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Figure 14: Doubly phase resolved measurements taken
at the same acoustic phase as Fig. 13, but 180◦ further
through the PVC phase. Axes units are mm. Color map
is the same as Fig. 8.

ever, the doubly phase resolved mean velocity-fields rep-
resented virtually all of the coherently oscillating velocity
fluctuations in this combustor.
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Figure 15: Doubly phase resolved results at the PVC and
acoustic phases shown in Fig. 11(c). Axes units are mm.
Color map is the same as Fig. 8.

4.3. Flame orientation

Statistical repeatability of the doubly resolved flame
surface position was demonstrated in Figs. 12 and 14b
in terms of the flame surface density. This can be further
shown by considering the statistics of the reaction layer ori-
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(a) Velocity fluctuation relative to long average, κapt
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(b) Velocity fluctuation relative to doubly phase resolved
mean fields, κt

Figure 16: Velocity fluctuation power spectra with the
fluctuations taken relative to different periodic repeatable
motions.

entation with respect to the flow-field. This relationship is
important as it helps describe the location and shape of the
reaction layers, which influences the phase between com-
bustion and fluid mechanical processes. It was seen in Fig.
11 that when the PVC is not interacting with the flame,
the flame tended to exist around the stagnation line be-
tween the incoming flow and the inner recirculation zone.
When the PVC was interacting such as at (φa, φp) = (1, 1),
Fig. 13 shows that the flame was wrapped up around the
PVC. To statistically describe these different configura-
tions, the orientation of the reaction layers with respect
to the flow-field was considered. The flame surface nor-
mal vector, n̂, was computed at every location along the
instantaneous reaction layers. The inverse cosine of the
inner product magnitude,

Ω = acos

(

|~uf · n̂|

|~uf |

)

(6)

describes the orientation of flame with respect to the flow,
where ~uf is the velocity-field interpolated to the flame sur-
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Figure 17: Probability distribution functions of the orien-
tation of the flame with respect to the flow at different
radial locations, Ω. The statistics were compiled at the
PVC and acoustic phases shown in Fig. 11.

face. A value of 90◦ indicates that the flame was oriented
parallel to the flow (e.g. along a stagnation line), while a
value of 0◦ indicates that the flow was normal to the flame.

Figure 17 shows the probability distribution functions
(PDF) of Ω taken at the three phase angle combinations
in Fig. 11. The PDFs were compiled over two radial
bands, x = ±(7.5 to 12.5) mm. The positive band was
located where the mean flame appears to stabilize along
the mean stagnation line between the incoming flow and
the inner recirculation zone. The PDFs show that the
instantaneous flame surface normals were oriented pre-
dominantly perpendicular to the flow; the instantaneous
flame surfaces were predominantly along the stagnation
line. Hence, where the PVC was not interacting with the
flame, the flame stabilized between the incoming reactants
and the recirculated hot products. The negative radial
band was located where the PVC was interacting with the
flame. The instantaneous images in Fig. 13 show that the
flame was wrapped up by the PVC and that the velocity-
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Figure 18: Acoustically phase-resolved pressure, reactant
flux, and heat release fluctuations.

field was oriented both tangentially and perpendicularly
to the reaction layers. The PDFs in Fig. 17b confirm this
distribution of orientation. It is noted that the field-of-
view for the velocity measurements was restricted to a 32
mm x 30 mm square around the nozzle exit. It therefore
was not possible to determine if spectra in Fig. 16 and the
PDFs in Fig. 17 are representative of the entire burner.

5. Flow-flame interactions causing acoustically cou-

pled heat release fluctuations

The flow-flame interactions described in Sections 3 and
4 have illustrated several mechanisms that can cause thermo-
acoustically coupled heat release fluctuations. At the min-
imum combustion chamber pressure, the PVC was axially
contracted and did not strongly interact with the flame
in the measured field-of-view. However, Fig. 11 shows
that the contracted PVC caused the largest radial deflec-
tion of the incoming reactants. As shown in Fig. 18, the
minimum-pressure phase (φa = 3) corresponded to a posi-
tive reactant flow-rate fluctuation. After a convective time
lag, the increased reactant flux caused increased corruga-
tion of the reaction layers due to the increased turbulence.
Furthermore, the high-velocity reactant jets penetrated
farther into the combustion chamber, increasing the inter-
face between the inflow and the hot products from the in-
ner recirculation zone. The portion of the reactant stream
that was radially deflected by the PVC penetrated closer
to the combustion chamber walls. Combustion occurred
along the extended reactant/product interface, as well as
in the outer recirculation zone below the radially-deflected
stream. As the combustion chamber pressure increased,
the PVC extended and interacted with the flame, causing
significant flame wrinkling. It is noted that the approx-
imately 180◦ degree (1.5 ms) lag between the maximum
volumetric flow rate and the maximum heat release rate
seen in Fig. 18 corresponds to the time required for the
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Figure 19: Power spectrum of the flame length fluctua-
tions, lapt

f .

surging reactants to convect from the nozzle exit to the
mean flame-front location (y ≈ 15 mm) at the mean axial
velocity (uy ≈ 10 m/s).

