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Correspondence Between
“Stable” Flame Macrostructure
and Thermo-acoustic Instability
in Premixed Swirl-Stabilized
Turbulent Combustion

Reacting Gas Dynamics Laboratory, In this paper, we conduct an experimental investigation to study the link between the
Mechanical Engineering Department, flame macroscale structure—or flame brush spatial distribution—and thermo-acoustic
MIT, instabilities, in a premixed swirl-stabilized dump combustor. We operate the combustor

Cambridge, MA 02139 with premixed methane—air in the range of equivalence ratio (¢) from the lean blowout

limit to ¢ = 0.75. First, we observe the different dynamic modes in this lean range as ¢
is raised. We also document the effect of ¢ on the flame macrostructure. Next, we
Reacting Gas Dynamics Laboratory, examine the correspondence between dynamic mode transitions and changes in flame
Mechanical Engineering Department, macrostructure. To do so, we modify the combustor length—by downstream truncation—
MIT, without changing the underlying flow upstream. Thus, the resonant frequencies of the ge-

Cambridge, MA 02139 ometry are altered allowing for decoupling the heat release rate fluctuations and the

acoustic feedback. Mean flame configurations in the modified combustor and for the same

Mohamed A. M. Hahib range of equivalence ratio are examined, following the same experimental protocol. It is
Mechanical Engineering Department, found that not only the same sequence of flame macrostructures is observed in both com-
KFUPM, bustors but also that the transitions occur at a similar set of equivalence ratio. In particu-

Dhahran 34464, Saudi Arabia lar, the appearance of the flame in the outside recirculation zone (ORZ) in the long
combustor—which occurs simultaneously with the onset of instability at the fundamental

Ahmed F. Ghoniem frequency—happens at similar ¢ when compared to the short combustor, but without
Reacting Gas Dynamics Laboratory, l.)eing in latter case a_ccompanied b)f a transition to thermo-acoustic instabilitfv,. Thgn, we
Mechanical Engineering Department, interrogate the flow field by analyzing the streamltnes, mean, and rms velocz{zgs for the
MIT, nonreacting flow and the different flame types. Finally, we focus on the transition of the

Cambridge, MA 02139 flame to the ORZ in the acoustically decoupled case. Our analysis of this transition shows

that it occurs gradually with an intermittent appearance of a flame in the ORZ and an

increasing probability with ¢. The spectral analysis of this phenomenon—we refer to as

“ORZ flame flickering”—shows the presence of unsteady events occurring at two distinct

low frequency ranges. A broad band at very low frequency in the range ~(1 Hz—10 Hz)

associated with the expansion and contraction of the inner recirculation zone (IRZ) and a

narrow band centered around 28 Hz which is the frequency of rotation of the flame as it
is advected by the ORZ flow. [DOI: 10.1115/1.4029173]
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1 Introduction combustor. Equivalence ratio as well as fuel composition, mixture
preheat temperature, and other flow properties like swirl and
Reynolds numbers’ effect on dynamic instabilities have been
investigated [1-8]. Because of its critical importance, thermo-
acoustic instabilities arising in premixed combustion have been
extensively studied for decades and are still an active area of
research. However, our knowledge in this field is still incomplete
and more research effort is needed. Candel [9] provides a
comprehensive review of the challenges pertaining to combustion
instabilities and the advances made in modeling, predicting, and
controlling it. A more recent review by Huang and Yang [10]
focused on dynamic instabilities in swirl-stabilized combustors,
looking at both experimental and numerical progress made in this
field; different driving mechanisms for instabilities were surveyed
as well as the existing methods for mitigating this unwanted
phenomenon both in a passive and active fashion.

Modern gas turbine combustors rely on turbulent swirl-
stabilized combustion as an effective way to anchor the flame
and lower the blowout limit at lean operations. These complex

Premixed combustion is considered as one of the most effective
methods to reach low NO, emissions and comply with increas-
ingly stringent regulation. Combined with swirling flow geome-
tries, very lean operation is possible, making single digit NOy
emissions a reality. However, premixed combustion technology
still faces some difficulties; one of the most prominent challenges
is the increased susceptibility to thermo-acoustic instabilities that
can lead to safety issues and potentially have dramatic and irre-
versible consequences on costly gas turbine hardware. Heat
release from the reacting flow can experience fluctuations often
due to equivalence ratio oscillations or unsteadiness in the flow
field itself, like vortex shedding and other coherent flow struc-
tures. Heat release oscillations may couple with the acoustic pres-
sure fluctuations to form a positive feedback loop that can lead,
under some conditions, to resonance. Most operating conditions
have been shown to influence the thermo-acoustic stability of the
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swirling flows give rise to multiple recirculation zones and
shear layers creating many possibilities of flame local stabiliza-
tion. This makes swirling reacting flows exhibit several possible
mean flame configurations. These flame brush distributions,
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which we refer to as macroscale structures or simply macro-
structures, have also been previously reported as a function of
different operating conditions. Schefer et al. reported the de-
pendency of flame macrostructures on fuel composition through
hydrogen addition to a premixed air-methane mixture [11].
Chterev et al. explored the effect of equivalence ratio and pre-
heat temperature as well as geometrical features like the swirl
number and the centerbody design on the different mean flame
configurations [12,13]. The dependency of flame macrostruc-
tures on the Reynolds number has been also investigated. The
common flame macrostructures often observed in swirl-
stabilized combustors are as follows: columnar flames; bubble-
columnar flames; conical flames with no flame stabilized in the
ORZ; and conical flames with reaction taking place in the ORZ
and/or along the OSL. Depending on the geometry and the
burner centerbody, some of these flames have also been
observed both attached or lifted from the centerbody.

