle in
the left column for all three forced cases. In the two
middle columns the spin compensated distributions
in both directions for the same cases are shown with
zoomed in versions of selected cases in the right-
most column. 

Observing the snapshot for the strong ACW
mode, Case 1 in the left column of Fig. 4 , the heat
release oscillations are qualitatively similar to those
observed during self-excited instabilities [1] . The
largest fluctuations are appearing close to the outer
radial wall in a large band-like structure which
spans almost half the annulus, and large oscilla-
tions are also produced in the interacting region be-
tween adjacent flames. Such structures have been 

linked previously to the formation of coherent vor- 
tical structures in the shear layers as a response to 

the pressure oscillations in the chamber [15] . The 
close agreement with previous results suggests the 
acoustic forcing of spinning waves produces a sim- 
ilar flame response to self-excited fluctuations. 

While the use of acoustic forcing allows good 

control over the spin ratio, increasing the amount 
of data used for phase averaging and therefore the 
clarity of the imaging, the use of spin compensat- 
ing averaging further improves clarity, and also al- 
lows the decomposition of oscillations to be inves- 
tigated. Comparing the two centre images for the 
upper and lower rows in Fig. 4 , the averaged com- 
ponent traveling in the direction of forcing is shown 

to dominate over the component in the counter di- 
rection (Strong oscillations are therefore observed 

in Q 

ACW 

rot and Q 

CW 

rot for the ACW and CW spinning 
cases respectively). The residual oscillations ob- 
served in the counter direction averages may arise 
due to the imperfect spinning waves generated in 

the present study (as seen in Fig. 2 ) or non unifor- 
mity between burners. The heat release structure of 
both ACW and CW components is similar to the 
phase averaged snapshots, but the averaging proce- 
dure removes burner to burner differences, making 
observations of the structure much clearer, high- 
lighting the difference between the cases. Allowing 
the entire phase average cycle to be collapsed onto 

one image also allows a more straightforward com- 
parison of the magnitude of the response, and a 
slight decrease in oscillation amplitude of the most 
intense structure is observed for the CW spinning 
case. 

It is interesting to contrast the response in Case 
1 featuring a strong ACW mode with that of Case 
3 which features a strong CW spinning wave. The 
CW case occurs rarely when the combustor is self- 
excited [5] , and therefore the use of acoustic forc- 
ing presents the only viable method of studying the 
flame response. Comparing the zoomed in views in 

Fig. 4 of the two spinning modes the main features 
are quite similar, but with a number of subtle differ- 
ences. The flame response to the CW spinning wave 
is again very asymmetric, with the largest heat re- 
lease oscillations observed close to the outer wall 
and between adjacent flames. However, the struc- 
tures appear to be more isolated in comparison 

with the linked structure produced by the ACW 

spinning wave, with breaks visible between adja- 
cent flames. Furthermore, the largest heat release 
oscillations are observed to move from the outer 
radial wall to the interacting region between adja- 
cent flames and more activity is also observed close 
to the inner wall, representing a spatial shift in the 
centre of heat release in the radial direction. An- 
other difference that can be observed is the pres- 
ence of linked structure between the bluff body and 

the interacting region for the CW case that is much 

weaker for the ACW case (black squares in zoomed 
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Fig. 4. Snapshot of phase average in left column, with the spin compensating average in both directions in the two middle 
columns. Each row represents one forcing case and for ease of comparison the regions of maximum heat release have been 
aligned. Top: Strong ACW forcing ( Case 1 ); middle: Standing mode ( Case 2 ); bottom: Strong CW forcing ( Case 3 ). The 
right column is annoted and highlighted zoomed in views of two of the most interesting cases of the spin compensated 
average. The colour bar is valid for the whole figure. (Colour online). 
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iews in Fig. 4 ). In the CW case heat release rate
long the inner part of the wall is also in phase and
onnected with the heat release around the bluff 
ody closest to the inner annular wall, while for the
CW case there is a clear division between them

black circles in zoomed views in Fig. 4 ). The ma-
or difference between the two spinning cases is the
irection of forcing in relation to the direction of 
wirl. For the ACW case the acoustic forcing is in
he flow direction induced by the swirlers along the
uter wall, while for the CW case the forcing is in
he opposite direction. The direction of the acous-
ic wave relative to the local swirl direction is ob-
erved therefore to have a significant effect on the
ame dynamics when flames are closely confined in
nnular geometry. 

The same spin compensating averaging proce-
ure was also applied to the standing wave in Case
 , shown in the middle row (two centre images)
n Fig. 4 . In this case the heat release oscillations
n both Q 

ACW 

rot and Q 

CW 

rot have similar magnitudes,
nd observation of the spatial distributions shows
trong similarities with the corresponding spinning
aves in Case 1 and Case 3 respectively. The oscil-

ation magnitudes of these components are lower
n comparison with the spinning cases, as the vec-
or sum of pressure fluctuation amplitudes was
kept constant between cases. The observation of 
the ability to decompose the heat release distribu-
tion during a standing wave oscillation into its con-
stituent spinning wave components may be invalu-
able in further understanding the dynamics of such
systems in cases where the full range of responses
cannot be measured directly, and in the modelling
of such responses. 