These flow-flame interactions pertain to increased heat
release rate due to increased reaction layer area [29, 64, 65].
However, changes in the overall heat release rate also could
be caused by changes in the reaction rate per unit area due
to, for example, changes in the equivalence ratio at the
flame [66, 67]. The statistics of the reaction layer length
fluctuations therefore were compared to those of the inte-
grated OH* chemiluminescence, which is an indicator of
the heat release rate. The total reaction layer length (lf )
was calculated from each OH PLIF image based on the
topographic mapping procedure described in Appendix B.
Due to the circular symmetry of the combustor, the mea-
sured planar flame length was multiplied by its radial co-
ordinate in order to better approximate the true three-
dimensional flame area (i.e. dlf,3D ∼ rdlf,planar). The

power spectrum of the flame length fluctuations, shown in
Fig. 19, was then compared to that of the OH* chemilu-
minescence fluctuations. For both lf and OH*, the fluctu-
ation intensity in the range of 308 Hz was determined as
the integral of the square root of the area under the power
spectrum over a 2 Hz band (307-309 Hz). It was found
that,

lapt
f (308 Hz)

↔

l f

≈ 0.8
(OH∗)

apt
(308 Hz)

↔

q̇

implying that a significant portion of the heat release fluc-
tuations at the thermo-acoustic frequency were caused by
fluctuations in the reaction layer area. Different frequency
bandwidths surrounding 308 Hz were checked, with no
change to the results. However, the OH* chemilumines-
cence fluctuations are only an approximate indicator of the
total heat release fluctuations due to local stratification of
this partially premixed flow. It previously has been shown
that the local mixture fraction at the flame surface varies
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significantly in this combustor, regardless of the thermo-
acoustic phase angle [42], which effects the relationship
between the measured OH* signal and the heat release.
Acoustically phase correlated measurement have shown
that there is a periodic variation in the average mixture
fraction of the incoming reactants [40]. These same mea-
surements indicated that there may be a periodic change
in the mean mixture fraction of the reacting fluid at the
flame surface over the thermo-acoustic cycle, which would
contribute to periodic oscillations in the global heat release
rate by altering the local heat release rate per unit area.
Such variations in the heat release rate along individual
flame segments could not be measured with the present
diagnostics. Nevertheless, there definitely were large fluc-
tuations in the reaction layer length at the thermo-acoustic
frequency and analysis of these fluctuations yields valuable
insight into the instability mechanisms.

It therefore is necessary to analyze the mechanisms
that caused changes in the reaction layer area. This was
done in two parts. First, fluctuations in the total reac-
tion layer length were considered, followed by fluctuations
relative to the doubly phase resolved means.

5.1. Fluctuations in the total reaction layer length

In order to analyze the different mechanisms that cause
changes in the flame length, one can consider their differ-
ent length scales. The elongation of the reaction layers
due to greater penetration of the reactant jets occurred
over a length scale on the order of the combustor width.
Wrinkling of the reaction layers due to interaction with the
PVC occurred at a scale similar to cross-sectional diam-
eter of the PVC branches. Finally, fine scale corrugation
of the flame by stochastic turbulence happened at scales
smaller than the PVC.

The relative importance of each mechanism therefore
can be determined by filtering the instantaneous reaction
layers at a variety of scales, removing corrugations at scales
smaller than the filter size in a similar fashion to large
eddy simulations. For the current data set, the flame
topography was filtered using a square kernel with sizes
ranging from 3 mm to 15 mm. The smallest filter removed
only small-scale corrugations, but resolved wrinkling at the
scale of the PVC. The largest filter removed virtually all
corrugations and the resultant fluctuations represented the
elongation of the reaction layers. As the filter approached
the endpoints of an individual flame segment, the filter size
was reduced so as to not extend past the end of the flame.
Flame segments that were shorter than the filter kernel
were filtered using a kernel width equal to the length of
the flame segment, which removed all corrugations from
these segments. The largest filter size employed corre-
sponded to approximately half the length of the longest
continuous flame segments. A sample instantaneous flame
surface filtered at the smallest and largest scales is shown
in Fig. 20.