It is essential to understand the controlling parameter for differ-
ent flame macrostructures. The conditions under which transitions
between flame types and the mechanisms underlying it are of
great interest. One of the main reasons is the potential shift in
dynamic stability characteristics of certain combustors when
changes in flame macrostructure occur. Few researchers high-
lighted this relationship. By changing the inlet temperature in their
large eddy simulation of swirl-stabilized combustion, Huang et al.
noted that there is a temperature threshold where the flame propa-
gated into the ORZ. This change in flame macrostructure was
accompanied by a bifurcation to thermo-acoustic instability. The
author argued that the presence of the flame in the ORZ makes the
combustor more prone to instability, since a large amount of heat
is released within a confined area close to an acoustic antinode
[10]. Such results favor a hypothesis of causality from a transition
to ORZ flame to an onset of thermo-acoustic instabilities. In a
study spanning a wider range of operating conditions, Fritsche
et al. investigated both optical and acoustic characteristics of
flames at different conditions: one of the goal was to explore the
connections existing between flame types and noise levels. They
showed that flame shapes closer to the lean blowout, i.e., the co-
lumnar flames and single conical flames are always dynamically
stable, and that the flames with reactions taking place in the ORZ
can be stable or unstable depending on the choice of equivalence
ratio and inlet temperature. The transition to thermo-acoustic
instability as the equivalence ratio is increased, for a fixed inlet
temperature, occurred along with the first appearance of a continu-
ous flame front in the ORZ. Figura et al. chose to investigate fuel
composition effect on dynamic instabilities in a lean premixed
combustor through changing the combustion length and hydrogen
fraction in a natural gas-hydrogen mixture. They reached the con-
clusion that operating conditions with “the same stable flame loca-
tion have very similar stability characteristic.”

Thus, the relationship between flame macrostructures and
dynamic stability has been observed but few systematic investiga-
tions of this relationship, spanning all possible macrostructures
were undertaken. In addition, it is still unclear from the previous
studies whether acoustic fluctuations are responsible for the flame
macrostructures to change (in particular the propagation into the
ORZ for double conical flames) or the presence of the flame in the
ORZ leads to a sharp increase in sound levels. More evidence is
needed to know if flame macrostructure transition is acoustically
dominated or turbulent combustion dominated phenomenon. In
this paper, we explore the relationship between the flame configu-
ration in a swirl-stabilized combustor at different equivalence
ratios and its stability map, in more detail, by controlling the
effect of acoustics. We focus on the equivalence ratio over the
lean operating range ¢ € [¢; o — 0.75], keeping everything else
fixed (fuel, swirl number, Reynolds number, inlet temperature,
and pressure). We first describe the experimental setup as well as
the diagnostics techniques used in this study. Then, we analyze
the dynamic stability map of the combustor and different mean
configurations exhibited by the flame as the equivalence ratio is
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raised. A modification of the combustor without changing the
underlying flow allows the decoupling of the combustion and the
acoustics over a range of interest. A comparison of the mean flame
configurations obtained for both combustor lengths is done.
Finally, we focus on the transition to an ORZ flame and extract
some of the dynamics associated with it.

2 Experimental Setup and Diagnostics

2.1 Experimental Apparatus. Experiments are conducted in
a swirl-stabilized dump combustor representative of can com-
bustors found in modern gas turbines. Figure 1 shows the details
of the experimental setup used in this study. Fuel and air are pre-
mixed upstream of a choke plate. The role of the choke plate
used here is twofold. First, by choking the flow, a sonic Mach
number is imposed preventing pressure waves from traveling
upstream. The fuel and air nozzles would not be disturbed by
acoustic waves avoiding equivalence ratio fluctuations. Thus, we
allow mainly vortex-driven combustion dynamics in this investi-
gation. Second, the use of an orifice plate ensures close to perfect
premixedness of the fuel and air before reaching the combustion
chamber.

After the choke plate the mixture flows through a cylindrical
pipe with inner diameter of Djye=38mm and length Ly,
=14.2 X Djj1e» 1.€., sufficient length to reach quasi-full develop-
ment of the flow. An axial eight-vane swirler with a streamlined
centerbody and 45 deg vane angle shown in Fig. 2 placed at a dis-
tance Lgyirer = 11.6 X Djye, downstream of the choke plate and
2.6 X Djye upstream of the expansion plane is used to provide the
flow with an azimuthal component before entering the combustion
chamber. Swirling flows are widely used in modern combustors.
The vortex breakdown exhibited by swirling flows at some swirl
and Reynolds numbers conditions contribute to stronger flame
anchoring. A comprehensive review of swirling flows was written
by Lucca-Negro and O’Doherty [14].