3.4. Integrated heat release response 

It is also useful to examine the global heat re-
lease response of each flame which is a parameter
widely used in low order models. A 20 ° wide kernel
positioned at each burner centre is used to evalu-
ate the mean heat release over an oscillation cycle.
The integration is performed on the spin compen-
sated averages in the direction of forcing in order to
evaluate the average burner behaviour for this dom-
inant component. The sector kernel is also further
divided into inner and outer regions in order to un-
derstand the local distribution of heat release be-
tween cases. The results for the two forced spinning
modes are shown in Fig. 5 together with sinusoidal
fitted curves, and for ease of comparison the phase
of the cycles is normalised to the global integrated
heat release. 
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Fig. 5. Sector averaged heat release oscillations for top 
ACW and bottom CW spinning modes. Averages shown 
from inner (green line, star markers) and outer (red line, 
triangle marker) regions, and the total response (black 
line, circular markers). The markers represent measure- 
ments while the solid lines are fitted sine curves. To aid 
interpretation, the phase of the total heat release (black 
lines) for the two cases have been aligned. (For interpre- 
tation of the references to colour in this figure legend, the 
reader is referred to the web version of this article.) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

It is interesting to examine the phase and magni-
tude of the inner and outer heat release oscillations.
For Case 1 for an ACW spinning mode the inner
heat release oscillation is observed to lag the outer,
with a phase difference of �t / T ≈ 0.08. In compar-
ison in Case 3 for a CW spinning mode the phase
lag is inverted, and now the outer oscillation lags
the inner. Significantly for this case the phase lag
also increased to �t / T ≈ 0.11. 

Moreover, the oscillation amplitude of the in-
ner and outer regions are |〈 Q 

ACW 

rot 〉 inner | = 0 . 030
and |〈 Q 

ACW 

rot 〉 outer | = 0 . 046 respectively during an
ACW spinning mode. In comparison for the CW
spinning mode the amplitudes are |〈 Q 

CW 

rot 〉 inner | =
0 . 027 and |〈 Q 

CW 

rot 〉 outer | = 0 . 037 . This quantifies
the observation in the previous section that the
heat release magnitude decreases and appears to
shift radially inward. The amplitude ratio between
outer and inner regions decreases slightly from
|〈 Q 

ACW 

rot 〉 outer | / |〈 Q 

ACW 

rot 〉 inner | = 1 . 6 for the ACW case
to |〈 Q 

CW 

rot 〉 outer | / |〈 Q 

CW 

rot 〉 inner | = 1 . 4 for the CW case,
conforming broadly to spatial reorganisation of 
heat release observed previously [5] . 

The combination of increased phase lag and
decreased oscillation amplitude for the CW spin-
ning case results in an amplitude difference of 
around 23% for the total integrated heat release re-
sponse in comparison with the ACW case. Given
the slight differences in the pressure response am-
plitudes (shown in Fig. 2 ) and the spin ratios this
difference may not be purely due to differences in
the spinning mode orientation. To eliminate these
influences a similar analysis was performed using
the decomposed standing wave of case 2, ensuring
the similarity of both components in terms of spin 

ratio and pressure response magnitude. While not 
included graphically for brevity, a similar difference 
of 35% was calculated for the total heat release re- 
sponse. The similarity of this adds to the qualitative 
evidence presented in Section 3.3 which suggests 
that standing waves can be decomposed into their 
spinning components, although further evidence 
will be sought in future work. Therefore, given that 
the main difference between cases is the orientation 

of swirl relative to the incoming pressure wave, the 
directionality of the spinning mode appears in this 
case to be significant. This result has important im- 
plications for low order models which use the in- 
tegrated heat release response, and suggest that dif- 
ferent flame responses may need to be defined in or- 
der to characterise CW and ACW spinning modes. 

Finally it is worth observing that the sinusoidal 
curves fit the measurements very closely, demon- 
strating that sinusoidal forcing of a spinning mode 
results in a traveling heat release fluctuation that is 
also sinusoidal. While the rotational averaging as- 
sumes that the heat release rate fluctuation is az- 
imuthally periodic, and identical burner response, 
it does not impose a sinusoidal response. The ob- 
served behaviour provides a further indication for 
how the heat release field can be linearly manipu- 
lated for the cases in the present study. 

4. Conclusions 

In the present study azimuthal forcing has been 

applied to generate for the first time well con- 
trolled spinning and standing waves in a lab scale 
annular combustor, allowing the flame dynamics 
of modes with different spin ratios to be investi- 
gated with much greater precision than previously 
possible. A close agreement between the dynam- 
ics of ACW spinning waves in forced and previous 
self-excited experiments was observed. However, a 
number of differences were observed between these 
ACW cases and the flame dynamics occurring dur- 
ing CW spinning waves, including the redistribu- 
tion of heat release in the annulus. Observation of 
the integrated heat release oscillations indicated a 
shift from outer to inner annulus depending on di- 
rection of the spinning wave. These changes were 
attributed to the symmetry breaking effect of the 
locally swirling flow at each flame. Finally through 

the introduction of a novel averaging method it 
was shown that the heat release dynamics during 
a standing mode could be decomposed into ACW 

and CW spinning components, offering a new way 
of understanding the dynamics of such systems. 
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