Power spectra of the flame length fluctuations were
computed at each filter scale. The fluctuation intensity
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Figure 20: Sample of the measured instantaneous reaction
layer topography (–) and the topography filtered with a
15 mm (- -) and 3 mm (· · ·) square filter. Background is
the vorticity field. Axes units are mm. Color map is the
same as Fig. 8.
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Figure 21: Distribution of flame surface length fluctua-
tions versus filter scale. It is noted that the division into
domains is not exact. The error bars represent the effect
of varying the threshold level used to map the flame to-
pography from the OH PLIF images.

in the range of 308 Hz was once again determined as the
integrated square root of the area under each power spec-
trum over the range 307-309 Hz. Figure 21 shows the
percentage of flame length fluctuations contained at scales
larger than each filter scale. There was a sharp decrease
between the unfiltered flame and the smallest filter scale,
indicating that approximately 25% of the flame length fluc-
tuations were due to small-scale, stochastic turbulence. At
the largest filter scales, the curve began to asymptotically
approach a value of around 50%. These represent scales
at which no wrinkling occurred and describe elongation of
the flame surface due to the reactant surge. The interme-
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diate range represents large corrugations on the scale of
the PVC. Of course, the exact boundaries of the different
ranges are not well defined. Furthermore, the flame topog-
raphy measured from the OH PLIF gradients was slightly
dependent on the threshold employed. To determine this
effect, the threshold was varied over a range of ±10% of
the value used throughout this paper. This range repre-
sents the limits for which the resultant topography visually
agreed well with the apparent reaction layers. The major
effect of varying the threshold was to alter the amount of
flame surface in the outer recirculation zone. This changed
the amount of flame length fluctuations at all scales, with
the large-scale fluctuations being most affected. However,
these alterations were minor and did not affect the phe-
nomological results. The error bars in Fig. 21 represent
the maximum devation caused by changing the threshold
used to measure the topography. Despite any ambiguities,
it clearly can be seen that the largest contributor to the
flame length fluctuations was elongation of the reaction
layers due to the surging flux of reactants.

5.2. Doubly phase resolved fluctuations

Section 4 showed that several properties of the flow and
flame were highly repeatable when the phase of both the
acoustics and PVC were considered. Hence, a large compo-
nent of the fluctuations in flame surface length may also be
highly repeatable and contained within the doubly phase
resolved mean fields. To demonstrate this, the turbulent
flame length fluctuation at a particular instant, ltf (t), was
calculated relative to the doubly phase resolved mean at
the phase angle combination corresponding to that instant.
The temporal history of ltf (t) represents the fluctuating
flame length that is not accounted for in the doubly phase
resolved statistics. Figure 22 shows the power spectrum
of these fluctuations. Comparing this figure to Fig. 19,
it is apparent that the majority of the flame length fluc-
tuations at 308 Hz were described by the doubly phase
resolved statistics; the peak at 308 Hz decreased by ap-
proximately 90%. This is consistant with the results from
the velocity fluctuations shown in Fig. 16.

It also is interesting to note that the flame surface
length fluctuations over the entire burner occurred at ex-
actly the thermo-acoustic frequency. However, it was seen
that the geometry of the reaction layers depended on the
PVC cycle relative to the measurement plane. The ab-
sence of the PVC frequency in the flame length spectrum
is because the entire combustor width was considered at
once; fluctuations in the flame length were occurring some-
where in the measurement plane on every acoustic cycle.
The influence of the PVC is observed when isolated re-
gions of the combustor are considered. For example, Fig.
23 shows the power spectrum of flame length taken over
the radial range x = 5 mm to 15 mm. In this spectrum, the
periodicity of the PVC is apparent and the flame length
fluctuated at 207 Hz. That is, flame surface variations
at this location occurred when the PVC was at a partic-
ular position during the acoustic cycle, wrapping up the
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Figure 22: Power spectrum of flame length fluctuations
taken relative to the doubly phase resolved means, ltf .
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Figure 23: Power spectrum of the total flame length fluctu-
ation and fluctuation relative to the doubly phase resolved
means in the radial band x = 5 mm to 15 mm.

reaction layers in the measurement plane. This figure also
shows the fluctuations taken relative to the doubly phase
resolved means. Once again, the doubly phase resolved
measurements accounted for nearly all of the measured
flame length fluctuations.