After the swirler, the flow passes through a sudden expansion from
the upstream diameter to a downstream diameter Dgyge =2 X Dipjet-
Sudden expansions are also commonly used in combustor as they
force flow separation and create shear layers and recirculation zones.
Finally, the exhaust plane is situated at Logpause= 115.8 X Dijjer
downstream of the choke plate. The combustor discharges into a
plenum at near atmospheric pressure. The experimental setup is
similar to the ones previously investigated by our research group
[15-18]. The swirl number is fixed and estimated at S ~ 0.7 based
on the swirler’s vanes angle, the Reynolds number based on the
inlet diameter is Rep, = 20, 000, and the pressure is atmospheric.
At these conditions, a vortex breakdown occurs downstream of
the swirler due to an adverse pressure gradient both in the non-
reacting and reacting flows, creating a central recirculation zone.
The presence of a sudden expansion exacerbates the adverse pres-
sure gradient, stabilizes the axial location of the IRZ, and also cre-
ates an additional toroidal recirculation zone outside of the main
jet, leaving the inlet pipe called outer recirculation zone (ORZ).
An inner and outer shear layers (ISL and OSL) separate the three
zones: the IRZ, the annular swirling jet, and the ORZ, as shown
schematically in Fig. 3.

2.2 Diagnostics Tools. Different diagnostics techniques are
used in this paper. Pressure measurements are performed in the
combustor at Lp; &~ 3 X Dy, downstream of the choke plate using
a Kulite MIC-093 microphone. High speed chemiluminescence
flame imaging is performed using a NAC GX-1 high-speed
CMOS camera mounted on the side of the combustor. The high
speed camera is equipped with an infrared (IR) blocking CG-BG-
39 Schott filter. A 50mm lens with an aperture value of f/1.8 is
used at frame rates varying from 100 to 200 frames per second
and an exposure time of 1/250s. Larger exposure time flame
images are taken using a digital single-lens reflex (DSLR) camera,
from which the flame brush extent—we refer to as the flame
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macrostructure—is inferred. The DSLR camera is equipped inter-
nally with a built-in IR cut filter at the sensor level as well as a
glass lens eliminating part of the IR radiation and no external filter
were used. The long exposure chemiluminescence images using
the DSLR camera are taken with exposure time of 1/4s, an aper-
ture value of /2.8, and ISO (sensor sensitivity) of 3200. Optical
access is made possible via a fused silica tube of length
Laguartz wbe = 10.5 X Djpie; and thickness 5quanz =2.5mm, shown in
Fig. 1. The obtained line-of-sight mean flame images are decon-
volved using an inverse Abel transform [19]. This operation leads
to a single cross-sectional distribution of the flame and gives the
spatial range of the flame brush.

The velocity field is interrogated using a high-speed particle
image velocimetry (PIV) system. Al,0O3; seeding particles (of
diameter between 0.9 and 2.2 um) are introduced into the mixture
upstream of the swirler. A light sheet less than 1 mm thick is pro-
duced along the combustor’s axis using a S0 W Nd:YLF laser.
Two high-speed NAC GX-1 CMOS cameras are mounted aside
and above the combustor, recording images at 1 kHz. At each con-
dition, three ensembles of data are recorded with a duration of

Fig. 2 Axial eight-vane swirler with 45deg vane angle and a
streamlined centerbody with a diameter of 9mm and a 60deg
cone angle

Journal of Engineering for Gas Turbines and Power

0.5s each to reach statistically meaningful mean and RMS (root
mean square) values. A statistical uncertainty analysis on the PIV
data was performed by computing the standard error of the mean.
For axial velocities, we obtained a precision uncertainty of
1232*0.11 m-s~' for the maximum absolute value and
0=0.07 m - s~! for the minimum absolute value, with 95% confi-
dence. For radial velocities, we have a precision uncertainty of
6.9+ 0.1 m-s~! for the maximum absolute value and 0 = 0.034
m - s~! for the minimum absolute value, with 95% confidence.

Methane is supplied by a Sierra C100M Smart-Trak digital
mass flow controller with a flow rate uncertainty of = 1% of
maximum capacity. A Sierra Instruments 780 S Flat-Trak flow
meter is used to measure the air flow rate with the same uncer-
tainty. Subsequent measurement error on the equivalence ratio is
OQPerror = 0.002.

3 Results and Discussion

3.1 Dynamic Instabilities and Flame Macrostructures. The
stability map of pure methane combustion in the atmospheric
pressure swirl-stabilized combustor is determined first: we

//
/7

Swirling jet

Swir|er;terbody (]:
Fig. 3 Schematic flow field in the swirl-stabilized combustor:

ORZ, annular incoming swirling jet, and IRZ regions delimited
by the outer and inner shear layers, in the mean flow sense
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increase the equivalence ratio from near the lean blowoff limit
(LBO limit at 0.47 for pure methane in these conditions) up to
0.75 (below flashback). Each increment of d¢ = 0.01 is main-
tained for a or = 10's interval. This value is chosen to allow enough
time for the equivalence ratio to stabilize around a set point and to
provide a large enough Fourier number to ensure close to thermal
steady state at the boundary (F, = rxqumzét/ 52umz ~2).

At low equivalence ratios—close to LBO 1imit—combustion is
stable and the recorded pressure fluctuation is relatively low
(oscillating between =50 Pa). As the equivalence ratio is raised
the first unstable mode appears, before the combustor becomes
quiet again. A further increase in the equivalence ratio leads to a
second unstable mode. Figure 4(b) shows the evolution of the
pressure fluctuations upstream of the swirler as the equivalence

IV(unstabIe) IV

ratio is raised. The solid line on the left corresponds to the LBO
limit. Figure 4(c) shows the associated spectrogram on which we
can differentiate five regions. The first region extends from LBO
until ¢ ~ 0.55 — 0.56. In this range, combustion is stable with a
broadband turbulent combustion noise. No coupling with the
acoustic field is taking place. Starting at ¢ = 0.56 pressure fluctu-
ations with a 38—40Hz dominant harmonic but still with low
amplitude appear. A weak coupling between combustion and the
acoustic field takes place. As the equivalence ratio is raised fur-
ther, a transition to the first unstable mode with a 40-42 Hz domi-
nant frequency and large sound pressure level (around 145 dB)
takes place. The onset of this instability occurs around ¢ = 0.61.
This region extends for a A¢ ~ 0.03 beyond which a quasi-stable
combustion appears again, similar to the quasi-stable region

V(unstable)
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Fig. 4 Correspondence between the observed mean swirling flame configurations (roman numerals) and
dynamic mode transitions in the long combustor for methane. The equivalence ratio was changed from
¢ =0.5to ¢ =0.75 in upward increments of A¢ =0.01. (a) Mean swirling flame configurations. (b) Pressure
fluctuations signal. (¢) Associated spectrogram. Solid line at ¢ = 0.47 represents the LBO limit. Dotted lines
represent the transitions between mean flame configurations.
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observed for ¢ €[0.56 —0.61]. When the equivalence ratio
reaches ¢ = 0.68, an abrupt increase of the sound pressure level
occurs and a dominant oscillatory component appears at 117 Hz
with a large sound pressure level around 150 dB. Table 1 summa-
rizes the characteristic of the different regions observed. Similar
dynamic modes have been previously reported by Speth et al. [20]
using different syngas mixtures in a similar geometry.

The spatial distribution of the flame brush changes as the equiv-
alence ratio is raised. The mechanisms underlying these changes
are still not fully understood. In the current paper we do not
attempt to explain the reasons behind the transition between flame
configurations but we focus instead on establishing the relation-
ship between the mean flame configurations and the dynamic
modes observed.

Figure 4(a) shows the sequence of mean flame configurations
observed. For a fixed swirl and Reynolds numbers, the flame con-
figuration changes, along with the sound pressure level observed
earlier. The transitions in mean flame configurations are marked
by the vertical dotted lines in Figs. 4(b) and 4(c). At low
equivalence ratio, close to the LBO limit, the flame appears in a
columnar shape in the shear layer delimiting the vortex core
downstream of the vortex breakdown (flame I). As the equiva-
lence ratio increases, the columnar distribution gets wider and a
transition occurs at a certain value of the equivalence ratio
(¢ ~0.54). The flame propagates inside and around the vortex
breakdown bubble as well as along the shear layer defining the
portion of the vortex core upstream of the breakdown (flame II).
The flame is observed to extend inside the inlet tube reaching the
swirling centerbody. This flame exists in a relatively narrow range
of equivalence ratio. The downstream portion of the flame is still
columnar, similar to flame I, but with a larger diameter. Flame 111
appears suddenly (i.e., change occurs within a A¢p = 0.01). In this
configuration, the flame brush appears close to the combustion
chamber wall boundary layer. The major difference with the pre-
vious configuration is that combustion is not taking place inside
the IRZ. A comparison between the mean flame chemilumines-
cence and the pressure measurement (see Fig. 4) shows that this
transition (II to III) is accompanied by the transition from stable
to quasi-stable dynamic mode (region 2 to 3 described above),
i.e., to the weakly oscillating 40 Hz mode. Increasing the equiva-
lence ratio leads to a more and more compact flame but still with
the same overall mean configuration, i.e., still flame III. At an
equivalence ratio between 0.6 and 0.61, the onset of the first
unstable mode is accompanied by a flame configuration change.
The flame transitions from configuration III to a configuration IV
where on average the flame appears along the inner shear layer
but also extends to the ORZ and OSL. When combustion becomes
quasi-stable again (region 4 in Table 1), the flame on average still
appears in the inner shear layer, extending close to the wall, and
remains also in the ORZ. At higher equivalence ratio, the sudden
sound pressure level jump happens simultaneously with another
transition in the mean flame structure. This corresponds to another
configuration (flame V). The latter configuration is highly
unsteady, oscillating at higher frequency, starting around 117 Hz.
Flame V is not shown here and a phase-average analysis is more
appropriate for this highly unsteady flame but this transition is out
of the scope of the current study.

Superposing the sound pressure level and the mean chemilumi-
nescence signal from the flame in Fig. 4 shows a clear

Table 1

correspondence between the mean flame distribution—as reflected
by the flame macrostructures I to V—and the dynamic behavior of
the combustor. Some transition in flame macrostrucutres did not
change the acoustic energy of the combustor (flame I to II)
whereas other transitions (II to III and III to IV) were accompa-
nied by a measurable change. It is important to see here that the
first appearance of a continuous flame front in the ORZ (flame IV)
as the equivalence ratio is raised matches with the onset of the first
unstable mode. Moreover, flame IV can be unstable and quasi-
stable. This is similar to the “noise island” previously reported by
Fritsche et al. [8]. In the next section (Sec. 3.2), we analyze fur-
ther the changes in dynamic mode of the combustor and explore
any potential causality between flame shape transition and onset
of instabilities.