6. Conclusions

High-speed measurements of the three component velocity-
field, planar OH distribution, and OH* chemiluminescence
were used to describe the flow-field, heat release, and flow-
flame interaction dynamics in a thermo-acoustically unsta-
ble gas turbine model combustor. The combustor was a
modified version of a practical gas turbine swirl burner
that was installed in an optically accessible combustion
chamber. The flame, which burned a CH4/air mixture
at an equivalence ratio of 0.75 and thermal power of 10
kW, exhibited self-excited thermo-acoustic oscillations at
a frequency of 308 Hz.
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It was found that the flow-field exhibited several dis-
tinct motions: the reactants periodically surged into the
combustor at the thermo-acoustic frequency, 308 Hz; a he-
lical precessing vortex core circumscribed the burner noz-
zle at 515 Hz; the PVC underwent axial extension and
contraction at the thermo-acoustic frequency; and there
was a change in the stochastic turbulence intensity at the
thermo-acoustic frequency due to the surging reactants.
The global heat release rate fluctuated at the thermo-
acoustic frequency. However, the location of the heat re-
lease centroid moved around the combustor at 207 Hz,
which is the difference between the thermo-acoustic and
PVC frequencies. Hence, the interaction of the flame with
the PVC had a large effect on the local heat release.

The effect of the PVC-flame interaction on the heat re-
lease motivated the compilation of doubly phase resolved
statistics that jointly considered the phase of the acous-
tic cycle and PVC motion. These doubly phase resolved
statistics revealed highly repeatable configurations and phe-
nomena. The axial stretching of the PVC was apparent,
with contraction occurring at the pressure minimum and
extension at the pressure maximum. Where the PVC was
not interacting with the flame, the reaction zone stabilized
near the stagnation line between the incoming flow and the
inner recirculation zone. At other locations, the incom-
ing flow was deflected radially by the PVC. This caused
greater penetration of the fuel jet towards the combustor
walls and was associated with burning in the outer recir-
culation zone. At some locations and phase angles, the
PVC interacted with the flame and caused significant and
repeatable large-scale wrinkling.

The spectrum of the reaction layer length fluctuations
showed large oscillations in the flame surface area at the
thermo-accoustic frequency that significantly affected the
total heat-release oscillations. By filtering the instanta-
neous reaction layers at different length scales, the im-
portance of different flow-flame interactions affecting the
flame length was determined. Based on the length scale,
the greatest contributor appeared to be elongation of the
reaction layers due to the surging reactant flow, which ac-
counted for approximately 50% of the fluctuations. The re-
maining 50% was distributed between fine scale stochastic
corrugation and large-scale corrugation due to the PVC.
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A. Spatio-temporal proper orthogonal decomposi-

tion analysis

To perform the POD, the spatio-temporal data was
first arranged into an m×n matrix, A, where each column
of A represented an instantaneous 2D field measurement,
ui(x, y, tj), j = {1..n}. The columns were created by con-
catenating the rows of a planar measurement field. In or-
der to eliminate discontinuities, the data was concatenated
such that contiguous data points along a particular y value
remained contiguous and a subsequent y value started at
the same x value at which the previous y value finished
(forming a continuous S pattern) [62].

POD analysis takes the matrix of n observations and
produces n spatial eigenmodes (Mj(x, y)), temporal coef-
ficients (aj(t)), and eigenvalues (λj) such that the eigen-
modes form an orthogonal basis for A. The eigenvalues
represent the contributions of the modes to the overall
kinetic energy of the flow and the particular property of
POD analysis is that it provides optimal convergence of
the kinetic energy. That is, the sum of the highest k eigen-
values for the POD basis is larger than for any other or-
thogonal basis. Assuming that the eigenvalues are sorted
in descending order, the first modes represent the most
dominant flow features. It is noted that the POD was per-
formed based on the velocity data, without information
about the instantaneous density field. Hence, the POD
provided optimal convergence of uiui, not the true kinetic
energy ρuiui.