3.2 Acoustically Decoupled Combustion Analysis

3.2.1 Acoustic Decoupling. In order to examine in more detail
the onsets of unstable modes, we artificially decouple heat release
fluctuations from the acoustic field. The method used for decou-
pling is the modification of the combustor’s geometry downstream
to alter the resonant frequencies without changing the underlying
flow. By doing so, we break the feedback loop between unsteady
heat release and acoustic pressure fluctuations. The eigen-
frequencies of a combustor depend to a large extent on the geome-
try and the temperature distribution as these are the main sources
of acoustic impedance change. Here, the combustor is shortened
to achieve the decoupling of heat release and pressure in a range
of equivalence ratio of interest. Figure 1 shows the geometry after
changing the combustor’s length. These two lengths lead to com-
bustors with different sets of resonant frequencies.

The length of the combustor in both cases is larger than the
largest diameter allowing for a one-dimensional modeling of the
geometry. By taking into account a simple impedance change
due to the presence of the flame, the resonant frequencies are
estimated for both configurations. This simplified quasi-one-
dimensional model assumes the flame as compact and doesn’t
take into account the flame transfer function. The flame, in this
model, is only responsible for a sudden change in the flow
temperature.

Figure 5 shows the numerically predicted resonant frequencies
of the initial length combustor as a function of the equivalence ra-
tio (left) and these frequencies when the combustor is shortened
by a factor of ~10 (right). At ¢ = 0.61 (onset of instability in
region 3 shown previously) the first eigen-mode is estimated
around 49 Hz which is in fair agreement with the frequency
observed experimentally (40 Hz—see spectrogram in Fig. 4). At
¢ = 0.68 where region 5 instability starts, the second eigen-mode
is estimated around 142Hz to be compared to the frequency
observed experimentally (117 Hz). After altering the length of the
combustor, the two resonant modes mentioned above are shifted
to higher frequencies and appear around 155 Hz and 440 Hz,
respectively. The comparison of the predicted and experimental
resonant frequencies shows a fair agreement for the long combus-
tor. A non-negligible discrepancy appears for the case of the short
combustor, as will be seen later. This shows the limit of a simple
one-dimensional modeling for this case where the assumptions
made, like a compact flame, a large aspect ratio of the combustor,
become more debatable.

Dynamic modes and characteristics for the long combustor

Equivalence ratio

Dominant frequency

Dynamic mode Mean flame configuration

Region 1 0.50-0.555 Broadband Stable Tand I
Region 2 0.555-0.61 ~38-40 Hz (low amplitude) Quasi-stable 111
Region 3 0.61-0.64 ~40-42Hz First unstable mode v
Region 4 0.64-0.67 ~48-55Hz (low amplitude) Quasi-stable v
Region 5 0.67-0.75 ~117-129 Hz Second unstable mode A%
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Pressure fluctuations in the nonreacting flow and a near blowout 1. The PVC frequency is observed in the range of 100-120 Hz,
(flame I) conditions are shown for comparison to further assess  which is close to the second harmonic of the long combustor and
the above predictions. Figure 6 confirms the fair agreement found  the fundamental frequency of the short combustor. We also note
with predictions using the simplified acoustic network approach.  the effect of the combustion and its heat release on the natural fre-
We see that the natural frequency of the combustor is shifted to  quencies of the combustor.
higher values, as expected with a shorter length. Additional peaks
are observed in Fig. 6; these are potentially the results of nonlin- 3.2.2  Dynamic Stability and Flame Macrostructures in the
ear interaction between acoustic modes and a precessing vortex  Long Versus Short Combustor. We conduct the same series of
core (PVC) [21] observed in cold flow and in flame configuration  experiments to determine the stability map of methane combustion
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Fig. 6 Experimental measurements of the combustors’ natural frequencies, to be compared
with the predicted frequencies in Fig. 5 (top: long combustor, bottom: short combustor)
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in the modified combustor. A special care was given to ensure the
same experimental protocol for both combustors. We first see that
the 40 Hz unstable mode is fully suppressed in the short combus-
tor. We see also that combustion in the two previous quasi-stable
regions is now fully stable. The short combustor still exhibits an
unstable mode for equivalence ratio above ¢ ~ 0.7 — 0.71 but
with lower amplitude. The modification of the geometry suc-
ceeded in completely decoupling combustion from the acoustic
field for equivalence ratio between the LBO up to ¢ ~ 0.7 — 0.71.

When decoupling the acoustics from the heat release fluctua-
tions, the swirling reacting flow in the short combustor still exhib-
its several flame macrostructures as we raise the equivalence
ratio. As done previously, the mean flame distribution is inferred
from long exposure flame imaging. Figure 7(b) shows the differ-
ent mean flame configurations observed as the equivalence ratio is
raised.

The five configurations observed earlier are still observed.
However, while the transition III to IV was previously accompa-
nied by the onset of an unstable mode at the fundamental fre-
quency of the long combustor, the transition occurs while the
combustor remains stable, in the shortened version. This transition
occurs gradually starting from ¢ ~ 0.61. The flame starts to
appear intermittently in the outer recirculation zone. Figure 8
shows a sequence of high speed flame images taken at a frame
rate of 200 fps with an exposure time of 1/200s, illustrating this
intermittency and in which we see a flame appearing in the ORZ,
disappearing and re-appearing again. This phenomenon is referred
to as ORZ flame flickering. ORZ flickering extends over a range
A¢ =~ 0.03 beyond which the flame becomes present in the ORZ
with a probability close to 1 (as will be seen in Sec. 3.3) which
corresponds to configuration IV.

Following the same approach as that used for the long combus-
tor, we superpose the measured pressure signal—as the equiva-
lence ratio is raised—and the different flame configurations
observed. The result is shown in Fig. 9 where transition points are
carefully noted and ensemble-averaged over three experiments,
performed following the same experimental protocol. We see that
the observed sequence of mean flame configurations is not only
the same in the long and short combustors, but the transitions (for
configurations I, I, III, and IV) occur at similar equivalence ratios
as well. However, the transition from configuration IV to V occurs
at a higher equivalence ratio compared to the long combustor
case. Moreover, the ORZ flame flickering window between
¢ ~0.61 and ¢ ~ 0.64/0.65, overlaps with the range of equiva-
lence ratio at which the long combustor exhibits its first unstable

i
IV (unstable)

(@)

t+ 2 dt

t. + 265 dt

to + 495 dt

Fig. 8 Sequence of high speed flame chemiluminescence
images (200 fps, exposure time of 1/200 s) showing the intermit-
tent appearance of flame in the ORZ in the short combustor.
Here, dt is the time step between two images, ¢ = 0.62. Dotted
circle shows flame in the ORZ.

mode. Table 2 summarizes the combustion characteristics for both
combustor lengths.

3.2.3 Flow Field of Stable Flame Macrostructures. We now
interrogate the flow field, in the decoupled short combustor, for
each of the flame macrostructures (I to IV) using PIV. Under these
conditions, these configurations are all dynamically stable. The
velocity field undergoes dramatic changes as we transition from a
configuration to another, highlighting the strong coupling between
the turbulent flow and the heat release. Figures 10 and 11 show
the time-averaged axial-radial velocity streamlines colored by the
velocity magnitude and the total rms velocity, respectively. In
addition, the zero axial velocity contour is shown, as an approxi-
mate location of the mean shear layer. Only axial and radial veloc-
ities were measured so the mean velocity magnitude is estimated
as

Fig. 7 Observed swirling flame configurations as the equivalence ratio is raised from the LBO limit in the long
(a) and short combustors (b). From top to bottom: ¢: 0.51, 0.54, 0.57, 0.62, and 0.66.
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Fig. 9 Correspondence between the observed mean swirling
flame configurations and dynamic mode transitions in long (a)
and short (b) combustors. Vertical solid lines represent the
LBO limit and dotted lines represent the transitions between
flame configurations.
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with § being the swirl number and SU, pe.n being an approxima-
tion of Upmean. The total root mean square velocity is
calculated as

1
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1 2
~ /= [U? 2 4
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We note that the equivalence ratios are only slightly different
here compared to equivalence ratios of the mean flame images
shown in Fig. 7 and these still correspond to the same
configurations.

The flow field at all equivalence ratios exhibits negative axial
velocity regions, namely the recirculation zones (IRZ and ORZ).
These regions are bounded by the ISL and OSL. However, the
flow strength, the presence and location of stagnation points, as
well as the relative size of recirculation zones are among the
major differences between different flame macrostructures.

Nonreacting Flow. The cold flow field shows the existence of a
stagnation point around the sudden expansion plane close to the

centerline. The IRZ extends downstream away from the field of
view with a weak negative axial velocity. This field of view does
not allow to conclude on whether this recirculation zone closes
downstream or not. Two counter rotating vortices are observed on
the shear layer one inlet diameter downstream of the stagnation
point, contributing in average to the flow in and out of the recircu-
lation zone. These two vortices in the plane are likely to be part of
the same toroidal vortex ring. Moreover, a flow—flow impingement
point is observed just downstream of the upper vortex along the
inner shear layer. This point appears like an off-centered down-
stream stagnation point, further highlighting the cylindrical asym-
metry of the flow at these conditions. This flow is similar to
swirling flows with asymmetric helical mode of vortex breakdown
reported in the literature for swirling flows [14,22]. In fact, this
flow exhibit a strong PVC oscillating at a frequency around
fepve =105 Hz or a Strouhal number Stpyc = fpvcDin/Uin ~ 0.5.

Flame I. The mean flow field in flame I (¢ = 0.51) is similar to
the cold flow. In the range of equivalence ratio where macrostruc-
ture I exists, which is very close to the LBO limit (¢, 3o =~ 0.47),
the rate of heat release is relatively low and the effect of combus-
tion on the flow dynamics is relatively weak. The major difference
is the strength of the back flow as well the incoming jet reattach-
ment length. The PVC is still observed for this flame with a slight
shift upward in frequency.

Flame I1I. When flame III is established, the flow field is dra-
matically different from the nonreacting and flame I flow fields. A
clearly defined IRZ bubble appears. While the upstream stagna-
tion points disappear from the field of view, the downstream one’s
position becomes close to the combustor’s centerline. An addi-
tional vortical structure appears in the middle of the IRZ, in addi-
tion to the two vortices on the inner shear layer. The vortical
structures of the IRZ lead to a two-lobe structure as shown by the
axial zero velocity contour. These flame and flow field are charac-
terized by their symmetry when compared to previous cases (cold
flow and flame I).

Flame IV. The streamlines for ¢ = 0.65 show the mean veloc-
ity after the transition of the flame to the ORZ. A comparison with
the flow field at ¢ = 0.6 shows a more compact IRZ without the
two-lobe structure mentioned above. In addition, a larger incom-
ing annular jet is observed along with the reappearance of the
upstream stagnation point.