In the present work, the POD analysis was performed
by approximating the singular value decomposition. That
is, the m×n matrix A can be represented by A = USV T ,
where U is an m × n matrix, S is an n × n diagonal ma-
trix, and V is an n × n matrix. It can be shown that the
singular value decomposition yields the proper orthogo-
nal decomposition [60]. The temporal evolution of the jth

eigenmode is given by the multiplication of the jth column
of U , by the (j, j) diagonal element of S, by the jth row of
V T . This results in an m×n matrix, the columns of which
can be de-concatenated (reversing the concatenation pro-
cedure described above) to form the temporal history of
the particular planar eigenmode. However, by considering
the vector multiplication used to determine this matrix,
it is apparent that the shape of the eigenmode does not
change in time and is completely determined by the col-
umn of U (Mj(x, y) = de-concatenated jthcolumn of U).
Similarly, the weighted temporal coefficient is given by
aj(t) = S(j, j) × jth row of V T . The energy associated
with each mode, represented by the eigenvalue, is given

(a) OH field with mapped
flame surface topography

0

max

(b) Corresponding OH gradient
magnitude

0

max

min

(c) Corresponding OH profile
curvature (red is positive, blue is
negative)

Figure 24: OH, OH gradient, and OH curvature fields used
to determine the instantaneous flame surface topography.
This topography is shown as the black line in subfigure
(a).

by λj = S(j, j)2. However, performing a full singular
value decomposition on large matrix (in this case 4350 ×
4000 elements) is prohibitively computationally expensive.
The decomposition therefore was performed using a block
Lanczos method [68].

B. Identification of flame surface topography

Quantitative detection of an instantaneous flame sur-
face using high-speed diagnostics is a difficult task due to
the low pulse energy of the laser systems. Typical combus-
tion radicals used as flame front markers such as CH have
very low fluorescence signal even when excited with the
output of standard 10 Hz laser systems, which have pulse
energies approximately two orders of magnitude greater
than high-speed systems [63, 69]. In kilohertz rate sys-
tems, the OH radical is the commonly measured combus-
tion intermediate due to its high signal level at low laser
pulse energy [50, 55, 70]. However, using OH as a reaction
zone marker in complex flow-fields is not straightforward.
Detectable amounts of OH exist not only in the reaction
zone, but also in the high temperature products. These
products mix with the non-reacted gas to produce a wide
variety of OH fluorescence signals.

A typical OH field exhibiting many important features
is shown in Fig. 24a. Immediately downstream of the
nozzle there exists a region with no OH, representing the
unburnt reactants. Downstream from this, the OH sig-
nal increases suddenly at a highly corrugated and broken
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interface. The OH signal then decreases until a roughly
conical region of uniform OH is reached in the products.
This image also shows a thick black line, which represents
the results of the flame surface topography mapping pro-
cedure outlined below.

It previously has been observed observed that the flame
surface topography in such cases may be determined from
the gradient of the OH fluorescence signal, which is shown
in Fig. 24b, since OH exists in super-equilibrium quanti-
ties immediately downstream of the flame surface [44, 71,
72]. The OH signal gradient associated with the change
from reactants to products in the reaction zone was found
to be much greater than the gradient as the super-equilibrium
OH relaxed to equilibrium in the burnt gas.

Here, this idea is developed into a routine that ro-
bustly detects the flame surface topography and converts
it into mathematically treatable entities. It is noted that
the flame surfaces thus determined are not a direct mea-
sure of the reaction rate. A first estimate for the reac-
tive flame surface was made by placing a global thresh-
old on the OH gradient signal. It was found that there
was a distinct difference between the gradients leading to
super-equilibrium OH (i.e. at the flame front) and those
associated with non-reacting interfaces between products
and reactants. Hence, the identification of flame holes
and recirculation was very robust and independent of the
threshold level. However, over the appropriate threshold
range, gradients associated with the transition from very
high super-equilibrium OH levels at the flame to equilib-
rium levels in the products occasionally were detected. A
secondary condition therefore was employed that elimi-
nated detected segments that did not contact the reac-
tants. That is, the super-equilibrium-to-equilibrium tran-
sition was distinguishable from the flame front due to the
higher signal level. Finally, the somewhat broad regions of
high OH gradient were reduced to mathematically treat-
able contours by simultaneously considering the OH profile
curvature shown in Fig. 24c. The edge of the thresholded
OH gradient region that overlapped the region of positive
profile curvature was selected as the flame front. Math-
ematically, each flame segment in these images was then
represented by a parametric curve, fi = xfi(ϑi)̂i+yfi(ϑi)ĵ
. The result of this procedure accurately mapped the to-
pography of reactant to super-equilibrium OH transition
as demonstrated in Fig. 24a. As can be seen, the routine
accurately identified flame holes and isolated pockets of
flame throughout the flow-field.
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