Increasing heat release level through the increase in equiva-
lence ratio changes the flame macroscale structure along with the
flow field. The swirling flow field seems to shift from a spiral
asymmetric mode dominated by a PVC with a clearly defined
frequency—the PVC being observed in cold flow and flame [—to
an axisymmetric vortex breakdown with a bubble-shaped IRZ,
observed for higher equivalence ratio flames. The types of vortex
breakdown observed in our experiments and their characteristics
extracted from PIV fit fairly well the description of the different
types of vortex breakdown reported by Lucca-Negro and O’Doh-
erty [14]. The suppression of the PVC has also been previously

Table2 Combustion dynamics and mean flame configurations in the long versus short combustor

Long combustor

Short combustor

Equivalence Dominant Dynamic Mean flame Mean flame Dynamic Dominant Equivalence
ratio frequency mode configuration configuration mode frequency ratio
0.50-0.54 Broadband Stable I I Stable Broadband 0.50-0.535
0.54-0.555 Broadband Stable I I Stable Broadband 0.535-0.545
0.555-0.61 38-40Hz Quasi-stable 111 11 Stable Broadband 0.545-0.61
0.61-0.64 40-42Hz First unstable mode v ORZ flickering Stable Broadband 0.61-0.64/0.65
0.64/0.65-0.67 48-55Hz Quasi-stable v v Stable Broadband 0.64-0.71
0.67-0.75 117-129Hz Second unstable mode \Y \% Unstable 120-132 Hz 0.71-0.75
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observed but there is still a lack of consensus around the mecha-
nisms underlying it. As the equivalence ratio is raised, the heat
release increases and induces a higher incoming jet velocity. Heat
release only affects the meridional (axial-radial) velocity but not
the swirling component. Thus, one expects the swirl strength to
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Fig. 11 Mean velocity streamlines colored by total rms velocity
for nonreacting flow and flame macrostructures | (¢ = 0.51), lll
(¢ = 0.60), and IV (¢ = 0.65)

decrease. This could not be confirmed here as the azimuthal com-
ponent of velocity was not measured. This decrease in swirl
strength could potentially be the reason behind the shift from a
strong asymmetric helical mode to the symmetric bubble mode of

JULY 2015, Vol. 137 / 071505-9

Downloaded From: http://gastur binespower .asmedigital collection.asme.or g/pdfaccess.ashx?url=/data/jour nalg/j etpez/931874/ on 02/28/2017 Terms of Use: http://www.asme.or g/



vortex breakdown instability, but this requires further investiga-
tion which is outside the scope of the current study.

Finally, the angle between the centerline and the mean incom-
ing jet angle and its dependency on the equivalence ratio is plotted
in Fig. 12. The incoming jet angle and its reattachment length’s
corollary change as a function of equivalence ratio. The net effect
of ORZ expansion and increased compactness of the IRZ lead to a
larger width incoming jet. The jet forms a narrower angle in the
mean flow sense for the cold flow and, as the equivalence ratio
increases, the angle increases. This effect has been previously
numerically studied [23]. This trend is reversed for flame IV. This
can be explained by the appearance of expanded hot products in
the ORZ forcing the incoming jet inward towards the combustor’s
centerline.

3.3 Transition to ORZ Flame (III to IV). The previous
analysis established a relationship between the different dynamic
modes and the mean flame macrostructures observed. We saw that
even when decoupling the reacting flow from the acoustic field,
the flame brush spatial distribution still changes and transitions
occur around the same equivalence ratio. The onset of instability
at the fundamental frequency of the long combustor is of particu-
lar interest as it is associated with a specific event: the change in
flame configuration from flame III to IV through an intermittent
appearance of the flame in the ORZ (see Fig. 8) as highlighted
earlier. In this section, we aim to explore this transition in more
detail.

Using the shortened version of the combustor—for which insta-
bility was suppressed—we increase the equivalence ratio follow-
ing again the same procedure. When reaching the flickering
interval (shown in Fig. 9) the equivalence ratio is maintained and
IR-filtered high speed images are recorded at a frame rate of 200
frames per second, an exposure time of 5 milliseconds, from
¢ =0.59 to ¢ =0.66, i.e., a range encompassing the transition
between flame III and flame IV. Flame chemiluminescence inten-
sity is extracted from a selected region in the ORZ, shown in Fig.
13, and spatially averaged over that region. The probability of a
flame to be present in the ORZ is plotted in this range of equiva-
lence ratio (see Fig. 14). This probability is defined as the number
of snapshot where a nonzero ORZ intensity is recorded divided by
the total number of frames. As the equivalence ratio is raised the
probability of having a flame in the ORZ increases, with an inflec-
tion point at ¢ = 0.63. Passed ¢ = 0.64, the flame becomes con-
tinuously present in the ORZ as reflected by its probability
P¢:()_65 =0.97.

The ORZ space-averaged flame intensity is plotted over time in
Fig. 15 for ¢ =0.60, ¢ = 0.63, ¢ = 0.66 along with its discrete

30

25¢

201

151

1(%-

Incoming jet angle (degrees)

Col% flow Flame | Flame 11l Flame IV

Fig. 12 Comparison of incoming jet angle, defined using the
combined axial-radial maximum velocity magnitude, for non-
reacting flow and flame macrostructures | (¢ =0.51), Il

(¢ =0.60), and IV (¢ = 0.65)
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Fig. 13 Flame image at ¢ =0.62, recorded with an exposure
time of 5 ms, showing a schematic of the ORZ analysis box and
the shear layers around the incoming swirling jet

Fourier transform using the fast Fourier transform (FFT) algo-
rithm. The spectral analysis shows the presence of low frequency
events in the range ~(1Hz—10Hz) and a clear tone occurring
around 28 Hz. The Strouhal number associated with this peak at
28 Hz, based on the inlet diameter and the inlet bulk velocity, is St
~ 0.12. From the temporal variation of the signal, we see that the
low frequency events correspond to the re-appearance of the flame
in the ORZ. In some of these appearance instances, the flame
reaching the ORZ is quickly extinguished. In other instances, the
flame is advected along the outer recirculation vortex ring, sur-
vives and rotates around the combustor’s centerline as it propa-
gates. This rotation motion was highlighted in our previous work
and associated with the 28 Hz frequency peak. It was also found
to be dominated by hydrodynamics and not fuel dependent [24].
The two frequency bands observed here using flame chemilumi-
nescence data were also confirmed based on the velocity field: we
performed a dynamic mode decomposition (DMD) of the instanta-
neous PIV measurements [25] to extract dominant dynamics of
the reacting flow for the different flame macrostructures. This
approach showed that the transition from configuration III to IV is
associated with these frequency bands, as well. In addition, the
low frequency band was also linked to changes in the IRZ struc-
ture [25]. Low frequency motion of the IRZ has been previously
highlighted in the bubble-type vortex breakdown [14]. Most prob-
ably, this low frequency motion is related to the cyclic filling and
emptying of the vortex breakdown bubble volume that has been
previously reported by Brucker and Althaus [26] as well as Billant
et al. [27]. During this motion, the incoming fluid through the an-
nular jet around the bubble is entrained inside the bubble from the
downstream part of the bubble then ejected from it from the
upstream part. Billant et al. [27] proposed an approximation for
the frequency of this filling and emptying cycle based on a simple
scaling analysis: f o< V/Q with V being the volume of the inner
recirculation bubble and QO being the volumetric flow rate into the
bubble. In the case of the swirling flow setup studied in this paper,
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Fig. 14 ORZ flame intensity probability during transition from
flame lll to IV
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with a Reynolds number of 20,000, this frequency could be
approximated as follows:

~ Qbubble (5)
Vbubble
~~ O(Q.tolal (6)
Voubble
~ OC(TCDizn)Ubu]k,in (7)
0y,
~ 400, 8)

With « the fraction of the volumetric flow rate that is recirculated
through the IRZ and approximating the vortex breakdown bubble
as a sphere with radius D;,. Assuming o in the range of 0.1-0.4,
i.e., between 10% and 40% of the inlet volumetric flow rate recir-
culates through the inner bubble then the low frequency pulsation
motion of the IRZ is in the range of 4-16 Hz which is of the order
of the frequency measured by chemiluminescence as well as the
frequency extracted from the DMD analysis.

4 Concluding Remarks

In this paper, we explored the relationship between the combus-
tion dynamic modes and mean flame configurations or macro-
structures as a function of the equivalence ratio. We used a
confined premixed swirl-stabilized dump combustor similar to
those found in modern gas turbines. The fuel (methane), the swirl
number ($=0.7), the Reynolds number (Rep, = 20,000), the
inlet temperature (300K) and pressure (atmospheric) were held
constant. By breaking the feedback loop between the heat release
rate and the acoustic pressure fluctuations, through the modifica-
tion of the resonant frequencies of the combustor without altering
the underlying flow, the mean flame configurations and the transi-
tions between them could be analyzed. We reached the following
conclusions:

Journal of Engineering for Gas Turbines and Power

(1) Dynamic modes in the long combustor are mostly associ-
ated with specific mean flame brush spatial distributions.
Transitions in the flame macroscale structures are in most
instances accompanied by changes in dynamic modes. In
particular, the first appearance of a continuous flame front
in the ORZ coincides with the onset instability at the long
combustor’s fundamental frequency.

The observed sequence of flame macrostructures is not only
the same in both the initial (long) and the modified (short)
combustor, but the transitions (for configurations I, II, III,
and IV) occur at similar equivalence ratios.

High speed, relatively low exposure time chemilumines-
cence analysis of the transition between configuration III
and IV in the short combustor (where this transition occurs
in a thermo-acoustically stable way) shows that this transi-
tion is gradual (over A¢ ~ 0.03) and is characterized by an
intermittent appearance of the flame in the ORZ. The prob-
ability of an existing flame front in the ORZ increases as
the equivalence ratio is raised. This ORZ flame flickering
phenomenon was shown to be associated with two distinct
frequency bands: a low frequency broadband mainly in the
range ~ (1 Hz—10 Hz), likely due to the IRZ motion, and a
narrow band centered around 28 Hz (St =~ 0.12).

@

3)

In the future, we plan to investigate further the intermittent
flame transition to the ORZ, in particular the transition mecha-
nism. The mechanisms underlying the other flame macrostructure
transitions will be investigated as well. Planar laser-induced fluo-
rescence imaging of OH radicals (OH-PLIF) measurements as
well as numerical tools (large eddy simulations) will be used to
reach this goal.
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Nomenclature

FFT = fast Fourier transform algorithm

IRZ = inner or inside recirculation zone
ISL = inner or inside shear layer

NOy = nitrogen oxides

ORZ = outer or outside recirculation zone
OSL = outer or outside shear layer

Oquartz = thermal diffusivity of quartz in m s2
¢ = equivalence ratio
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